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INTRODUCTION

Introduction

As the subject of this thesis is the characterization and the analysis of Neuronal Calcium
Sensor-1 protein in the Caenorhabditis elegans, | will first present an overview of: Ca?*
signaling, calcium binding proteins, neuronal calcium sensors, and of the nematode
Caenorhabditis elegans.

Ca’* Signaling

Ca* plays a critical role in many cellular processes including muscle contractionl, neuronal
plasticity2, secretion, cell cycle, differentiation3, apoptosis*, and gene transcription®. It has been
shown to be a key second messenger in a variety of regulatory and signaling processes.

The intracellular concentration of Ca’* is tightly controlled. The level of free Ca®* in non-
stimulated cells is maintained at about 10-100nM. During stimulation, the level of Ca?* can
undergoes rapid and elevated changes (its concentration can reach several nM) frequently
associated with complex temporal and spatial patterns. The elevated Ca®* level will trigger the
cell response to the stimuli and allow Ca’* to function as an intracellular second messenger.
Eucaryotic cells maintain very low concentrations of free Ca’* in their cytosol (10-100nM)
whereas the extracellular Ca®* concentration is much higher (ImM, 10 000-fold higher than in
the cytosol). The gradient is maintained by Ca™* extrusion from the cell and/or by its
accumulation in intracellular Ca?* stores. The large gradient tends to drive Ca®* entry into the
cytosol from both extracellular medium and internal stores. A stimulus can transiently opens
Ca®* channel present either in the plasma membrane or in intracellular Ca®* store membranes,
allowing the calcium to rush into the cytosol, dramatically and rapidly increasing the local
Ca* concentration, and triggering the cell response.

Therefore, to use Ca?* as an intracellular signal, cells must keep resting cytosolic Ca’* levels
low to take advantage of the gradient as a driving force to generate rapid Ca®* level changes.

Ca’" homeostasis

The low concentration of intracellular Ca®* is maintained by a complex homeostatic
mechanism®: 7. In the plasma membrane Ca®* pumps actively transport Ca®* out of the cell.
Inside the cell, intracellular Ca®* stores such as the Sarcoplasmic Reticulum (SR) in muscle
cells and the Endoplasmic Reticulum (ER) in non-muscle cells can accumulate C&*, thus
lowering the cytosolic Ca?* levels (seefig. 1).
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All eucaryotic cells have a Ca®*-ATPase in their plasma membrane that uses the energy of
ATP hydrolysis to pump Ca®* out of the cytosol. Cells which make extensive use of Ca?*
signaling such as muscle or nerve cells, have an additional Ca®* pump in their plasma
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INTRODUCTION

membrane that couples the efflux of Ca?* to the influx of Na“ (Na'/Ca®* antiport or
exchanger). Due to its low affinity for Ca?*, the Na'/Ca?* exchanger,operate only when
cytosolic Ca?* levels rise above 1mM (10 times the normal level), as it occurs after repeated
muscle or nerve stimulation. In the ER membrane, a Ca**-ATPase pump aso plays an
important role in keeping the cytosolic Ca®* concentration low: it enables the ER to take up
and store the cytosolic Ca*. In the cytosol there are also several Calcium-Binding Proteins
that buffers the free Ca?* concentration.

Normally, even during stimulation, global Ca®* levels never go beyond 5mMl, but when a cell
is damaged and cannot pump Ca* out of the cytosol efficiently, the free Ca?* concentration
can reach toxic level (>10°M). In this extrem situation a low-affinity, high capacity Ca?*
pump present in the inner mitochondrial membrane will take up excess Ca?* from the cytosol
using as a driving force the electrochemical gradient (generated during the oxidative
phosphorylation) across this membrane.

Ca®" as an intracellular messenger

Hormones, neurotransmitters, photons, odorants, or electrical activity can modulate the level
of calcium within cells, either through the release of calcium from internal stores or via influx
from outside the cell across the plasma membrane.

Two main pathways for Ca* signaling have been well defined: one present mainly in
electrically excitable cells and the other in the majority of eucaryotic cells (seefig. 2).

In the first pathway (A), an electrica signa triggers the opening of voltage-gated Ca®*
channels in the plasma membrane alowing Ca®* to rapidly enter the cytosol. In the second
pathway (B), the binding of extracellular signaling molecules to surface receptors causes the
release of Ca?* from the ER in the cytosol through the |P; cascade, via | Ps-gated Ca?* channels
in the ER membrane.

Voltage Gated

Voltage Gated ca'channel

& ca’channel

2+
Ca sensors

(Electrical) Signal
+ q
=N+
RyR Depolarization
er(- ca®* 4. JCa’'channel
h 4 +
r

Polarizg_d Plasma M+embrane Depolarized Plasma Membrane
+ +_+

Close:

Clo

A. Calcium entry from the outside (and then release from intracellular stores)

Extracellular signalling mollecule

(receptor ligand)
Receptor )

(Chemical) Signal

—_—

Ligand binding

[TF% gated

Cé"channel

IR, gated
ca’'channel

B. Calcium release from intracellular stores

fig. 2.
Two common pathways for the entry of ca”" into the cytosol.

The I1P; cascade3 (fig. 2B) starts with the binding of a signaling molecule to some type of
G-protein-linked receptor in the plasma membrane. The activated receptor stimulates a
trimeric G protein called Gq, which in turn will activate a phosphoinositide-specific
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phospholipase C named phospholipase C-b8. This enzyme will cleave the
phosphatidylinositol-bisphosphate (PIP,, a minor phospholipid in the plasma membrane) in
inositol 1,4,5-trisphosphate (1Ps) and diacylglycerol (DAG). The IP;, a small water-soluble
molecule will leave the membrane and diffuse through the cytosol to the ER where it can
reach IP; stimulated Ca?* channels (20r |P; receptor, 1PsR)9: 10, These Ca?* channels can
then open, allowing the release of Ca’* from the ER through the cytosol.

In skeletal muscle cell depolarization triggers a conformational change in a voltage sensor
(dihydro-pyridin receptor; DHPR) interacting with a nearby ryanodine receptor (RyR, see just
after) in the SR membrane. This conformationa change in the DHPR will in turn (directly)
promote the opening of the RyR alowing the efflux of the SR stored Ca?* into the cytosol. In other
electrically excitable cells (neurons, smooth/cardiac muscles), an electrical signal (depolarization)
generaly triggers the opening of voltage operated C&* channelsll (VOC) in the plasma
membrane allowing the Ca* to enter the cytosol from the outside (fig. 2A). The Ca?* will usually
diffuse through the cytosol to the ER whereit will stimulate the opening of RyR12. 13 and/or I1P5R.

Ca®* can also enter the cells from the outside by ligand gated calcium channels (receptor
operated channels; ROC) and then may aso activate RyR and/or 1P;R.

The ryanodine receptors (RyR)12 13 on the surface of the ER are Ca®* stimulated / putative
cyclic ADP-ribose stimulated Ca?* channels (CADPR, a newly described cellular messenger
promoting Ca®* mobilization14). The locally released Ca?* will stimulate these channels to
release still more Ca?* from the SR/ER into the cytosol (positive feedback). This phenomenon is
called a Ca®* induced release of Ca?* (CICR). The IP; Receptor (IPsR) is also influenced by Ca*
in the same way. CICR is autocatalytic, meaning that a small local Ca®* level increase could be
amplified. Moreover the release of Ca?* from one of these receptors could facilitate the opening
of nearby receptors, propagating spatially the Ca?* signal 15(waves, see below).

IPsR and RyR are therefore under (at least) dual agonist control where IPy/cADPR and Ca*
itself act in synergy (the term “stimulated” is therefore more appropriated than “gated” to
define their behavior toward these agonists). Moreover Ca?* stimulate Ca* release, but high
local Ca®* concentrations are inhibitory (negative feedback), limiting in time Ca®* release
through a single store receptor (internal “off” switch). In many cells, including muscle and
some neurons, both type of Ca* store receptors/channels are present allowing the generation
of complex calcium signal patterns.

The intensity of the stimulus appears to determine the extend of the Ca* release (graded response).
Fundamenta release events come from the opening of single intracellular channels to give “blips’
(from IPsR) or “quarks’ (RyR). Elementary events, named “puffs’ and “sparks’, result from the
concerted opening of small groups of IPsR or RyR respectively, defining Ca®* microdomains.
Coordination (summation) and propagation by CICR of these elementary events can give rise to
global Ca®* signals. These events!® seem to be dlicited respectively by (null/)low, intermediate,
high intensity stimuli. Calcium release can be sometime restricted to a small sub-cellular region
even in the presence of a strong stimulus, probably by the availability of Ca’*-stores and store
receptors aswell as by the presence of calcium buffer proteins preventing Ca?* propagation.

To summary, Ca?* channels both on the plasma membrane and on intracellular stores
can generate localized Ca** pulses which can give rise to spatially restricted Ca?* signals,
or when coordinated/amplified, to global Ca’" signals. Both type of signals can show
complex spatio-temporal patterns (oscillations, waves; see below).

Once the stimulation is over, the release of Ca?* from internal store stops (and CICR is
overcome by the negative feedback effect of Ca’). The remaining "excess' of cytosolic Ca?*
is pumped out of the cell and also pumped in the internal Ca?* stores by the constituvely active
"homeostatic" Ca?* pumps (which can even be stimulated, in some cases, indirectly by the
increase in cytosolic Ca?* concentration).
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Calcium oscillations/ waves:

Tonic Ca®* level increases do not occur in many cells. Instead the initial transient increase in
Ca®* is often followed by Ca®* level oscillations or "spikes'15: 17, |asting for a few seconds to
several minutes, as long as the cell surface receptors are activated. Ca* transient can also
propagate across the cell in the form of calcium waves. Cacium level increase can show
therefore complex tempora and spatial patterns. Calcium waves can even pass from cell to cell
through gap junctions. The mechanisms responsible for the generation (and the propagation) of
these oscillations are not well known, but these phenomenon probably depend on both Ca?*
positive feedback (CIRC, see above) and negative feedback. The waves may encode information
in their frequency (giving a frequency dependent cellular response)18. Their frequency (but not
their amplitude) can often depend on the concentration of extracellular signaling ligand. This
will convert an initial amplitude signal into a frequency internal signal avoiding the toxic effects
of asustained rise in cytosolic Ca?* with a highly concentrated signal ligand. These phenomenon
are observed for example in hormonal stimulation of many nonexcitable cell types (eg.
vasopressin-induced Ca’* oscillationsin liver)19.

Sometimes cytosolic calcium oscillations are observed without extracellular signaling molecules:
for example, developing neurons can generate spontaneous Ca&" transients which seems to
implement an intrinsic developmental program?0. 21, These spontaneous oscillations occur also
with the repetitive Ca®* spikes in the beating heart22. These phenomena probably arise from the
amplification of spontaneous dementary Ca* release from IPR and RyR C&* channels,
generating a sort of internal oscillator®,

Intracellular calcium store refilling (capacitive calcium entry)

When an interna calcium store is empty there is a depletion information promoting the
refilling of this store. A putative calcium depletion signal (calcium influx factor; CIF, which is
still unknown), may trigger the opening of specialized Ca®* channels?3. 24 (store operated
channels, SOC) in the plasma membrane, generally near the interna store. Alternatively the
depletion information may be transmitted directly from IPsR, which are store state sensitive2>,
to the SOC. The Ca?* will enter the cytosol through these channels, and then will be pumped
into the calcium store.

Stimulus desensitization

In case of a prolonged “monotone” stimulus there is phenomenon called adaptation or
desensitization in which the cell response will decrease despite the presence of the
stimulus. In this way cells can reversibly adjust their sensitivity to the stimuli.
Adaptation is achieved through a delayed negative feedback allowing the cells to respond
to changes in the intensity (concentration) of stimuli rather than to their absolute
intensity. Adaptation involves generally receptor phosphorylation2é (rapid), and/or
internalization2’ (slow) in which the Ca?* also play a role. Long term adaptation can
even involve changes in gene expression also induced by Ca?* (see below).

Ca®' in the nucleus

Ca’* ion can freely diffuse to the nucleus, where it can elicit profound changes in gene
expression®: 28 gjving rise to long term Ca®" effect. These changes are thought to involve
Ca’* dependent phosphorylation of specific transcription factors that regulate expression of
Ca’*-responsive genes. Calcium effectors such as calmodulin (CaM, see later) as well as
CaM kinases are found in the nucleus?®, moreover, some cytosolic activated CaM kinases
can translocate to the nucleus, together transmitting the calcium signal to the nucleus.

For example the transcription factor CREB can be phosphorylated (at Ser™*®) in response to a
Ca’* level increase, activating the transcription of the somatostatin gene30. 31,
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Alteration of Ca?* metabolism

Disturbance of calcium homeostasis32 (including mutation in Ca®* binding proteins) has
been found in several degenerative disorders of the central nervous33 system such as
Alzheimer’'s and Parkinson’s diseases and in other disorders34 like hypertension, familial
hypercholesterolemia. Some cancer cells have been reported to have elevated levels of
cytosolic Ca®* that can be (partially) correlated with their elevated, “permanent* cellular
activity (division, motility/invasiveness). In all these cases it is difficult to assert if the
Ca”* metabolism alterations are (part of) the cause or a consequence of the disease.
Nevertheless cytosolic Ca®* is a crucial second messenger whose concentration must be
tightly controlled to allow rapid and precise generation of (complex) signals. Any defect
in Ca** “metabolism” could lead to aberrant cell response, cell over or under
responsiveness and in case of cytosolic Ca?* overload to cell death, as high calcium levels are
toxic, over activating (Ca®* dependent) degradative enzymes (proteases, lipases) leading to
necrosis/ apoptosis and precipitating with the cellular phosphates.

Calcium binding proteins

The intermediary between the modification of intracellular Ca** concentration in
response to a stimulus and the physiological response are some type of Calcium-
Binding Protein (CaBP). They are either calcium dependent enzymes, channels, or
calcium dependent modulating proteins. Other CaBP serve as Ca®* buffers and do not
participate in signal transduction.

Therefore, CaBP are functionally divided in two categories:

Calcium_Sensors: cacium dependent enzymes (e.g. kinases, phosphatases, lipases,
proteases), channels (eg. Ca’* gated channels, IPsR, RyR) or calcium dependent
modulators (activators, inhibitors) of the activity of target proteins (like calmodulin,
troponin C). Calcium sensors are proteins that will transmit/ transduce the Ca?* signal to
other cellular components. Ca®* binding to sensors is generally characterized by a fast
kinetic and a relatively low affinity. Moreover with modulators, Ca’* induces a
conformational change resulting in the exposure of hydrophobic surface(s), allowing thereby
interactions with other target proteins (ex: 35).

Ca®* sensors are characterized by an affinity for Ca®* (Kp) in the range of 0.001mM — 1nM
nicely poising to bind physiological Ca?*.

Calcium Buffers: Ca?* buffering proteins in the cytosol and in the intracellular Ca?*
stores (e.g. parvalbumin, calsequestrin). They help to "stabilized" Ca®* concentration, and
so play arole in the Ca®* homeostasis (see fig. 1). Binding of Ca?* to buffers proteins is
generally characterized by a slow kinetic and a relatively high affinity (and capacity).
Upon calcium binding they generally show no exposure of hydrophobic surfaces, and do
not interact with target proteins. The buffer proteins play however an important role
stabilizing Ca?* concentration, allowing proper Ca?* signal generation, and protecting cell
from Ca’* overload.

To bind Ca®*, proteins possess different Ca®* binding site structures (see below). The same
Ca?* binding motif can often be found, as well in sensor as in buffer proteins so there is no
strict correlation between site structure and sensor/buffer partition.

The number of CaBP whose functions are known, such as calmodulin, troponin-C36,
calpaind’, Protein Kinase C(ab,g38, are far outnumbered by those whose roles are
unknown, or elusive.
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Different types of CaBP

On the basis of their cellular localizations and of the primary structure of their Ca?* binding
CaBP have been classified into different types:

Table 1. CcaBP Classification

Extracellular CaBP, where (generally) C&" is a stabilizing ligand needed for proper folding, constituvely
present in the protein. EX: some proteases, phospholipases, amylases, clotti ng factors, and growth hormones.

Intracellular CaBP,
Can be divided in 2 sub-types:

Cytosolic CaBP, which can be divided in several groups depending on their calcium binding site
structure:

CaBP with EF-hand Ca”* binding motif (30 residues).

A very large family, with a high affinity for Ca®* and a high evolutionary diversity39' 40, They play
versatile roles in Ca®*-mediated cellular events and are mainly located within the cytoplasm and the
nucleus athough a few have been demonstrated to interact with membrane lipids when myristoylated
(for references, see later).

Ex: calmodulin, troponin C, recoverin, parvalbumin, calpain, ncs-1

Ca2+/ phospholipid-binding protems
CaBP with the annexin fold Ca* / phospholipids binding motif (80 residues).

Also called the annexin protei ns?l, They have been suggested to mediate membrane fusion and
to be involved in the control of cell proliferation and differentiation. Generaly, they are
locdized in the cytoplasm and become translocated to the plasma membrane in response to an
increase in the cytosolic Ca®* concentration.

Ex: lipocortin, calpactin, synexin.

CaBP with the C2 key Ca™ / phospholipids binding motif (120 residues).
The C2 region42 was found originaly in (some) Protein Kinase C (PKC) isoforms. The
physiological functions of C2 proteins are relatively well eluci dated38, 43, 44 a5 compared with
EF-hand or annexin proteins.
They often show Ca® induced translocation from the cytosol to membrane (like the annexins),
and interaction with common cellular receptors.
Ex: PKC (a,b,g), phospholipase C, synaptotagmins.
CaBP with other motifs
Some Ca&™/ actin binding proteins that sever the actin microfilament show common structural
motifs. ("severin motif"4)
Ex: severin, vilin.
We can also consider Ca®* gated channels as CaBP but their Ca”* binding domains are not defined
and thelr isapossi ibility that their sensibility to Ca® is mediated by intermediary proteins.
Ex: Ca’ *.gated K channels, IP3R, RyR (see above).
Other unknown ?...

Intraorganellic CaBP, in ER and mitochondria. Calcium storage proteins. They buffer the
concentration of Ca’*. They have no defined Ca’* binding structural pattern and in general a low affinity
and high capacity for Ca®* binding.

(few EF-hand CaBP have also been identified in the ER: e.g. ERC-55)

Ex: calsequestrin, calreticulinS.

So far, there is only one report of a protein containing two distinct Ca?*-binding domain types:
PL Cgthat has the C2 domain and an EF-hand?’.

The calcium binding proteins with EF-hands represent the largest family of CaBP.
Caenorhabditis elegans-Neuronal Calcium Sensor-1 (Ce-NCS-1), the object of this study,
belong to this EF-hand CaBP family. Below | will present only EF-hand calcium binding
proteins and then introduce neuronal EF-hand calcium sensors.
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EF-hand calcium binding proteins

The superfamily of EF-hand helix-loop-helix Ca?*-binding proteins3? represents a very large
group of proteins sharing a common structural motif, which consists of a Ca?*-binding loop
flanked by 2 a-helices. This motifs alows rapid and reversible binding of Ca?*, with
dissociation constants in the Ca®* physiological range (0.01-10mM).

The EF-Hand superfamily can be divided in 39 subfamilies, comprising at the present times
more than 250 proteins.

EF-hand CaBP are found in all eucaryotes cells. Generally they are localized in the cytosol (in
few cases associated with membranes), athough some are found within organelles and
nucleus. In multicellular organisms, some are present ubiquitously (like calmodulin) or (more)
restricted to specific cells (like recoverin in photoreceptors or troponin-C in skeletal and
cardiac muscle).

For the vast majority of EF-hand CaBP, no specific function has been elucidated

The EF-hand Ca?*-binding site

The canonical EF-hand site#8 consists of a a-helix (about 10 residues), a loop containing a b-
pleated sheet (12 residues), and a second a-helix (11 residues) oriented almost perpendicularly
with respect to the first.
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fig. 2.

A. 3D structure of an EF-hand from the parvalbumin48 visualized using the VISP software created by Edouard de
Castro on a Silicon Graphics IRIX 4D/35 computer; B. Anthropomorphic representation of an EF-hand39; C.
Consensus sequence of the EF-hand domain49.

The C&* is coordinated, in the loop, by 7 oxygen ligands, which are provided (for 5) by
(acidic) side chains, (for 1) by a carbonyl group of the peptide backbone, (for 1) by a bridging
water molecule (see fig. 2A). The spatial configuration of the ligands around the calcium is
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pentagonal bipyramidal. The six residues involved in the binding are in relative positions 10,
12, 14, 16, 18, 21; these residues are named X, Y, Z, -Y, -X, -Z. From the sequence of the
different EF-hand CaBP a consensus sequence for the EF-hand motif (see fig. 2C)4° has been
derived. The calcium coordinating residues X(10), Y(12), Z(14), -Z(21) provide oxygen
directly with their side-chains for the coordination: Asp, Glu are the most frequent, but Asn,
GIn, Ser, Thr are aso found. Position X(10), Y(12), and -Z(21) are the most conserved. The
invariant Glu or Asp at position 21 provides 2 oxygen for liganding Ca?* (bidentate ligand).
The -Y (16) residue just provide a carbonyl from the peptide backbone to coordinate the Ca™
(therefore it can harbor almost any side-chain). The -X(18) residue frequently harbors an
oxygen bearing side chain that helps to stabilize the coordinating H,O molecule.

The three-dimensional structure of the EF-hand site can be represented by the right hand, with
the index finger representing the 1% helix, the bent middle finger the loop, and the thumb the
2" helix (see fig. 2B). Therefore the structure as been named "Hand". The designation EF
derives from the C-termina E and F helices in parvabumin, the first EF-hand CaBP that was
crystallized. Parvalbumin8 contains 6 a-helices, which were called A, B, C, D, E, F starting
from N-terminus. Two Ca&* ions were found in the loops joining helices C to D and E to F.
Although simple EF hand polypeptide have only a low affinity for Ca?*, their presence in pairsis
associated with high affinity binding. The EF-hand loop contains a B-pleated sheet, which alows
the pairing of 2 EF-hands into a tandem domain (2 sites domain, see fig. 3)°0. This tandem domain
is a basic festure common to al EF-hand Ca®*-binding proteins. It seems to be important for
protein folding as well asfor the functional properties of individual Ca*-binding sites.

fig. 3.
3D structure of the 2-site (EF-hand) domain from parvalbumin visualized using the ViSP software (by Edouard de
Castro).

This tandem domain can be described as a cup-shaped with the interior lined with hydrophobic
side chains, the bottom of the cup containing the 2 Ca’*-binding loop, and the rim, consisting of
charged hydrophilic side-chains.

EF-hand proteins with degenerated EF-hand site(s) which can no longer bind calcium due to
"incompatible” coordinating side chains are often found (resulting from divergent evolution).

It has also been observed that many EF-hand CaBP bind not only Ca®* but also Mg®* with a
lower affinity (in the mM range)51. Therefore Mg?* (which has a stable cytosolic concentration
at ~0.5mM) is thought to occupy the sites in the "absence" of Ca?* (in a resting cell) and to be
displaced by Ca?* when the cell is stimulated. The role of Mg®* is though to be mostly structural.
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The different classes of EF-Hand CaBPs

Phylogenetic studies suggest that the EF-hand CaBP superfamily may be derived from a 1
EF hand ancestor via a series of tandem gene duplications®2. EF-hands generally go by
pairs (see above), and the majority of EF-hand CaBP posses 2 or 4 EF-hand. Below |
will present different examples of EF-Hand CaBP classified according to their number of
EF-Hand.

2 EF hand proteins

$100 proteins®3 (see fig. 4) are members of the 2 EF-hand CaBP family. They are typically
small, dimeric acidic proteins, though to be implicated in cell cycle progression, cell growth,
and differentiation. Initially they were found in the nervous system, but now, are known to be
more widely expressed (showing tissue-specific isoforms). Most S100 proteins have a mass of
9-12kDa. Their amino acid identity ranges from 25% to 60%. They can bind generally 2 Ca?*
ions (per monomer) with their 2 EF-hand. The first EF-hand is typical for S100 proteins and
binds Ca?* only with low affinity (200-500nM) as it is slightly different from the consensus.
The second one is canonical with a better affinity for Ca®* (10-50nM).

hydrophobic central hinge hydrophobic
region /\ region /\ region
N h

+ 2+
Ca2 Ca c
S100 specific canonical
EF-hand EF-Hand

Fig. 4. Basic structure of S100 proteins

These S100 proteins are thought to be modulator proteins (see above) interacting with target
proteins via exposed hydrophobic surfaces upon calcium binding. Some of these proteins are
also know to oligomerize. Some S100 proteins can even be secreted in the extracellular space
and have been shown to stimulate neurite extension, chemotaxis, and cell proliferation.

An interesting aspect of S100 proteins is their putative implication in cell cycle control and
therefore in cancer. The deregulated expression of some S100 proteins seems associated with
certain tumors. Moreover S100B is known to inhibit the phosphorylation of p53, (a tumor
suppressor protein).

The spectrin, an actin binding protein (shaping the cytosqueleton), composed of an a and b-
subunit was first identified in red blood cells. Now, other forms are found in a large variety of
tissues. The brain a-spectrin®4 can bind camodulin and also possesses two functiona EF-
hands allowing the binding of Ca®".

In the 2 EF-hand category we can also find for example non muscle a-actinin®® (also an actin
binding protein), calsensin®6, an invertebrate, small, nervous specific cytosolic Ca?* binding
protein; 1CaBP57 (Intestina Ca”* binding protein, a small S100 related protein) and
diacylglycerol kinase®8, a ubiquitous kinase.

4 EF-hand proteins

The largest sub-family. Proteins showing 4 putative EF-hand domain generally have 4, 3 or 2
functional Ca®* binding sites (some EF-hand can be degenerated; not functional). The 4 EF-
hand are organized into two tandem regions.

The most well know proteins of this 4 EF-hand family is calmodulin which is a ubiquitous
intracellular modulator, troponin C and myosin (light chain) which are involved in muscle
contraction they belong to the calmodulin related proteins sub-family.
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Presentation of some members of the calmodulin related proteins:

Calmodulin (CaM)>9. 60 which is found in all eucaryotic cells is the best studied CaBP. It
is a multipurpose intracellular modulator, mediating multiple Ca?*-regulated processes.
CaM is ahighly conserved (through evolution) protein of about 150 amino acids, with four
functional EF-hand Ca* binding sites arranged in pairs forming 2 globular lobes connected
by a flexible tether61-63. The 4 C&?* binding sites have an affinity (Kp) ranging from 1
(in the carboxy terminus lobe) to 10-100nM (in the amino terminus lobe). The CaM quite
low affinity for Ca’* is compensated by its high cellular concentration, above 1nM and its
high affinity for its target proteinsin the presence of Ca* (Kp= 0.1-1nM).

In some case CaM can serve as a permanent regulatory subunit of an enzyme complex
or have Ca®* independent functions, but generally it modulate the activity of target
proteins in a Ca?* dependent way .

Target proteins possess, recognition sites for CaM (CaM-binding domain) that are
related4. 65, They comprise usually 18-20 contiguous residues, forming an amphiphilic,
basic a-helix but with little primary sequence similarity to each other. These recognition
sites are Ca’*-dependent CaM binding site with a Kp of ~1nM (there is dso a C&*
independent CaM binding site (Kp=200nM) called the 1Q motif found for example in
neuromodulin, brush border myosin 1 (see below).

Upon Ca* hinding, CaM undergoes a conformational change (allosteric “activation”)35.
Structural studies with model peptide (from MLCK and CaM Kinase I1) as synthetic targets6
have shown that when (Ca?*-) calmodulin binds to its target, it can undergo a further change in
conformation, both of its lobes collapsing around part of the target (see fig. 5). The modulatory
effect of CaM on a target enzyme often goes by the displacement of an autoinhibitory domain

from the active site.
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Fig. 5.

A. 3D structure of calmodulin (CaM) visualized using the ViSP software (by Edouard de Castro) B. Schematic
representation of conformational changes in CaM when it bind ca®* and then when Ca?/CaM binds to its
target

Although CaM is distributed ubiquitously, it has some tissue-specific functions partly
because its target proteins are localized in a tissue-specific manneré’. Among the targets
regulated by calmodulin are various enzymes (mostly protein kinases) including cyclic
nucleotide phosphodiesterase, calcineurin, protein kinases/ phosphatases, adenylate
cyclase, nitric oxide synthase; and transport proteins like the plasma membrane Ca?*-
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ATPase pump, the RyR or the IP;R. There are also Ca?* independent targets (with 1Q
domain(s))é8 of CaM such as cytoskeletal proteins like non-conventional myosin, or CaM
sequester like neuromodulin, neurogranin.

Most effect of Ca’*/camodulin are mediated by the Ca?*/calmodulin dependent protein
kinases®® such as myosin light chain kinase (MLCK), which activate smooth muscle
contraction, phosphorylase kinase which activates glycogen breakdown, CaM kinase |1, etc.
The multiple (pleiotropic) functions of calmodulin and Ca?*/CaM-dependent protein
kinases (CaM kinases) have been extensively studied. The best studied example of CaM
target kinase is CaM kinase II, which is aso ubiquitous (with tissue specific isoforms) but
especialy enriched in the nervous system. CaM-kinase Il is a remarkable enzyme: it is a
kind of molecular memory device”0: 71, activated by Ca®*/CaM it can then remains active
even after the end of the Ca®* signal (via its autophosphorylation’2). Therefore it can serve
asamemory trace of aprior CaZ* pulse and seems to play an important role in some type of
memory and learning (in vertebrates).

Troponin C (TnC)73. 74 in skeletal muscle cells is closaly related to calmodulin. TnC is a
part of the troponin complex found on thin actin muscle filaments. It has also 4 functional
EF-hand Ca?* binding sites. When TnC bind Ca’* it relieves the inhibition of myosin (the
force generating motor protein) binding to actin (due to the other troponin components)
promoting muscle contraction.

Myosin light chain proteins: Essential (ELC) and Regulatory (RLC) Light Chains, part of
the myosin complex’> (formed by 2 heavy chains and 2 ELC, 2 RLC) show considerable
sequence similarity with CaM and TnC but have lost during evolution most of their Ca?*
binding capacity (RLCs have only one Ca?* binding site, ELCs in general do not bind Ca®")
because most of their EF-hand are not functional (degenerated). In smooth muscle the
phosphorylation of myosin light-chains by the enzyme myosin light-chain kinase (which is
activated by Ca?*/CaM) will trigger muscle contraction’®. In striated muscle the functions
of myosin light chains are poorly understood.

Together the CaM, TnC, myosin LC, and also calcineurin B77 (the regulatory subunit of
calcineurin, a serine/threonine phosphatase) show similar tertiary organizations with two
lobs connected by along tether.

The well known calcium buffer parvalbumin4® is probably a 4 EF-hand protein,
although only 3 are “visible”, the 4" being to degenerated (see other EF-hand proteins).

In the 4 EF-hand category we can also find for example aequorin’8 (a bioluminescent
protein in lower organisms used as Ca’* indicator), centrins?® (cytoskeletal Ca?*
binding proteins associated with centrosomes).

Still in this category there is also an emerging newly described family of neuron-specific EF-
hand calcium binding proteins. They are al small (~200 amino acids) globular proteins with 4
identifiable EF-hands but generally bind only 2 or 3 Ca?* ions because some of their EF-hand
are not functional. They are found mainly in neurons and are though to be involved in the fine
tuning of calcium-dependent processes in the nervous system. For convenience this family is
named the Neuron specific Calcium Sensor (NCS) family. Caenorhabditis elegans-Neuronal
Calcium Sensor-1 (Ce-NCS-1), the object of this study, belong to this family; so in the next
chapter | will focus on these NCS proteins (for ref. See later).

Recently, a family of Ca®" dependent Guanylyl Cyclase Activating Proteins (“*GCAP)80 has
been described (the aa identity between NCS and GCAP range from 30 to 40%). The
C4GCAP are adso small (~200 aa) proteins with probably 3 functional EF-hands out of 4
identifiable. In different species, these proteins are found in the retina photoreceptors where
they activate the guanylyl cyclase (GC) in a Ca®* dependent way (see fig. 7) participating in
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the recovery of the photo-transduction machinery after stimulation by light. Remarkably these
proteins are low calcium sensors, interacting with their target (the GC), activating it, a low
Ca2+. They can be considered as “inverted® Ca2+ modulators, adapted to the inverted
physiological system of the photoreceptors. The light signal decreases a high resting cytosolic
Ca2+ level instead of increasing a low resting one as usual, induce hyperpolarization instead
of depolarization, and gives a “no more” neurotransmitter release response instead of a
transmitter release response(see fig. 8). So far these proteins are the only known CaBP
modul ators active at low Ca2+ concentration.

Some other members of the 4 EF-hand family posses enzymatic activities by themselves
belonging to the high molecular weight Ca*-requlator proteins group; namely 4 EF-hand
proteins with additional catalytic (or structura domain). For example, the calpains3’ are
ubiquitous (with tissue-specific isoforms) Ca’* dependent proteases which targets are
cytoskeletal proteins (e.g. spectrin), membrane receptors, and enzymes, including calpain itself
(autolysis of capain renders it more active). We can also cite CaBP proteins with “internal”
kinase activity like plants calmodulin-domain protein kinases (e.g. CPK1)81.

6 EF-hand proteins

So far known 6 EF-hand CaBP are though to be just calcium buffer proteins such as
calbindin D-28K82, calretinin® (a cytosolic CaBP abundant in the nervous system),
human ERC-55 protein84 (found in the ER), some spec proteins (see below), Cab45 (found
in the Golgi lumen)8>.

Other EF-hand proteins

Proteins with an odd number of EF-hand have also been described. For example SPARC
(secreted protein acidic and rich in cysteine also named BM-40 and osteonectin) seem to have
only one EF-hand, parvalbumin#8 three, and rdgC serine/threonine protein phosphatase
fived6. The missing EF-hand may be present but so degenerated that it is not recognized as a
putative EF-hand (like for parvalbumin), or may have been lost during genetic
rearrangements.

Spec/ spec like proteins8’ in see urchin embryos are calcium buffers with 4, 6 or 8 EF-hand. In
some flagellate we can even find an ARP (buffer) protein® with 30 putative EF-hand!

To summary, EF-hand CaBP, the largest superfamily of CaBP, can have 3 different functional
aspect: being modulators with a Ca®* dependent modulator activity (such as camodulin),
enzymes, with a direct Ca®* dependent enzymatic activity (such as calpain), and buffers, with
a Ca’* buffering function (such as parvalbumin).

They have generally an even number of the Ca®* binding motif EF-hand (associated in pairs),
which allows the (rapid) reversible binding of Ca?* with arelatively high affinity, laying in the
cytosolic Ca?* physiological range (in resting and stimulated cells).

These EF-hand CaBP are found in all eucaryotes. In the cell they are mainly localized in the
cytosol. For the vast mgjority of CaBP, their in vivo function(s) remains elusive.
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The family of Neuron specific Calcium Sensors

Ca’* plays an essential role in the nervous system. It is involved in neurotransmitter release
where its entry in the presynaptic terminal is known to be the trigger of the transmitter release;
in neuronal survival89 (where activation promotes survival) and death90; in axon out growth®1,
and in the regulation of neurona plasticity? (via synaptic efficacy control). High frequency
stimulation can induce potentiation or depression of neuron response. These phenomena called
Long-Term-Potentiation92 (LTP) and Long-Term-Depression®3 (LTD) are though to represent
the molecular basis of memory and learning’9. The induction of LTP and LTD requires the
activation of (glutamate) NMDA receptors leading to Ca?* influx into the postsynaptic cell.
Calcium waves (see above) which encodes information in their frequency could be probably
influenced by patterns of synaptic inputs, generating complex differential responses.

The effect of “neuronal” Ca“* is often mediated via its binding to calmodulin which will
modulate the activity of a variety of target enzymes (see above, calmodulin).
Nevertheless some other Ca®* modulator proteins are thought to plays important roles in
the nervous system.

Proteins from a previously unknown family of neuron-specific EF-hand CaBP have been
recently described. Members of this family are highly conserved through evolution. These
small CaBP are though to be calcium modulators and upon C&?* binding should interact with
target proteins and alter their activity. They are found mainly in neurons and are likely to be
involved in the fine-tuning of calcium-dependent processes in the nervous system.

This emerging branch of the superfamily of EF-hand calcium binding proteins form the
growing family of nervous system-specific calcium binding modulators often called the
recoverin or the vilip family. For convenience this family was named the Neuron specific
Calcium Sensors (NCS)family).

1 . (EFD)— ~EF255
RECOVERIN (bovine) MGNSKSGA. L SKEI LEELQL NTKFTEEELS SWYQSFLKEC PSGRI TRQEF QTI YSKFFPE ADPKAYAQHV FRSFDANSDG
S-MODULIN (Frog) MGNTKSGA. L SKEI LEELQL NTKFTQEELC TWYQSFLKEC PSGRI SKKQF ESI YSKFFPD ADPKAYAQHV FRSFDANNDG
VISININ (Chick) MGNSRSSA. L SREVLQELRA STRYTEEELS RWYEGFQRQC SDGRI RCDEF ERI YGNFFPN SEPQGYARHV FRSFDTNDDG
Ce-NCS-2 (C. elegans) MGI KGSKPKL SKEDLEFLKK NTNFTEEQI K EWYKGFVQDC PKGHLTKEQF | KVYKDFFPS GSAEGFCEHV FRTFDTDNSG
VILIP (Rat/Chick) MGKQNSK. . L APEVMEDLVK STEFNEHELK QWYKGFLKDC PSGRLNLEEF QQLYVKFFPY GDASKFAQHA FRTFDKNGDG
VILIP-2 (Rat) MGKNNSK. . L APEELEDLVQ NTEFSEQELK QWYKGFLKDC PSGI LNLEEF QQLYI KFFPY GDASKFAQHA FRTFDKNGDG
VILIP-3 (Rat) MGKQNSK. . L RPEVLQDLRE HTEFTDHELQ EWYKGFLKDC PTGHLTVDEF KKI YANFFPY GDASKFAEHV FRTFDTNSDG
NEUROCALCIN (Rat) MGKQNSK. . L RPEVMQDLLE STDFTEHEI Q EWYKGFLRDC PSGHLSMEEF KKI YGNFFPY GDASKFAEHV FRTFDANGDG
HIPPOCALCIN (Rat) MGKQNSK. . L RPEMLQDLRE NTEFSELELQ EWYKGFLKDC PTGI LNVDEF KKI YANFFPY GDASKFAEHV FRTFDTNSDG
FREQUENIN (Droso.) MGKKSSK. . | KQDTIDRLTT DTYFTEKEI R QWHKGFLKDC PNGLLTEQGF | KI YKQFFPQ GDPSKFASLV FRFEDENNDG
NCS-1 (Rat/Chick) MGKSNSK. . L KPEVVEELTR KTYFTEKEVQ QWYKGFI KDC PSGQLDAAGF QKI YKQFFPF GDPTKFATFV FNVFDENKDG
Ce-NCS-1 (C. elegans) MGKGNSK..L KSSQI RDLAE QTYFTEKEI K QWYKGFVRDC PNGMLTEAGF QKI YKQFFPQ GDPSDFASFV FKVFDENKDG
consensus MG---S-=--- -------L-- -T-=----=--- -W---F---C --G------ F ---Y--FFP- —-----—---- F---D----G
T, . -EF3 : 160
RECOVERIN (bovine) TLDFKEYVI A LHMTSAGKTN QKLEWAFSLY DVDGNGTI SK NEVLEI VTAI FKMI SPEDTK HLPEDENTPE KRAEKI| WGFF
S-MODULIN (Frog) TLDFKEYMI A LMMTSSGKAN QKLEWAFCLY DVDGNGTI NK KEVLEI | TAI FKMI NAEDQK HLPEDENTPE KRTNKI WYF
VISININ (Chick) TLDFREYI | A LHLTSSGKTH LKLEWAFSLF DVDRNGEVSK SEVLEI | TAl FKMI PEEERL QLPEDENSPQ KRADKLWAYF
Ce-NCS-2 (C. elegans) FIDFKEFLLA | NVTSSGTPE QKLEWAFRMY DI DGNGTI DE KEMI KI | EAl YEMLGPEVTK S...ADDSPR KRAKMI FEKM
VILIP (Rat/Chick) TI DFREFI CA LSI TSRGSFE QKLNWAFNMY DLDGDGKI TR VEMLEI | EAl YKMVGTVI MM KMNEDGLTPE QRVDKI FSKM
VILIP-2 (Rat) TI DFREFI CA LSVTSRGSFE QKLNWAFEMY DLDGDGRI TR LEMLEI | EAl YKMVGTVI MM RMNQDGLTPQ QRVDKI FKKM
VILIP-3 (Rat) TI DFREFI | A LSVTSRGKLE QKLKWAFSMY DLDGNGYI SR SEMLEI VQAl YKMVSSV..M KMPEDESTPE KRTDKI FRQM
NEUROCALCIN (Rat) TI DFREFI | A LSVTSRGKLE QKLKWAFSMY DLDGNGYI SK AEMLEI VQAl YKMVSSV..M KMPEDESTPE KRTEKI FRQM
HIPPOCALCIN (Rat) TI DFREFI | A LSVTSRGRLE QKLMWAFSMY DLDGNGYI SR EEMLEI VQAl YKMVSSV..M KMPEDESTPE KRTEKI FRQM
FREQUENIN (Droso.) SI EFEEFI RA LSVTSKGNLD EKLQWAFRLY DVDNDGYI TR EEMYNI VDAl YQMVGQQP.. Q. SEDENTPQ KRVDKI FDQM
NCS-1 (Rat/Chick) RI EFSEFI QA LSVTSRGTLD EKLRWAFKLY DLDNDGYI TR NEMLDI VDAl YQMVGNTV.. ELPEEENTPE KRVDRI FAMM
Ce-NCS-1(C. elegans) Al EFHEFI RA LSI TSRGNLD EKLHWAFKLY DLDQDGFI TR NEMLSI VDSI YKMVGSSV.. QLPEEENTPE KRVDRI FRMM
consensus ---F-E---A ---TS-G--- -KL-WAF--- D-D--G---- -E-=-0l-=-1 -=M--=--=--- ——---——~ P- -R-==------
167 EF4A— 203
RECOVERIN (bovine) GKKDDDKLTE KEFI EGTLAN KEI LRLI QFE PQKVKEKLKE KKL
S-MODULIN (Frog) GKKDDDKLTE GEFI QGI VKN KEI LRLI QYE PQKVKDKLKE KKH
VISININ (Chick) NKGENDKI AE GEFI DGVMKN DAl MRLI QYE PKK....... .
Ce-NCS-2 (C. elegans) DVNNDKELTL KEFVDGCLAD KELFQIL... .TN...... E VKK
VILIP (Rat/Chick) DKNKDDQI TL DEFKEAAKSD PSIVLLLQCD .......... I QK
VILIP-2 (Rat) DQDKDDQI TL EEFKEAAKSD PSIVLLLQCD .......... MQK
VILIP-3 (Rat) DTNNDGKLSL EEFI KGAKSD PSI VRLLQCD PSS. ... .. A SQF
NEUROCALCIN (Rat) DTNRDGKLSL EEFI RGAKSD PSI VRLLQCD PSS...... A GQF
HIPPOCALCIN (Rat) DTNNDGKLSL EEFI RGAKSD PSI VRLLQCD PSS...... A SQF
FREQUENIN (Droso.) DKNHDGKLTL EEFREGSKAD PRI VQAL..S LGG...... G ...
NCS-1 (Rat/Chick) DKNADGKLTL QEFQEGSKAD PSIVQAL..S LYD...... G LV.
Ce-NCS-1(C. elegans) DKNNDAQLTL EEFKEGAKAD PSIVHAL..S LYE...... G LSS
consensus ---------- “EF------- e e -

fig. 6.

Amino acid sequence alignment of 12 members of the NCS family. The consensus line indicates the amino acids
(a.a.) conserved in all the sequences. EF hand loop domains (EF1-EF4) are underlined. In each member of the
NCS family, EF1 is degenerated (indicated with brackets). * indicates the a.a. in a EF-hand that could directly
coordinate to Ca*" ion.

The members of the NCS family possess a high degree of homology (with some really
conserved residues, see fig. 6), showing about 37-100% of amino acid identity. Members are
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small acidic proteins of 190-200 amino acids with a molecular weight of about 22-24 kDa.
They al contain 4 putative EF-hands, although some binding sites are clearly degenerated and
do not bind Ca2+. For all of them, their first EF-hand is clearly degenerated.

Some of these proteins like recoverin and hippocalcin are known to be myristoylated
(covalently attached to a myristoyl moiety at the N-terminus) and show Ca?* dependent
binding to membrane (through Ca®* dependent exposure of the myristoyl moiety allowing
anchorage to the membrane). Other members of the family also display a consensus sequence
for myristoylation but their myristoylation has not been demonstrated.

Based on sequence similarities (and on phylogenetic analysis) we can group these NCS
proteins into sub-families (see figure 7)94.
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Fig. 7.

Phylogenetic tree94 (using program TREE95) of some NCS proteins, representing evolutionary distances between
the different sequences (branch length) assuming that they all evolved from a common ancestor. The topology of
the tree (nodes, branches) allows the grouping of the sequences into different subfamilies (using only sequence

identities the same grouping can be made).

One group named Retinal NCS represents the retina-specific NCS proteins (i.e. recoverin®,
visinin®’, S-modulin®®). An other group named NCS-1 (frequenin) subfamily is composed of
the NCS-1 proteins with highly homologous sequences isolated from rat, mouse, human, chick
(NCS-1), C. elegans (Ce-NCS-1, the object of this study)94, Drosophila (frequenin®®), and
even yeast. Other NCS proteins such as rat/chick Vilip-1100,2,3101 human/rat hippocalcin102,
neurocalcin193 have been identified and grouped in the neurocalcin/ vilip subfamily. The most
divergent sequence of the NCS family is Ce-NCS-294 (also described in this study) from C.
elegans. Members of the NCS family can be considered as orthologues (species “equivalents’)
if the amino acid sequence comparison score is high, and their gene structures (intron/exon
borders) are comparable.

All the members of the NCS-1 group seems to be orthologues. NCS-1 from human, rat, chick,
Xenopus are 100% identical. C. elegans NCS-1, frequenin and even yeast NCS-1 are also very
close to vertebrate NCS-1 (see fig. 10). The NCS-1 protein appears to be extremely conserved
through evolution (like calmodulin).

In the retinal NCS group all the known members (S-modulin, bovine/mouse/human
recoverins, chick visinin) are orthologues. For the neurocalcin/vilip group, the orthologs are:
rat/chick vilipl; human/rat hippocalcin; rat vilip3, human HLP2.
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Structure

Recoverin is so far the only NCS protein whose tri-dimentional structure is known®96. 104 put
as the other members of this family are very similar (>37% a.a identity) they probably share a
similar structure. Recombinant unmyristoylated recoverin was purified and crystallized. In this
crystal, Ca’* is bound only to EF3, but it does not mean that recoverin binds only one Ca?*
(biochemical studies have shown that recoverin binds 2 Ca?* ionsl04)

recoverin

fig. 8.

3D structure of recombinant unmyristoylated recoverin (EF 1-4: identifiable EF-hand 1-4)104 visualized using the
VISP software (by Edouard de Castro).

The 4 EF-hand of recoverin form two tandem domains that are connected by a short U-shaped
bend so that they form a rather compact protein (see fig. 8) with all EF-hand located on one
side Recoverin could be viewed as camodulin with a shorter and bend tether, both lobs
coming close each to another on the same side. An hydrophobic region is found around the N-
termina tandem EF-hand domain (EF1 and EF2). This hydrophobic “patch”/surface may be
the docking site for the myristoyl moiety linked to the N-terminus or for target proteins.

Functional roles of NCS proteins

The functional role(s) for the majority of the NCS proteins remains elusive, except for
retinal NCS proteins that are implicated in the modulation of light sensitivity (via Ca®*
dependent inhibition of rhodopsin phosphorylation)10> and for frequenin, a Drosophila
NCS, that is known to modulate the neurotransmitter release at the neuromuscular
junction®9. Based on in vitro assays some other NCS such as NCS-1, Ce-NCS-1, Ce-NCS-
2, vilipl, and hippocalcin have shown a Ca?* dependent inhibition of rhodopsin
phosphorylation effect like the retinal NCS94. By extension, these data suggest a general
role for the NCS proteins in the calcium-dependent regulation of G protein coupled
receptor phosphorylation in the nervous system.

Our group has aso shown that NCS-1 and Ce-NCS-1, both in vitro and in-vivo, can substitute
for or potentiate calmodulinl%6 (CaM) functions (see later).
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The retinal NCS

Visinin%7 (chick), Recoverin® (bovine/mouse/lhuman), S-modulin®® (frog), were the first
members of the NCS family to be isolated and sequenced. These orthologous proteins are
predominantly expressed in photoreceptors. Recoverin is present in outer segments, cell
bodies, and synaptic region of photoreceptors. It is also found in certain bipolar cone cells and
in the pineal gland! Retinal NCS are known to be myristoylated (covalently attached to a
myristoyl moiety at the N-terminus) and show a Ca?* dependent association with membrane.

Both in vivo and in vitro experimentsl05. 107-109 have shown that S-modulin and Recoverin

prevent, at high calcium level, the quenching of the photoreceptor Rhodopsin by inhibiting its
phosphorylation.

(Low Ca*

[Ceiﬂ P] f Sensor) Locally

[Na*] X, — Hyperpolarisation

channel reopen: Recovery

fig. 9.
The phototransduction cascade and functional role of recoverin in photoreceptors. PDE: cGMP
phosphodiesterase; RK: rhodopsin kinase; GC: guanylyl cyclase; GCAP: guanylyl cyclase activating protein.

In the phototransduction (see fig. 9), the light receptor rhodopsin is activated by photons
forming rhodopsin* (R*). R* then activates transducin (T), a G(TP binding)-protein
promoting the exchange of bound GDP (Tgpp) for GTP (Terp). The activated transducin
(Tere) will in turn activate a cGMP-hydrolyzing enzyme: the cGMP phosphodiesterase (PDE),
leading to a decrease of the intracellular cGMP concentration. In the plasma membrane of
photoreceptors there are cGMP gated Na', ca* channels. The lowering of the cGMP levels
resulting from the photontransduction cascade will therefore lead to the closure of these cGMP
gated channels. Since the steady inward current carried by the channels is blocked, the cell
will hyperpolarize, leading to the interruption of the steady transmitter release from the
activated photoreceptor. The light signal is converted into a “no more transmitter release”
signa which will be further processed by other retina neurons, and then send to the brain.

R* is partially inactivated by phosphorylation of its C-terminus region. The phosphorylated
rhodopsin could then be recognized and bind by arrestin ensuring its inactivation.

Recoverin or S-modulin inhibits this phosphorylation reaction, namely the inactivation of R*,
a high Ca®* concentration!10. Therefore it prolongs the lifetime of R* a high Ca®*
concentration195. |t has been shown that these retinal NCS act by inhibiting in a Ca?"
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dependent way rhodopsin kinase (RK) the enzyme needed to phosphorylate R*107, 109, 111,
Therefore in the photoreceptors retinal NCS proteins, by inhibiting rhodopsin kinase at high
calcium concentration increase the photoreceptor sensibility to photons in dimness. In such a
case, in the photoreceptors there is a high calcium concentration (the weak stimulation will not
lead to alarge cGMP level decrease, allowing the cGMP gated Na', ca* channels to stay open)
and the retinal NCS prevent the inactivation of the photon-activated rhodopsin (R*),
prolonging the lifetime of the light response.

At the opposite, in steady light, where the physiological Ca?* concentration is low (steady light
stimulation makes the calcium level drop, because of the steady closure of cGMP gated Na’,
ca* channels resulting from the drop in cGMP level), the quenching of rhodopsin is not
affected by the presence of S-modulin or recoverin. The activated rhodopsin can therefore be
readily inactivated, lowering the lifetime of the light response.

By this mechanism, recoverin regulates the light sensitivity of photoreceptors, adjusting
it to light conditions112,

As Caenorhabditis elegans-Neurona Calcium Sensor-1 (Ce-NCS-1), the object of this study,
belong to the NCS-1 group, | will present this group in more details:

The NCS-1 group

The NCS-1 subfamily is composed of highly homologous proteins (see fig. 10) probably all
orthologues formed by NCS-1 from rat/mouse/chick/human/Xenopus (vertebrate), Drosophila
frequenin, C. elegans Ce-NCS-1, and yeast NCS-1 (Sc-NCS-1 in Saccharomyces cerevisiae,
Sp-NCS-1 in Saccharomyces pombe).

4 EF-Hand CBPs

NCS family
NCS-1 subfamily
Human Yeast
Xenopus C.elegans Drosophila Pombe Cerevisiae Bovine Bovine
NCS-1  Ce-NCS-1 Frequenin Sp-NCS-1 Sc-NCS-1 Neurocalcin  Recoverin CaM
(a.aidentity) 100%  75% 72% 70%  62% 58% 46% 21%

RatNCs-1 m

Fig. 10. Amino acid identity between rat NCS-1 and the other NCS-1 proteins (and with some other CaBP).

The NCS-1 protein seems extremely conserved through evolution (like calmodulin). The
function of these NCS-1 proteins remains elusive except for the Drosophila frequenin in the
neuromuscular junction (see below). NCS-1 and Ce-NCS-1 have been shown to have a
recoverin effect and also a CaM effect (on some CaM targets). Nevertheless the exact in vivo
physiological function of these proteinsis not yet known.

Regulation of neurotransmitter release by frequenin

Drosophila frequenin®® is expressed through all developmental stages and found
predominantly in the fly adult nervous system. It appears to be concentrated in synaptic
regions especialy at the neuromuscular junction.

Clues on the frequenin function came from the analysis of a Drosophila mutant overexpressing
the protein. Several Drosophila mutants have been described for their abnorma motor
phenotype. Electrophysiological analysis of these mutants has shown altered action potential
duration and/or frequencies as well as abnormal neurotransmitter release at neuromuscular
junctions. In some mutants, the molecular basis of the atered motor activity has been
discovered. In the Drosophila, the V7 mutant exhibits an enhanced potentiation of transmitter
release (facilitation) at neuromuscular junctions (showing a“shaker” like phenotype) in response
to repetitive nerve stimulation (>5 Hz) while basal synaptic transmission (< 1 Hz) is not
affected. This V7 mutant was shown to have a 3 to 4 times increased expression of the gene
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encoding frequenin. This result was confirmed with transgenic flies expressing higher amount
(7-14 times) of frequenin than normal flies. The electrophysiological consequences of elevated
frequenin levels are a 4- to 5-fold increase in the magnitude of facilitation of neurotransmitter
release at motor nerve endings. Therefore, frequenin seems to participate in the facilitation
of neurotransmitter release (at the neuromuscular junction).

It is known that the Ca®* entry into presynaptic terminals is the trigger for neurotransmitter
release. In many synapses this short-lived event is followed by a much longer period of
facilitation during which a second nerve impulse is much more effective than the first in
raising the probability of release. This process has been termed short-term facilitation (and
also post-tetanic potentiation, augmentation or long term potentiation; depending on its
duration and the stimulation frequency/duration required to elicit it). In the neuromuscular
junction short-term facilitation usually decaysin less than 1s. This facilitation is believed to be
due to a prolonged increase in intracellular Ca?* remaining at the transmitter release sites.
Thus, in a background of this residual ‘active’ Ca’*, calcium increments due to successive
nerve impulses will trigger the release of more transmitter because of a (non-linear)
relationship between release site Ca®* concentration and transmitter release. Frequenin, as
already said, seems to participate in the generation of this short-term facilitation. Nevertheless
the precise mechanism of this neurotransmitter release modulation is not known. It is not yet
clear how a neuronal calcium sensor such as frequenin could function at the (pre)synapse
between a motor-neuron and a muscle. Electrophysiological data indicates that there is
modulation of the Na'/Ca’" exchange by the Ca?*-frequenint13 through an increase in internal
Na' concentration at the release site reducing (locally) Na* gradient and therefore Na'/Ca®*
exchange. The model is that at high (local) Ca?* concentration after repetitive stimuli,
frequenin increase the presynaptic terminus excitability by inhibiting Na*/Ca®* exchange
therefore preventing Ca** expelling from the release site. Does it inhibits Na" pumps
and/or Na'/Ca?* exchanger (and/or modulates other pumps/channels)? Does it also modulate,
like recoverin, the phosphorylation state of some presynaptic receptors? Moreover what about
frequenin in the central nervous system; does it also modulate neurotransmitter release, does it
also have other functions? What about frequenin functions in post-synapses. All these
guestions are still unsolved.

In vitro and in vivo biological activities of NCS-1

Rat/mouse/chick NCS-1 binds two Ca’*, with a high cooperativity (n4=1.95) and a high
affinity, its apparent Ca?* binding Kp being at ~0.3mM. This affinity is straight in the range of
the Ca’* transients in neuronal cells. With such Ca’* affinity and high cooperativity a rise of
Ca®* concentration from 0.15 to 1.5 mM will provoke a shift from 10 to 90% in the NCS-1
cacium saturation (and likely in its activity)114, Therefore NCS-1 seems to be exquisitely
fine-tuned to rapidly respond to Ca* transients occurring in synapses.

Chick NCS-1 was shown to be expressed in postmitotic neurons of several structuresin the
central and peripheral nervous system, and to be present like frequenin in motor-neurons.
NCS-1 gene expression is turned on at very early stages during development (E3) and
persists in newborn and adult animals. In the rat and mouse, NCS-1 is widely distributed
within neurons in the peripheral and the central nervous systems!47, and is enriched in the
retina, the cerebellum, and the hippocampus. In neurons the protein is preferentialy
localized in both axons and dendrites (neurites) but not in cell bodies!4’. Therefore NCS-1
appears to be found both pre- and post- synaptically and could play a role in both
presynaptic excitability modulation and regulation of postsynaptic properties. Unlike some
other NCS protein, NCS-1 is probably not myristoylated (as it shows no myristoylation
consensus site). Nevertheless NCS-1 seems able to associate with membranes as it is
preferentially localized in neuritic processes and often concentrated in post-synaptic
densities (Nef et al, unpublished).
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Our group has reported that NCS-1 (together with Ce-NCS-1, Ce-NCS-2, and vilipl)
can, in vitro, inhibit rhodopsin phosphorylation in a calcium-dependent manner94. It
act probably like recoverin, inhibiting rhodospin kinase, a G protein coupled receptor
kinase (GRK). We must note that rhodopsin kinase is probably not the endogenous target
of NCS-1 since NCS-1 is largely distributed in the nervous system and not only present in
the photoreceptors. This suggests that other GRK's could be potential targets of NCS-1.

By extension, these data could suggest a general role for these NCS proteins in the
calcium-dependent regulation of G protein coupled receptor phosphorylation in the
nervous system which modulate receptor desensitization. For example it may potentiate a
neuron response by inhibiting receptor desensitization at elevated cytosolic Ca?* level after
a high (frequency) stimulation.

We have also reported that NCS-1 and Ce-NCS-1, both in vitro and in-vivo, can
substitute for or potentiate calmodulinl® (CaM) (athough there is only 21% of aa
homology between CaM and NCS-1). We observed that in vitro, NCS-1 (together with Ce-
NCS-1) directly activates two Ca’'/CaM-dependent enzymes: 3':5 - cyclic nucleotide
PhosphoDiEsterase (PDE) and calcineurin, and is also capable of potentiating the activity of
nitric-oxyde synthase (NOS) -Ca’*/CaM. Other NCS such as vilipl and recoverin have no
such effects. Furthermore, In vivo, NCS-1 aone partially restores the wild-type behavior in
camodulin-defective (in the interaction with a K* channel) cam' Paramecium mutants.
Nevertheless NCS-1 can not activate the well-studied CaM target CaM kinase Il, nor
potentiate CaM kinase Il activation by CaM (Hegi S. et al, submitted). Therefore NCS-1 can
replace CaM or potentiate CaM effect in some cases but not all. NCS-1 represents an ideal
“switch” for neurons that need to respond rapidly to slight variations in Ca”" levels whereas
CaM senses probably more sustained variations. Combined together NCS-1 and CaM could
allow a differential range of Ca®* sensing activities over common targets.

Together these results indicate that NCS-1 is probably a multifunctional modulator
sharing some targets with CaM but also having its own ‘proprietary’ targets. As NCS-1
is widely distributed in the nervous system its function in several regions of the nervous
system may depend on different targets. As they are likely orthologues, NCS-1 may have
similar functions as Drosophila frequenin. Nevertheless the exact physiological functions of
NCS-1 proteins in the various regions of the nervous system remain elusive.

Ce-NCS-1% is likely the C. elegans orthologue of vertebrate NCS-1 and will be
discussed in the *Results and discussion’ section.

Below, | will briefly describe the other members of the NCS family:

The neurocalcin/visinin NCS group

Neurocalcin115-117

Bovine neurocalcin exists as (at least) 6 isoforms. Their distribution seems to be restricted to
the nervous system103. 118 Neurocalcin d appears to be present in the cortex, adrenal gland,
retina, olfactory bulb, cranial motor-neurons, and inner ear. In the cell it seems that
neurocalcin is preferentially associated with microtubules, outer mitochondrial membrane,
synaptic vesicles, and synaptic membranes. Neurocalcin d (recombinant) binds 2 Ca?* with
high affinity (apparent Kp of 2.2nmM)119, Like retinl NCS neurocalcin dcan be
myristoylated!19,

Hippocalcin102

(Rat/human) Hippocalcin is mainly expressed in the hippocampus!92, We found it abundantly
it in hippocampal pyramidal cells, moderately in the dentate granule cells, cortical pyramidal
cells and cerebellar Purkinje cells. During development (in the rat), hippocalcin expression
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attains high levels early in development and decreases in the adult animal. In the cell
hippocalcin seems to be localized in the cytoplasm and plasma membrane of cell bodies and
dendrites. Hippocalcin as other NCS probably binds 2 or 3 Ca*. It can aso be
myristoylated120. This myristoylation is essential for its Ca?* dependent membrane-binding
properties: Hippocalcin bind to membrane in a Ca’*-dependent manner showing a Kp at ~5mvl
of Ca®*. Therefore hippocalcin should have a Ca?* binding Kp of <=5nM.

Like NCS-1, Ce-NCS1 and Vilipl, hippocalcin inhibits (in vitro) rhodopsin
phosphorylation (see above, NCS-1 group)94.

The hippocampus plays an important role in learning and memory; when it is destroyed,
the ability to form new memories is largely lost, although previous established memories
remain. Moreover, as Ca’* is a key regulator of “molecular memory” phenomenon (like
LTP, LTD, see above) this hippocampus almost specific NCS might be involved in
memory formation processes, playing a role in synaptic efficacy control. A mouse
knock-out mutant with no more hippocalcin expression might gives interesting insight
into this question.

Vilip1121

Vilipl (rat/chick Visinin-Like-Protein) is expressed in a sub-population of neurons throughout
the brain and the retina. During development, in these neurons, vilipl expression starts with
the onset of terminal differentiation (therefore vilipl is expressed in postmitotic neurons, like
NCS-1)122, Vilip1 can bind two Ca?* in a non-cooperative manner (unlike NCS-1) with a high
affinity (Kp at ~2mM)114, Vilipl is known to be myristoylated and show a Ca®* dependent
association with membrane. One of the identified binding partners of vilip is actin123,

Like NCS-1, Vilipl inhibits (in vitro) rhodopsin phosphorylation94.

Vilip2101

Vilip2 (rat) which is closely related to (rat/chick) Vilipl (89% a.a. identity) seems to be mostly
expressed in the brain (cortex, hippocampus, hypothalamus, midbrain, olfactory bulb) but also
in the testis (at a lower level). The highest amount of vilip2 mRNA is observed in the
hippocampus. Only a small amount is detected in the cerebellum.

Vilip3101

Vilip3 from rat has 97% of amino acid identity with its human homologue, hlip2 (both
proteins are therefore likely to be orthologues), and 69% with Vilipl. From phylogenetic
studies vilip3 seems to be closer to neurocalcin than to vilipl (see fig. 7). Vilip3 seems to
be expressed mostly in the cerebellum; it is also found in the pons plus medulla oblongata,
but not in other regions of the brain.

Other NCS proteins

Ce-NCS-29 from C. elegans, is to date, the most divergent protein of the NCS family since it
shares 45% of identity with Ce-NCS-1, the only other known (from the present study) C.
elegans NCS protein, and only 37-49% of identity with other members of the NCS family®4.
Ce-NCS-2 seems to be a C. elegans specific NCS with no closely related sequences in other
species. It forms anew ‘group’ in the NCS family phylogenetic tree (see fig. 7).

To summary, NCS proteins are highly related small EF-Hand CaBP predominantly
expressed in neurons. They belong to the 4 EF-Hand CaBP group but they have generally
only 2 or 3 functional EF-Hand Ca*" binding motifs. Their exact in vivo function remains
generally elusive. They are thought to be implicated in the fine modulation of neuron
sensitivity and excitability.

20



INTRODUCTION

As the object of this study is C. elegans Neuronal Calcium Sensor-1, predominantly
expressed in the C. elegans chemo and thermo sensory system (see ‘Results and
discussion’), | will introduce bellow the C. elegans ‘system’, and then chemo/thermo-
sensation in C. elegans.

The nematode Caenorhabditis elegansi24 125

Caenorhabditis elegans (C. elegans) is a small (adult is 1mm long) free-living soil nematode
found commonly in many parts of the world. Its food source is bacteria. There are two
sexes, hermaphrodites that reproduce by self-fertilization (producing both oocytes and sperms),
and maes (arising spontaneoudy at low frequency) which can fertilize hermaphrodites.
Hermaphrodites cannot fertilize each other. By sdlf-fertilization a hermaphrodite can lay about
300 eggs during its life (by mating, 1000 eggs). C. elegans generation time (from the eggs to the
adult form) is about 3 days under optima conditions. Offspring hatch and develop through 4
stages also called larval stages (L1, L2, L3, and L4, see fig. 12B) dthough there is no
metamorphosis. An adult is fertile for about 4 days and then lives for an additional 10-15 day.
Therefore the total life span of aC. elegans is about 3 weeks.

The adult hermaphrodite has 959 somatic nuclei (+ ~1000 germ-line nuclel), and the adult
male 1031. Its genome size is ~100x10° nucleotides, about 8 times that of the yeast
Saccharomyces and one-half of the fly Drosophila. There are 5 autosome chromosomes and
one sex chromosome (X). Hermaphrodites are diploid for al 6 chromosomes (therefore being
XX for the sex chromosome), the males are diploid for the 5 autosomes but have only one X
sex chromosome (XO). Males arise spontaneously (1 male for 500 animals) in hermaphrodite
populations by X chromosome nondisunction at meiosis.
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Fig. 11. A. General anatomy of the C. elegans, B. The different C. elegans developmental stages

Its general anatomy (see fig. 11A) like all nematodes can be described as 2 concentric tubes
separated by a space, the pseudocoelom. The outer tube is formed by the external cuticle (the
protective envelope), the hypodermis, muscles, and nerve cells surrounding a pseudocoelomic
space that contains the intestine and (in the adult) the gonads. The inner tube is in the intestine,
forming the digestive duct (enclosing a space topologically related to the outside).

The cuticle is made of 3 collagenous layers, secreted by the underlying hypodermis. The body-
wall striated muscles of C. elegans are arranged into 4 strips running along the length of the
animal. C. elegans feeds through the pharynx, that crushes and pumps food (bacteria) into the
intestine. “Digested food” is excreted through the anus near its tail.

The hermaphrodite gonads are symmetrically arranged in 2 U-shaped lobs, where the ovary
are formed, fertilized with the sperms (from the hermaphrodite itself: self-fertilization, or
from a male during copulation: cross-fertilization) in the uterus, forming the eggs which will
be then excreted through the vulva. The formation of the gonads is completed during the L4
stage. In the hermaphrodite, at this stage the gonads first produce sperm (~200), that are stored
in the spermatheca (part of the uterus) then in the adult the sperm production ceases, and the
gonads produce only oocytes (for only ~4 days). The male gonad is a arranged in a single U-
shaped lob producing sperms which are stored in seminal vesicle and released during
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copulation through a vas deferens to the cloaca in its tail. The male has a mating
specialized fan-shaped tail with spicules, that are inserted into the hermaphrodite vulva
during copulation, allowing the injection of male sperm in its uterus.

Most of its nervous system cells are located surrounding the pharynx, aong the ventral
midline, and in the tail. Many neuronal processes form a ring around the pharynx (called the
nerve ring) or form process bundles running along the body (caled nerve cords). Sensory
neuron processes run anteriorly from the nerve ring and posteriorly from some tail neurons to
sensory organs; sensilla. In C. elegans (and all nematodes), muscle cells send processes to
motor-neurons in the cord (except pharyngeal muscles), rather than vice versa (neurons to
muscle) asin other animals.

The C. elegans hermaphrodite entire nervous system is composed of 302 neurons and 56
glial and associated support cells (out of atotal of 959 somatic cells, accounting for 37% of
the somatic nucle!). In the male there are 381 neurons and 92 supporting cells. The detailed
structure and interconnections of the C. elegans nervous system are known at the electron
microscopy level. The C. elegans can move (forward or backward by undulatory
movements), make exploratory movement with its head (as it feed), eat, defecate, lay
eggs or mate. Adults exhibit sex-specific behaviors; egg-laying in the hermaphrodite,
mating behavior in the male. C. elegans can also respond to a variety of external stimuli
(touch, temperature, light, chemicals, osmotic pressure) by moving either toward or
away from the stimulus and has the ability to modify its behavior on the basis of
experience. C. elegans has been shown to exhibit some behavioral plasticity, ranging from
sensory adaptation and response fatigue to ssmple learning including habituation, sensitization,
and classical conditioning. C. elegans aso exhibits both short-term and long-term memory.

C. elegans as an experimental system124. 125

C. elegans is easily maintained in the laboratory, where it can be grown on agar plates or in
liquid culture with Escherichia coli as afood source. A large number of worms can be grown
in mass culture. Individual worms can be easily observed and manipulated under a dissecting
microscope. The C. elegans represents an excellent experimental organism especially for
the study of metazoan nervous system and development. Its key features are its
simplicity (anatomically, genetically and behaviorally), short life cycle, ease of cultivation
in the laboratory, suitability for genetic analysis. Moreover worms can be stored
indefinitely in the frozen state.

A wide variety of mutant phenotypes has now been described. Mutants can be readily generated
with chemical mutagens or radiation, allowing classical genetic screening. Reverse genetic can
be done using mutagenesis by transposon insertion. A heterozygous mutation in a hermaphrodite
will become homozygous in %2 of that animal’s self-progeny; therefore recessive alleles can be
readily exposed. The hermaphrodite reproduction by self-fertilization has also the advantage to
allow the generation of offspring even with severe behavioral or morphological defects that
would make mating impossible. On the other hand, classical genetic crosses can be carried out
using males. A great advantage of C. elegans genetic is also that large number of animals (>10°)
can be easily handled by routine laboratory methods. Transgenic worms are easily obtained by
injecting DNA constructs in hermaphrodite gonad.

Moreover, there is a wealth of descriptive information available for the C. elegans such as the
complete cell lineage (namely the timing, locations, and ancestral relationships of all cell
divisions during development), the anatomy at the electron microscope resolution including
the complete wiring of the nervous system, the description of (some) individua neuron
function, the entire genome physical mapping and soon the complete genome sequence. C.
elegans is the first multicellular organism whose genome will be soon entirely sequenced
(estimation: completion in 1998). The C. elegans also shows extensive gene similarity with
mammals.
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Chemosensation and thermosensation in the C. elegansi2

Chemosensation and thermosensation are two important sensory mechanism that C. elegans
uses to interact with its environment. Chemosensation enables organisms to detect food,
predators, potential mates, and other indicators of environmental quality. C. elegans is
sensitive to numerous environmental chemical stimuli: it can chemotax to attractive
compounds (mainly chemicals produced by bacteria, its food source), avoid noxious
compounds!27, enters in an alternative development pathway (dauer larva) upon a pheromone
signal128, and find its sexual partner.

Thermosensation alows C. elegans to track to a preferred temperaturel29. As a cold-blooded
organism, C. elegans has a limited temperature range at which it is viable and fertile (~12-
26°C). When grown at a temperature from 16° to 25°C and placed on a thermal gradient, the
C. elegans will migrate to its growth temperature and then move isothermally. Behavioral
adaptation to a new temperature takes several hours. In contrast, starved worms disperse from
the growth temperature (‘ associated’ with bad survival conditions).

C. elegans respond to a variety of chemical compounds127, 130

In the air-water interface where it lives, C. elegans can detect water-soluble chemicals
(‘tastants’) in the micromolar range and volatile molecules (‘odorants’) in the picomolar
concentration range. Many attractant compounds are known to be by-products of bacterial
metabolism, allowing chemotaxis to food sources. Water-soluble chemicals (which diffuse
slowly) are probably used for short-range chemotaxis to bacteria, and volatile chemicals can
be used for longer-range chemotaxis to distant food sources. C. elegans can also avoid toxic or
hazardous compounds (repulsive substances) and high osmotic strength (osmotic avoidance).
Among the 302 C. elegans neurons, 60 have dendritic endings that are ciliated and are
therefore likely to be sensory. Most of the ciliated neurons are components of small sense
organs called sensillal31, These sensilla are composed of one or more nerve endings and two
or three non-neuronal support cells (a sheath cell and one or two socket cells). For 24 of these
neurons (12 pairs of bilateral symmetric neurons), chemosensory/thermo sensory function has
been directly demonstrated by observing behaviora deficits after laser killing of the cell127.

Chemosensory/ Thermosensory organs and neurons126

In the hermaphrodite C. elegans, there are 3 types of sensilla ‘opened’ to the outside
environment being potential chemo/thermo sensory ‘organs’ (with 26 neurons in direct contact
with the outside): Amphids, phasmids, and inner labial sensory organs (see fig. 12)131,
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Fig. 12. Location of the major chemo/thermo-sensory organs. Dendrites extend from the sensory openings to
neuron cell bodies; axons extend from cell bodies to enter the nerve ring (in the head) or the ventral nerve cord (in
the tail). Only neurons on the left side of the animal are shown; all these neurons have symmetric homologues on
the other (right) side.

The two bilaterally symmetric amphids in the worm'’s head contain the endings of 12 sensory
neuron types (directly exposed to the outside, detecting mostly water-soluble chemicals: ASE,
ADF, ASG, ASH, ASI, ASJ, ASK, ADL; embedded in the amphid sheath, detecting mostly
volatile odorants:. AWA, AWB, AWC, AFD[detecting thermal cues]). The two bilaterally
symmetric phasmids in the tail contain each the endings of two neuron type (PHA, PHB both
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exposed to the outside). The six bilaterally symmetric inner labial sensory organs in the head
contain each the endings of two neuron types (IL1[ ,D,V] embedded, IL2[ ,D,V], exposed).

In addition to the amphid and inner labial organs, there are also other sensilla like organs
found in the tip of the worm head: cephalic (with endings of neuron CEP [+ CEM in maleg]),
outer labial quadrant (with endings of OLQ), and the outer labial lateral sensilla (with endings
of OLL). Finally, there are also two classes of ciliated dendrites (from neurons BAG and FLP)
that are not surrounded by support cells and are not part of a sensillum. Amphid neurons
responsible for chemosensory/ thermosensory behavior and also for dauer formation have
been identified through behavioral analysis of worms in which defined neurons were laser-
ablated. Until now, cell ablations have not revealed functions for sensory organs other than
amphids. Therefore amphids seem to be the major chemo/thermo sensory organs.

C. elegans males (adults) have 79 extra neurons compared to hermaphrodites. The mating
structures in the mail tail contains 75 male specific neurons, out of the 79 extra neurons. Cell
ablation experiments have revealed functions for many male-specific neurons in different
steps of male mating. Over 20 male-specific neurons have exposed sensory endings and
therefore are candidate chemoreceptor neurons that might detect pheromones during mating.

Flexibility of chemosensory and thermosensory responses

C. elegans displays flexibility in its chemosensory and thermosensory behavior based on
its ‘experience’:

Sensory adaptation, sensory response modulation by starvation

Animals exposed to high concentration of an attractant odorant slowly lose their sensitivity to
that odorant over a few hours!32. These adapted animals still respond normally to other
chemicals, including those that are detected by the same chemosensory neurons as the
adapting chemical. This sensory adaptation (fatigue of sensory response following
prolonged exposure to sensory input) is reversible; worms recover their sensitivity to the
odorant (in few hours) after the complete removal of the adapting odorant.

The preferred temperature to which C. elegans will thermotax depends on the temperature at
which it was raised Therefore thermotaxis intrinsically contains an experience-dependent
component. Worms shifted from one temperature to another shift their preference to the new
temperature over ~4hours. In contrast, starved (for 2-4 hours) worms avoid their cultivation
temperature instead of approaching it, allowing the animal to disperse from its growth
temperature (‘associated’ with starvation). Starvation also regulates chemotaxis responses.
Starved worms appear to be suppressed in their responses to water-soluble attractants and
some repellents but are enhanced in their attraction to some volatile attractants.

The molecular mechanisms of these behavioral flexibilities (adaptation, recovery, modulation
by starvation) are (almost) unknown.

Learning and memory126

In the nonassociative forms of learning, an animal alters its behavior to a single stimulus. In
associative learning, the animal learns to use (and remembers) a first stimulus to predict the
presence (or the absence) of a second stimulus.

C. elegans has been shown to exhibit some behavioral plasticity, ranging from sensory
adaptation and response fatigue (see above) to simple nonassociative learning including
habituation (decrement in response to a repeated stimulus, distinct from adaptation),
sensitization (increase in response to a wide variety of stimuli following a noxious stimulus),
and even associative learning.

In response to chemosensory stimuli C. elegans has been shown to exhibit associative learning
using classical conditioning paradigms. The worms can be conditioned to associate the
presence of one ion to food and the presence of a second ion to the absence of food. They can
be also conditioned to associate an attractive compound (diacetyl) to a noxious stimulus
(acetic acid), avoiding the attractive chemical after this conditioning. The precise molecular
mechanism of this phenomenon is unknown.
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Aim of this work

C. elegans, a free-living nematode, is an excellent model organism to study neurobiology. The
entire nervous system of (hermaphrodite) C. elegans is composed of only 302 neurons (out of
959 total somatic cells) whose detailed structures and interconnections have been characterized
at the electron microscopy level. C. elegans can move, eat, defecate, lay eggs, and mate. It can
respond to a variety of external stimuli and modify its behavior on the basis of experience.
Moreover, C. elegans will be the first multicellular organism whose genome is completely
sequenced. As this organism is also well suited for genetic analysis and often shows extensive
gene similarity with vertebrates, it represents a very attractive system to study the function of
NCS-1, a previoudy unknown member of the Neuronal Calcium Sensor (NCS) family isolated
in our laboratory (initialy in the chick and then in the rat).

My objectives were:
Toisolate aC. elegans equivalent of NCS-1
To study the distribution of this C. elegans NCS-1 homologue.
To generate and to analyse the phenotype of a mutant C. elegans with the gene coding for
this NCS-1 protein inactivated in order to get insights into the physiological role(s) of NCS-1

These studies together with my participation in other projects lead to the following
publications:

1. Nef S, Fiumelli H, De Castro E, Raes M-B, Nef P (1995). “Identification of a neuronal
calcium sensor (NCS-1) possibly involved in the regulation of receptor
phosphorylation.” J. Recept. Res. 15(1-4), 365-378. (1995)

2. De Castro E, Nef S, Fiumelli H, Lenz SE, Kawamura S, Nef P (1995). “Regulation of
rhodopsin phosphorylation by a family of neuronal calcium sensors.” Biochem.
Biophys. Res. Commun. 216:133-140. (1995)

3. Nef S, Allaman 1., Fiumelli H., De Castro E., Nef P. (1996). “Olfaction in birds:
differential embryonic expression of nine putative odorant receptor genes in the
avian olfactory system.” Mechanisms of Development 55:65-77. (1996)

4. Schaad N., De Castro E., Nef S, Hegi S, Hinrichsen R., Martone M., Ellisman M., Sikkink R.,
Rusnak F., Sygush J., Nef P. “Direct modulation of calmodulin targets by the neuronal
calcium sensor NCS-1.” Proc. Natl. Acad. Sci. USA 93:9253-9258. (1996)

5. De Castro E., Nef P. Characterization and analysis of Caenorhabditis elegans Neuronal
Calcium Sensor-1. In preparation.
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Results and discussion

Cloning of Caenorhabditis elegans Neuronal Calcium
Sensor-1 (Ce-NCS-1) cDNA

To determine whether Neuronal Calcium Sensor-1 (NCS-1) like sequences exist in the C.
elegans, | screened at low stringency a Caenorhabditis elegans cDNA library using a chick
NCS-1 cDNA probe. | was able to isolate several positive phages that contained inserts
encoding a previously unknown protein highly related to chick/rat NCS-1. We named this
protein Caenorhabditis elegans-Neuronal Calcium Sensor-1 (Ce-NCS-1). The Ce-NCS-1
deduced amino acid sequence has 75% identity with rodent/ avian NCS-1. This high
homology suggests that these proteins are species homologues or orthologues.

To estimate the degree of gene diversity in the C. elegans NCS family, | screened at very low
stringency the Caenorhabditis elegans cDNA library using Ce-NCS-1 cDNA as a probe. |
isolated several positive phages that were shown to encode whether for Ce-NCS-1 or for a new
unique protein related to the NCS family that we named Ce-NCS-2. This protein shows only
45% of amino acid identity with Ce-NCS-1, and 44% with rat/chick NCS-1. By this
screenings no additional NCS genes were found in the C. elegans

Inhibition of rhodopsin phosphorylation

Both Ce-NCS-1 and Ce-NCS-2 proteins were overexpressed in E. coli and purified (see below
enclosed article). Based on the fact that retinal NCS such as S-modulin, recoverin were shown
to inhibit rhodopsin phosphorylation in a Ca?* dependent way (see ‘Introduction’), we wanted
to test whether or not rat/chick NCS-1 and C. elegans NCS could act the same (in vitro). The
purified proteins were used in a rhodopsin phosphorylation assay together with recoverin, S
modulin and vilipl. All six NCS proteins inhibit rhodopsin phosphorylation (and thereby
inactivation) in a Ca’*-dependent manner (controls with the ubiquitous calcium sensor
calmodulin, or with ovalbumin had no effect on rhodopsin phosphorylation). It has been
shown that the retinal NCS act by inhibiting in a Ca®* dependent way rhodopsin kinase the
enzyme needed to phosphorylate activated rhodopsin. By extension our results may indicate
that other non-retinal NCS could act the same (although rhodopsin kinase is not their natural
target) suggesting that other receptor kinase may be proprietary targets. Therefore these data
suggest a potential role for NCS proteins in the calcium-sensitive phosphorylation of
components of the signal transduction machinery.

These results were published in:

De Castro, E., Nef S, Fiumelli H., Lenz S. E., Kawamura S. and Nef P., Regulation of
rhodopsin phosphorylation by a family of neuronal calcium sensors., Biochem. Biophys.
Res. Commun., 216 (1995) 133-140.

See enclosed article starting next page:
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RESULTS and DISCUSSION

Ce-NCS-1 and Ce-NCS-2 cDNA

Both cDNA, ranging from a5’ SL1 splice leader sequence (see below, legend of figures 13
and 14) to a poly(A) tail, are complete. They show a short 5 untranslated region (UTR) of
about 50bp with part of the SL1 leader sequence. Ce-NCS-1 cDNA has a small 3' UTR of
about 100bp. Ce-NCS-2 cDNA has a larger 3 UTR of about 750bp. Cloned cDNA total
size (including cloning restriction enzyme linkers) for Ce-NCS-1 is 773bp and for Ce-
NCS-2 1390bp (see fig. 13 and 14).

Sequences:
fig. 13. Ce-NCS-1 cDNA

EcoRl linker | SL1 leader
gaatt ccgagt tt gagat aacaaaaaagagagaat caagt t gcaaat caaaat tatttta

cttaagget caaact ctat 1 gttttttet ct cttagtt caacgt ttagt t tt aat aaaat

START
ttagaatt gt t gcgaagaa-ggcaaagggaacagcaagt t gaaat ct t ct caaat aag
T + 120
aatctt aacaacgct tett 1 acccgttt ccct tgtegtt caact tt agaagagt ttattc

deduced aminoacidsequence: M G K G N S K L K S S Q | R -
Bgl Il
agatctt gct gagcagact 1 attft accgaaaaagaaat caagcaat ggt at aaaggat t

I R e S e R + 180
tctagaacgactcgtctgaataaaatggctttttctttagttcgttaccatatttcctaa

DL AEQTYFTEIKEI KQWYKGF -

t gt acgt gat t gt ccaaat ggaat gct aacagaagcéﬁgct tt caaaaaat ctacaaaca
< + 240
acat gcact aacaggt tt acct tacgatt gt ctt cgcccgaaagt tttt t agatgtttagt

VRDCPNGMLTEAGFOQKI Y K Q -

attttt cccacaaggt gat ccat cagacttcgcatcatt cgt ctt caaagt ttttgat ga
Y T e e e e e + 300
t aaaaagggt gttccact aggt agt ct gaagcgt agt aagcagaagt tt caaaaact act

FF P QGDWPSDFASTFVFKVFDE -
gaataa&]atggtgctatagaatttcatgagtttatacgagctttatccattacatctcg
10 T + 360
cttattcct accacgat at ct t aaagt act caaat at gct cgaaat aggt aat gt agagc

N KDGAI EFHEFI RALSI TSR -
Xba | \/
t ggaaat ct agacgaaaaact tcatt gggcgt tcaagtt at atgattt ggat caagat gg
L e e + 420
accttt agat ctgettttt gaagt aacccgcaagt t caat at act aaacct agttctacc

G NLDEIKLHWAFI KLY DLDO QDG -

atttatt acgagaaat gaaat gct gt cgat tgtagatt cgat ttat aaaat ggt gggaag
7% 3 T + 480
t aaat aat gct ctttactt 1 acgacagct aacat ct aagct aaatattt t accacccttc

FI T RNEML SI VDSI Y KMVGS -
tagt gt acagt t accggaagaagagaat acgcccgagaagagagt t gat cggat tttt ag

73 T + 540
at cacat gt caat ggectt ct tctettat gcgggct ctt ct ct caact agcct aaaaat ¢

S VvVQLPEEENTWPEIKRVDRI F R -
EcoR |
aat gat ggat aagvc\at aacgat gct caact gacat t ggaagaat T caaagaaggagccaa
[ R R R e LR SRR P + 600

ttact acct at tcttatt gct acgagtt gact gtaacct t cttaagttt ct tccteggtt

M M DIKNNUDAQLTULETETFKEGAK -
STOP
agct gacccctcaattgt gcat gct ctttcattgt at gagggt ctctect ctkg cgcat
0 + 660
t cgact ggggagt t aacacgt acgagaaagt aacat act cccagagaggagaact gcgta

A DPSI VHALSLYEGL S S *

ttcaatatgttttcttatatcaaaatt gcaaacact at cat caagegt t at gtccccttt
661 -----n-n- o e e e e e e e b e + 720
aagttat acaaaagaatatagtttt aacgt ttgtgat agt agtt cgcaat acaggggaaa

Poly(A) signal Poly(A) tail ; ECORI linker
tttcgt caaaat gaaagaat ctttagtat aaaaaaaaaaaaaaaacggaat tc

Fr A R e R TR R 773
aaagcagttttactttcttagaaatcatattttttttttttttttgccttaag
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fig. 14. Ce-NCS-2 cDNA

RESULTS and DISCUSSION

Nco |

EcoRl linker | SL1 leader START

61

121

181

241

301

421

481

541

661

1336

gaatt ccgaagt tt gagccct acact acacct agaagacgaat aagcccaaacc-gga
cttaaggcet t caaact cgggat gt gat gt ggat cttct gct tatt cgggt ttggt accct
deduced amino acid sequence: M G -

at caagggt t ccaagccaaaact ct ccaaagaggat tt ggagt tttt gaaaaagaacaca
------------------------------------------------------ + 120
tagtt cccaaggt tcggtt t t gagaggt t t ctect aaacct caaaaact t tttcttgtgt

I K GS KP KL SKEDLETFLKIKNT -

aattt caccgaagagcagat caaagaat ggt at aaaggat ttgt g%aagat tgt ccgaaa

tt aaagt ggct tctegtct agt ttett accat atttcct aaacacgt t ct aacaggctt t

NF TEEQI KEWYKGFV QDT CUPK -
Pstl
ggccacttaaccaaggagcagttcataaaggtgtataaggatttcttcccgtcaggttct
------------------------------------------------------ + 240
ccggt gaat t ggttcct cgt caagtattt ccacat att cct aaagaagggcagt ccaaga

GHLTIKEQFI KVYKDVFUZFUPSGS -
gcagaaggat t ct gt gaacat gt at t ccgaacat t cgacacggat aact cgggttttatc
Cgt oLt cot aagacact gt acat aagget f g Aaget gt gect at { gageccanaat ag

A EGFCEMHVFRTUFDTUDNSGTF I -
gacttcaaagaatttttattggcaattaat gt gacgagtt ccggaacgcccgagcagaaa

Gt gangr L1 o t amaant Ancogt £ ant  acRGt 0ot cRAGUOSTt GUGURt CaL S TE o
DFKEFULILAI NVTSSGTUZPEQK -
cttgaat gggct ttcegtat gt acgat at t gat ggaaat ggt acgat agacgagaaggaa

gaactt acccgaaaggcat acat gctat aact accttt accat gct at ct gctcttect t

L EWAFRMYDI DGNGTI DEKE -
at gat caagat tatt gagvgccat ctat gaaat gct cggcccagaagt gacaaaat ctgct
------------------------------------------------------ + 480

tactagttctaataactccggtagatactttacgagccgggtcttcactgttttagacga
M1 K1 I EAI YEMLGPEVTIKSA -
gacgact ct ccaagaaagagagccaagat gat ctt cgagaagat ggat gt t aacaat gat

ctgct gagaggt tetttet ct cggttct act agaagct ct tctacct acaatt gttacta

DDSPRKRAKMI FEKMMDVNND -
EcoRI Sacl

aaagagct gacat t gaaggaatt cgtt gacggct gcett gct gat aaggagct cttccaa

------------------------------------------------------ + 600

tttet cgact gtaactt cct t aagcaact gccgacggaacgact att cct cgagaaggt t

K E L TL KEFVDSGTCLADIKTETLFQ -
STOP

atttt gaccaat gaagt caagaag[ aaacgaact ttctttcaagttttttgccct aaaat

.................................... 151}

t aaaact ggt tacttcagt t cttcattt gct t gaaagaaagt t caaaaaacgggatttta

I L T NE V K K *

tgttttgt Ct aatattatttactcttaat I ctctcacga...... not shown (636bp)...

Poly(A) signal Poly(A) tail ;EcoRl linker
.aatttcatat aaaat aaaat ct gt gt aaatttt aaaaaaaaaaaaaacggaat t C
e e ] R LR ST + 1390

.ttaaagtatattttattttagacacatttaaaattttttttttttttgccttaag
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fig. 13 and 14:

SL1 Leader: It has been shown that a large fraction (>= 40%) of RNA messenger in C. elegans are trans-spliced to a

22- nucleotide (nt) leader sequence named sL1125 (obviously the conventional eucaryotic cis-splicings can also
take place). Both Ce-NCS-1 and Ce-NCS-2 cDNA are long enough to show part (8 last nt for Ce-NCS-1, 9 last for
Ce-NCS-2) of this leader sequence (just after the library Eco RI linker). Therefore both ncs-1 and ncs-2 messenger
appears to be trans-spliced with SL1 leader. The function of the SL sequence on mRNA is unknown; there is no
obvious pattern of commonality between messages that receive the SL1 sequence. SL sequences might stabilize the
messenger RNA or enhance its translational efficiency. The SL1 leader originate from a small RNA transcribed
(principaly) from the 1kb repeat (present at ~110 copies in the genome) that also contains the 5S ribosomal RNA
genes. This SL1 RNA donates its 5-most 22nt to target messengers that have in their 5 UTR (untranslated region) a
splicing 3’ acceptor site lacking an (internal) upstream 5’ splice donor (needed to allow a classical trans-splicing).

Poly(A) signal: Like in mammals, C. elegans 3' end message maturation includes cleavage and polyadenylation

at specific 3’ end sites of the primary transcript133. Clivage and addition of a poly-A tail (polyadenylation) occurs
usuall}/ 13nt downstream a poly(A) signal sequence matching a AAUAAA consensus {with frequent variations in
the 1% and 4" (A being often replaced by a G) position}. Putative poly(A) signal sequences are; for Ce-NCS-1:
AATGAA (14nt before poly(A) tail); and for Ce-NCS-2: AATAAA (15nt before poly(A) tail).

position of spliced introns are indicated by arrow heads (“V”) in the cDNA nucleotide sequence
(from comparison with the genomic sequence, see “cloning of ncs-1 and ncs-2 genes”).

Some current restriction enzyme cleavage sites are over-lined (for EcoR I, Xba I, Bgl Il, Nco |, Pst
I, Sac ). ATG initiator codons and stop codons are also indicated.

Ce-NCS-1 and Ce-NCS-2 proteins

Both proteins are related to the NCS family. Ce-NCS-1 is highly related to rat/chick NCS-1
protein (with 75% amino acid identity). Ce-NCS-2 represents to date the most divergent protein
of the NCS family since it shares only 37-49% of identity with other members of the NCS
family, aone forming a new ‘group’ in the NCS family phylogenetic tree (see ‘Introduction’).
With no known equivalent genes in other species, Ce-NCS-2 is probably a nematode specific
NCS. Some characteristics of both Ce-NCS-1 and Ce-NCS-2 proteins are shown in table 2:

Analysis Ce-NCS-1 protein Ce-NCS-2 protein
Molecular Weight 22023.50 21986.80

Length 191 190

1 microgram = 45.406 pMoles 45.482 pMoles

Molar Extinction 19180 +5% 16860 +5%
Coefficient

1 unit Absorbance at 1.15 mg/ml 1.30 mg/ml

280nm {1 A(280)}=

Isoelectric Point 5.02 5.00

Charge at pH 7 -6.59 -6.82

Table 2. Theoritical characteristics of Ce-NCS-1 and Ce-NCS-2 proteins (using GCG package).

Their amino acid sequence identity with some other NCS proteins are shown in table 3:

% a.a. identity with: Ce-NCS-1 protein Ce-NCS-2 protein
C. elegans NCS-1 (Ce-NCS-1) 100 44.62
Rat/chick NCS-1 75.26 44.09
S. cerevisiae NCS-1 (Sc-NCS-1) 58.42 43.55
S. pombe NCS-1 (Sp-NCS-1) 65.08 44 .86
Drosophila Frequenin 70.05 45.11
Bovine neurocalcin 58.42 48.92
Rat/chick Vilip(1) 57.14 46.82
Rat Vilip2 55.03 47.34
Rat Vilip3 58.95 49.46
Rat hippocalcin 57.89 48.92
Chick visinin 38.10 35.98
Mouse recoverin 43.68 44.44
Frog S-modulin 40.53 43.39
C. elegans NCS-2 (Ce-NCS-2) 44 .62 100
Human Calmodulin 20.95 23.65

Table 3. Amino acid identity of Ce-NCS-1and Ce-NCS-2 with some other NCS and calmodulin.
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Amino acid sequence alignment / consensus site analysis

Ce-NCS-1 and Ce-NCS-2 deduced amino acid sequence were aligned (using the GCG
packagel34) with some other NCS sequences. All these sequences were analyzed by the
MOTIF program134 to find known “motifs’, including (consensus) putative “functional” sites,
structural domains and putative post-transcriptional modification sites (see fig 15.).

1 . (EFD EF2 50
RECOVERIN (bovine) MEENSESEBAL SKEI LEELQL NTKFTEEELS SWYQSFLKEC PSGBGRI TRQEF QTI YSKFFPE ADPKAYAQHV FRSFDANSDG
S-MODULIN (Frog) MEENESEA L. SKEI LEELQL NTKFTQEELC TWYQSFLKEC PSGRI SKKQF ESI YSKFFPD ADPKAYAQHV FRSFDANNDG
VISININ (Chick) MEENSRSSA. SREVLQELRA SMRYTEEELS RWYEGFQRQC SDGRI RCDEF ERI YGNFFPN SEPQGYARHV FRSFDTNDDG
VILIP (Rat/Chick) MG. KQNS. KL APEVMEDLVK STEFNEHELK QWYKGFLKDC PSGRLNLEEF QQLYVKFFPY GDASKFAQHA FRTFDKNGDG
VILIP-2 (Rat) MG. KNNS. KL APEELEDLVQ NTEFSEQELK QWYKGFLKDC PSGI LNLEEF QQLYI KFFPY GDASKFAQHA FRTFDKNGDG
VILIP-3 (Rat) MG. KQNS. KL RPEVLQDLRE HTEFTDHELQ EWYKGFLKDC PTGHLTVDEF KKI YANFFPY GDASKFAEHV FRTFDTNSDG

NEUROCALCIN (Rat) MG. KQNS. KL RPEVMQDLLE STDFTEHEI Q EWKGFLRDC PSGHLSMEEF KKI YGNFFPY GDASKFAEHV FRTFDANGDG
HIPPOCALCIN (Rat) MG. KQNS. KL RPEMLQDLRE NTEFSELELQ EWYKGFLKDC PTGI LNVDEF KKI YANFFPY GDASKFAEHV FRTFDTNSDG
FREQUENIN (Droso.) MG. Bl KI KQDTI DRLTT DTYFEEKEI R QWHKGFLKDC PNGLLTEQGF | KI YKQFFPQ GDPSKFASLV FRFEDENNDG

NCS-1 (Rat/Chick) MG. KSNS. KL KPEVVEELWREKTYFTEKEVQ QWKGFI KDC PSGQLDAAGF QKI YKQFFPF GDPTKFATFV FNVFDENKDG
Sp-NCS-1(S. pombe) MG. KSQS. KL SQDQLQDLVR SIMRFDKKELQ QWYKGFFKDC PSGHLNKSEF QKI YKQFFPF GDPSAFAEYV FNVFDADKNG
Sc-NCS-1(S. cerev.) MEEAENSEE SKDDLTCLKQ STYFDRREI Q QWHKGFLRDC PSGQLAREDF VKI YKQFFPF GSPEDFANHL FTVFDKDNNG

Ce-NCS-1(C.elegans) MG.KGNS.KL KSSQIRDLAE QTYFMEKEIK QWYKGFVRDC PNGMLTEAGF QKIYKQFFPQ GDPSDFASFV FKVFDENKDG
Ce-NCS-2 (C. elegans) MENESSKIPKL SKEDLEFLKKENEMINFTEEQIK EWYKGFVQDC PKGHLTKEQF IKVYKDFFPS GSAEGFCEHV FRTFDTDNSG

consensus _G-------- ————-—--- L-- -T-------- - W---F---C --G------ F ---Y--FFP- ——----—---- F---D----G
81 EF3

RECOVERIN (bovine) FTEDEKEYVI A LHMTSAGKTN QKLEWAFSLY DVDGNGTI'SKUNEVLEI VTAI FKMI SPEDTK HLPEDENTPE KRAEKI WGFF
S-MODULIN (Frog) TFTLDEKEYMI A LMMTSSGKAN QKLEWAFCLY DVDGNGTI NK KEVLEI | TAI FKM NAEDQK HLPEDENTPE KRMNKI WYF
VISININ (Chick) TLDEREY| | A LHLTSSGKTH LKLEWAFSLF DVDRNGEVSK SEVLEI | TAI FKMIH PEEERL QLPEDENSPQ KRADKLWAYF
VILIP (Rat/Chick) TI DEREF| CA LSI WSRGSFE QKLNWAFNMY DLDGDGKI TR VEMLEI | EAl YKMVGTVI MM KMNEDGLTPE QRVDKI FSKM
VILIP-2 (Rat) I DEREF| CA LSVISRGSFE QKLNWAFEMY DLDGDGRI TR LEMLEI | EAl YKMVGTVI MM RMNQDGLTPQ QRVDKI FKKM
VILIP-3 (Rat) TIDEREFI | A LSVISRGKLE QKLKWAFSMY DLDGNGYI SR SEMLEI VQAI YKMVSSV.. M KMPEDESTPE KREBDKI FRQM

NEUROCALCIN (Rat) TIDEREFI | A LSVISRGKLE QKLKWAFSMY [DLDGNGYI SK AEMLEI VQAI YKMVSSV. .
HIPPOCALCIN (Rat) TIDEREFI | A LSVISRGRLE QKLMWAFSMY DLDGNGYI SR EEMLEI VQAI YKMVSSV. .
FREQUENIN (Droso.) S| EFEEFI RA LSVISKGNLD EKLQWAFRLY DVDNDGYI TR EEMYNI VDAl YQMVGQQ. .
NCS-1 (Rat/Chick) RI EFESEFI QA LSVISRGTLD EKLRWAFKLY DLDNDGY| TR NEMLDI VDAl YQMVGNT. .
Sp-NCS-1(S. pombe) ¥YIDEKEFI CA LSVISRGELN DKLI WAFQLY DLDNNGLI SY DEMLRI VDAl YKMVGSM. .
Sc-NCS-1 (S. cerev.) FI HFEEFI TV LSTISRGTLE EKLSWAFELY DLNHDGYI TE DEMLTI VASV YKMMGSM. .
Ce-NCS-1 (C.elegans) AFEFHEFIRA LSITSRGNLD EKLHWAFKLY DLDQDGFITR NEMLSIVDSI YKMVGSS. .
Ce-NCS-2 (C.elegans) FIDEKEFLLA INVTSSGTPE QKLEWAFRMY DIDGNGTIDE KEMIKITEAI YEMLGPEVT

KMPEDESTPE KRTEKI FRQM
KMPEDESTPE KRIFEKI FRQM
Q. SEDENTPQ KRVDKI FDQM
ELPEEENTPE KRVDRI FAMM
KLPEDEDTPE KRVNKI FNMM
TLNEDEATPE MRVKKI FKLM
QLPEEENTPE KRVDRIFRMM

~A<<<<TVZZ

.. .SADDSPRI KRAKMIFEKM

consensus ---F-E---A ---TS-G--- -KL-WAF--- D----G---- -E---l---1 --M-----oc ——————— P- -R--------
ge& !gFA 203
RECOVERIN (bovine) KKDDDKLMESKEF| EGTLAN KEI LRLI QFE PQKVKEKLKE KKL
S-MODULIN (Frog) GKKDDDKLTE GEFI QGlI VKN KEI LRLI QYE PQKVKDKLKE KKH
VISININ (Chick) NKGENDK| AE GEFI DGVMKN DAI MRLI QYE PKK. ...... ... i
VILIP (Rat/Chick) DKNKDDQITENDEFEKEAAKSD PSI VLLLQCD | QK Consensus sequence for:
VILIP-2 (Rat) DQDKDDQI TL EEFKEAAKSD PSI VLLLQCD MQK (PgrMMOTIFS GCG)
VILIP-3 (Rat) DTNNDGKLSL EEF| KGAKSD PSI VRLLQCD PSSASQF
NEUROCALCIN (Rat) DTNRDGKLSL EEF| RGAKSD PSI VRLLQCD PSSAGQF EF Hand motif
HIPPOCALCIN (Rat) DTNNDGKLSL EEF| RGAKSD PSI VRLLQCD PSSASQF
FREQUENIN (Droso.) DKNHDGKLTL EEFREGSKAD PRI VQALSLG GG. ....... I N-Myristoylation site
Ny Ned RS Nonbe) DKNKDGOLTL BEFGCGSKRD P VSALSLY DOLV.
Sp-NCS-1(S. pombe) DKNKDGOLTL EEFCEGSKRD PTI VSALSLY DGLV. .. ... . . g .
Sc-NCS-1 gs. cerev.)) DKNEDGYI TL DEFREGSKVD PSI | GALNLY DGLI . . . . .. Protein Kinase-C (PKC) phosphorylation site
Ce-NCS-1 (C.elegans) DKNNDAQLTL EEFKEGAKAD PSIVHALSLY EGLSS I Protein Kinase-A/G (PKA/G) phosphorylation site
Ce-NCS-2 (C.elegans) DVNNDKELMESKEEVDGCLAD KELFQILTNE VKK Tyrosine Kinase (TK) phosphorylation site
consensus ---------- “EF-----m s s e

fig. 15. Alignment and analysis of Ce-NCS-1 and Ce-NCS-2 sequences together with some other NCS
sequences. The consensus line indicates the amino acids (a.a.) conserved in all the sequences. EF hand loop
domains (EF1-EF4) are underlined. In each member of the NCS family, EF1 is degenerated (indicated with
brackets). * indicates the a.a. in a EF-hand that could directly coordinate to ca®" ion. MOTIF analysis; some
consensus sites are boxed in colors, see legend “Consensus sequence for:”.

These computer analyses are just indicative and the information they provide should be
considered carefully. Moreover, found ASN-glycosylation sites and Casein kinase |l
phosphorylation sites were not taken in account as they are probably not physiologically
relevant for those cytosolic proteins.

For Ce-NCS-1 the motif program find two putative sites for phosphorylation by protein kinase
C (PKC) and one by tyrosine kinase (TK). The program also detect 2 consensus EF-Hand
motifs (allowing the binding of Ca’*, see “Introduction”) although they are 4 identifiable EF-
Hand motifs in al these NCS proteins (some of them being highly degenerated, see
“Introduction”). EF1 is in all case degenerated. Ce-NCS-1 EF4 (the last EF-Hand) is not
recognized by the motif program as a valid EF-Hand probably because of its alanine (A)
residue at position 15 (relative to the EF-Hand), instead of a consensual glycine (G).
Nevertheless all the Ca’* coordinating side-chains are “compatible”, and this EF-Hand may be
functional. We must note that from biochemical studies it has been shown that rat/chick NCS-
1 binds only 2 Ca2*"** although the motif program predicts 3 valid EF-Hands.

For Ce-NCS-2 the program find two putative sites for phosphorylation by protein kinase C
(PKC), one by tyrosine kinase (TK) and one by cAMP/ cGMP protein kinases (PKA/G).
The program also detect 3 consensus EF-Hand motifs, and a N-myristoylation site
(myristoylation: see ‘Introduction’).
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Genomic southern blot analysis

To verify that the genes of the isolated Ce-NCS-1 and Ce-NCS-2 cDNA really exist in the
wild type worm genome and to estimate the number of ncs-1 and ncs-2 related gene, |
performed a Southern blot analysis (probe hybridization on blots of digested genomic
DNA) at medium stringency with genomic C. elegans DNA using Ce-NCS-1 and Ce-NCS-
2 cDNA probes. From the data (show in fig. 16) both genes are present. They appear to be
single copy genes, with no other closely related sequences (as the observed hybridation
patterns can be assigned to single sequences).

R1 R1 D3
R1 R1 R1 D3 D3 B2 D3 D3 B2
1d3 nd. Rl D3 B2 X1 D3 B2 X1 B2 X1 X1 B2 X1 X1

23kb=—

9.4kb — | —'
6.5kb— .

2.3kb—|
2kb—|

0.56kb — |

Ce-NCS-1

R1 R1 D3
R1 R1 R1 D3 D3 B2 D3 D3 B2
Id3 nd. R1 D3 B2 X1 D3 B2 X1 B2 X1 X1 B2 X1 X1

23kb=—

9.4kb —

6.5kb—| —
|
|

2.3kb —|
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fig 16. Genomic southern blots with Ce-NCS-1 and Ce-NCS-2 cDNA as probes.
| d3: size marker; used restriction enzymes: R1: EcoRlI, D3: Hind Ill, B2: Bgl II, X1: Xba I.

Experimental procedure

Genomic DNA isolation: ~1-2 grams of purified wt C. elegans (from a liquid culturel2s)
were crushed with a cold mortar in presence of liquid nitrogen, resuspended in TE (10mM
TrissHCI pH 8. 0, 0. 1M EDTA pH 8. 0), incubated for 1 hr at 37°C in the extraction buffer
(20mM Tris-HCl pH 8.0, 0.1M EDTA pH 8.0, 0.5% SDS, 20 ng/ml RNase), and digested for
3 hr at 37°C with 100 ng/ml of proteinase K, and extracted 2-3 times with phenol equilibrated
in 0.5 M Tris pH 8.0. The genomic DNA was precipitated with ethanol and the pellet washed
twice with ethanol 70%, and resuspended in TE.

Genomic southern blot: The DNA (10 nyg/lane) was digested overnight with restriction
enzymes, electrophoresed on 0.8% agarose gels in presence of 1 x Tris borate EDTA,
depurinated with a HCI 0.25M solution, denatured and transferred overnight to nylon
membrane (Positive Membrane, Appligene Oncor) in 0.4 M NaOH according to the
manufacturer transfer protocol. Blots were prehybridized for 2 hr at 62°C in 5 x Denhardt's
(0.1% ficall, 0.1% polyvinylpyrrolidone, 0.1% bovine serum abumin), 5 x SSPE (20x SSPE:
3.6M NaCl, 0.2M NaH,PO,;, 20mM EDTA, pH adjusted to 7.4), 0.1% SDS, 100 ng/ml
denatured salmon sperm DNA (sspDNA) and hybridized overnight at 62°C in 1 x Denhardt's,
5 x SSPE, 0.1% SDS, 100 ng/ml denatured sspDNA, and ~1 107 cpm/ml of denatured
radioactive probe. Random labeling of EcoRI fragment from Ce-NCS-1 (580bp) and Ce-
NCS-2 (560bp) cDNA spanning the 5 untranslated region and ~80% of the coding region
were used (with *?P-radionucleotides) to produce the radioactive probes. Blots were
washed in SSPE solutions, the final wash for 30 min. at 65°C in 1 x SSPE, 0.2% SDS.
Autoradiography was performed with an intensifying screen for 3 days at -70°C.

39



RESULTS and DISCUSSION

Northern blots

To verify that ncs-1 and ncs-2 genes are expressed in the wild type C. elegans, to compare the
relative abundance of both messenger and to determine their size, | performed Northern blots
analysis with C. elegans mixed-stage total RNA using both Ce-NCS-1 and Ce-NCS-2 cDNA
probes. From the data (show in fig. 17) both genes appears to be expressed in wild type C.
elegans giving single bands (therefore there is apparently no alternative splicing), Ce-NCS-2
messenger seems to be more abundant than Ce-NCS-1 messenger. Ce-NCS-1 messenger size
is about 1kb, Ce-NCS-2 about 1.4kb (these approximate sizes correspond to the size of the
cloned cDNA).

A

B C D
3500b (28S) mum
1750b (18S) === ‘ '
-
~1.5kb
~1kb
(5-5.85)

Ce-NCS-1 Ce-NCS-2

fig 17. Northern blots analysis of ncs-1 and ncs-2 transcripts
A,D: Autoradiography of northern blots visualizing Ce-NCS-1 and Ce-NCS-2 transcripts.
B,D: Corresponding total RNA with ethidium-bromide in the gel, visualized under U.V. light

Experimental procedure

Total C. elegans RNA isolation: 1 gr of purified mixed stage C. elegans (from a liquid
culture) were resuspended in RNA Lysis Buffer (4M guanidinium isothiocyanate, 50 mM
TrissHCI (pH 7.5), 25mM ethylenediaminetetraacetic acid (EDTA), 1% N-lauryl sarcosine,
1% b-mercapto-ethanol), pellet was frozen in liquid nitrogen. Frozen worms were crushed
(into a fine powder) with a cold mortar in presence of liquid nitrogen, resuspended in RNA
Lysis Buffer, extracted with phenol (liquid with 10% H,O; Fluka) equilibrated in 0.3 M
sodium acetate pH 4.0, reextracted with phenol (same as before) / chlorophorm 1:1,
precipitated with isopropanol. The pellet was resuspended in 10mM EDTA. The solution was
reextracted with phenol, phenol/chloroform, chloroform and reprecipitated with ethanol and
the pellet washed twice with ethanol 70%, and resuspended in 10mM EDTA.

Northern blots: 20 ng of total RNA /lane were denatured by heating 2 min at 95°C in 1x
MOPS buffer (20mM 4-morpholinepropanesulfonic acid pH 7.0, 8mM sodium acetate, 1mM
EDTA) in presence of 6.2% formaldehyde. Samples (with 1ng/ml ethidium bromide) were
fractionated by electrophoresis in 1% agarose minigels in 1x MOPS buffer containing 2%
formaldehyde. RNA was then blotted on Appligene Oncor positive membrane (transfer by
capillarity in 3M NaCl, 8mM NaOH). Blots were prehybridized for 4 hr at 42°C in NaCl 1M,
5 x Denhardt's (0.1% ficoll, 0.1% polyvinylpyrrolidone, 0.1% bovine serum albumin), 50%
deionized formamide, 1% SDS, 100 ng/ml denatured salmon sperm DNA (sspDNA) and
hybridized overnight at 42°C in, NaCl 1M, 5 x Denhardt's, 50% deionized formamide, 1%

SDS, 10 ng/ml denatured sspDNA and ~1.107 cpm/ml of denatured radioactive probe.
Random labeling of EcoRI fragment from Ce-NCS-1 (580bp) and Ce-NCS-2 (560bp)
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spanning the 5’ untranslated region and ~80% of the coding region were used (with *P-
radionucleotides) to produce the radioactive probes. Blots were washed in SSPE solutions
(20x SSPE: 3.6M NaCl, 0.2M NaH,PO,4, 20mM EDTA, pH adjusted to 7.4), the final washes
for 2x 20 min. at 65°C in 2 x SSPE, 2% SDS and then for 15 min. a RT in 0.1x SSPE.
Autoradiography was performed with an intensifying screen for 15 days at -70°C.

Production and purification of recombinant Ce-NCS-1 and
Ce-NCS-2 proteins

A basic feature of calcium modulators such as calmodulin and NCS-1 is that Ca?* induces a
conformational change resulting in the exposure of strong hydrophaobic surface(s), allowing
thereby interaction with other (target) proteins. This propriety greatly facilitate the
purification of these proteins: In presence of Ca?* the proteins with exposed hydrophobic
surfaces will be readily retained on an hydrophobic column, which will play the role of an
affinity column. These bound proteins are then eluted by removing the free Ca?* from the
media using a Ca?* chelator such as ethylenediaminetetraacetic acid (EDTA). In presence of
low Ca?* concentration, these proteins show much less exposed hydrophobicity and are
therofore eluted from the column.

| overexpressed Ce-NCS-1 and Ce-NCS-2 in E. coli using the complete open reading frame
of both cDNA inserted in an inducible expression vector. The overexpressed proteins were
purified (see fig. 18) following the principle described before.
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fig. 18. Purification of recombinant Ce-NCS-1 and Ce-NCS-2 proteins:
Sodium dodecyl sulfate-polyacrylamide gel electrophresis (SDS-PAGE) showing different steps in the
purification of recombinant Ce-NCS-1 and Ce-NCS-2 proteins (gels are stained with coomassie blue).
Lanes: -: total E. coli extract, not induced; +: total E. coli extract induced; load: extract loaded on
hydrophobic column (phenyl-sepharose) after ammonium sulfate and isoelectric precipitation; j -seph:
(phenyl-sepharose) purified eluted fraction after hydrophobic column.

The purified Ce-NCS-1 and Ce-NCS-2 proteins were used to generate antibodies (see below:
“production of polyclonal antibodies’). They were also used in several in vitro assays.
rhodopsin phosphorylation assay (see above: “Inhibition of rhodopsin phosphorylation” and
enclosed article), 3':5' - cyclic nucleotide phosphodiesterase assay (see below: “Activation of
3.5 - cyclic nucleotide phosphodiesterase™). Moreover to prove that these proteins are really
Ca”* binding proteins, | performed a **Ca overlay assay (see below: “**Ca overlay”).

Experimental procedure

See above: enclosed article “Regulation of rhodopsin phosphorylation by a family of neuronal
calcium sensors.”
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“>Ca overlay

Both Ce-NCS-1 and Ce-NCS-2 sequences belong to the superfamily of EF-Hans Ca?* binding
proteins, they are retained on a hydrophobic column in presence of Ca?* and released using a
Ca®* chelator (see above: “Production and purification of recombinant Ce-NCS-1 and Ce-
NCS-2 proteins’) suggesting that they are indeed Ca?* binding proteins. Nevertheless to prove
that Ce-NCS-1 and Ce-NCS-2 are really genuine Ca®* binding proteins | performed a direct Ca
binding assay. After a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS
PAGE13%) proteins can be transferred to a nitrocellulose membrane (like for western blots).
Although the proteins are denatured by the electrophoresis, after the transfer they can retain
(regain) part of their functional activities. It has been shown that Ca?* binding protein after
SDS-PAGE and transfer to nitrocellulose can till bind Ca?*. By incubating the membrane
with radioactive calcium (isotope *°) it is possible to detect the Ca®* binding proteins by
autoradiography. This technique is named: “°Ca overlay136.

| performed this overlay assay with (see fig. 19) Ce-NCS-1, Ce-NCS-2 together with rat/chick
NCS-1 (a positive control, as this protein has been shown by biophysical studies to bind 2 Ca&*
114), Sc-NCS-1 (yeast Saccharomyces cerevisiae -NCS-1), recoverin, hippocacin and as negative
controls, some proteins that do not bind calcium: bovine serum abumine, and molecular weight
markers (Biorad) composed of: phosphorylase b (97.4kD), serum albumin (66.2 kD), ovalbumin
(45 kD), carbonic anhydrase (31 kD), trypsin inhibitor, lysozyme (14.4 kD).

Overlay autoradiography Ponceau S Red staining
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Fig. 19. *ca overlay assay. Overlay autoradiography shows proteins that bind calcium. Ponceau S Red staining
of the membrane (after autoradiography) shows all the loaded proteins (10ngr/protein loaded). BSA:
bovine serum albumine; Weight markers: see text. Note that the negative controls are not marked in the
overlay autoradiography (indicating that they indeed do not bind Ca“")

From these data we can see that al the tested NCS can bind calcium: Ce-NCS-1 and Ce-NCS-
2 can therefore be considered as genuine Ca”* binding proteins.

Experimental procedure

The recombinant purified proteins, Ce-NCS-1, Ce-NCS-2, NCS-1, Sc-NCS-1, recoverin,
hippocalcin together with bovine serum albumine (BSA) and weight markers (see above) were
run on sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGEL3> with 13% polyacrilamide
gel, in the presence of 2mM EDTA), bloted on nitrocellulose membrane. After transfer, the
membrane was washed 3 times over an hour in a solution containing 60mM KCI, 5mM
MgCl;, and 19mM imidazole-HCI (pH 6.8). The membrane was incubated in the same buffer
containing 2 mCi/liter *>Ca(Cl,) for 10min. The membrane was then washed in 50% ethanol
for 5 min. The membrane was dried at room temperature for 3h then in a stream of hot air
(from a hair drier) for 1 min. Autoradiography was performed for 2 days at room temperature.
To visualize al loaded proteins the membrane was then stained in Ponceau S red for 10min.
and washed in water 4 times 10sec.
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Activation of 3’:5’ - cyclic nucleotide phosphodiesterase

Due to the rather limited number of Ca?*-dependent pathways, NCS-1 targets could overlap
with CaM targets. We therefore tested effect of NCS-1 on different CaM targets. For rat/chick
NCS-1 we have shown that it can, both in vitro and in vivo, substitute for or potentiate
camodulinl06 (CaM) functions (There is only 21% of a.a. homology between CaM and NCS-
1). We observed that in vitro, rat/chick NCS-1 directly activates two Ca’*/CaM-dependent
enzymes. 3':5 - cyclic nucleotide phosphodiesterase (PDE) and calcineurin, and is aso
capable of potentiating the activity of nitric-oxyde synthase (NOS) -Ca?*/CaM. Furthermore,
In vivo, NCS-1 alone partially restores the wild-type behavior in calmodulin-defective cam®
Paramecium mutants (see ‘Introduction’). Nevertheless NCS-1 can not activate the well-
known CaM target CaM kinase I1, nor potentiate CaM kinase Il activation by CaM (Hegi S. et
al. “Calcium signaling by the neuronal calcium sensor NCS-1: interaction with calmodulin
antagonists and enzymatic specificity”, submited). Therefore NCS-1 can replace CaM or
potentiate CaM effect in some cases but not all.

Recombinant NCS-1 was able to substitute for CaM and to function as a direct PDE activator
giving a 3.8+0.3 fold (=7, 1nM NCS-1, 100mM Ca*) on PDE activity with a half-maximal
effect (ECsp) a ~200 nM (CaM gives a~6 to 7 fold increase with an ECs of ~1nM). After these
(published) studiestO6 on rat/chick NCS-1, recombinant Ce-NCS-1 was aso tested for PDE
activation. Ce-NCS-1 shows the same effect on PDE activation as NCS-1, giving a 4.6£1.5
stimulation fold (n=5, 1M Ce-NCS-1, 100nM Ca*) with the ECs; at ~200 nM.

Both NCS-1, Ce-NCS-1 — dependent activation of PDE were saturable and concentration
dependent. Both proteins had no endogenous PDE activity by themselves. The effect of
both proteins is slightly Ca?* dependent. In the absence of Ca?* their effect on PDE activity
is low (~2 fold stimulation) but not negligible. Their maximum effect was observed at
~1mM free Ca®* (~4 fold stimulation), whereas at higher Ca’* concentration PDE
stimulation fold was barely reduced.

Other NCS such as recoverin, hippocalcin, or vilipl have no effects on PDE activity. Ce-
NCS-2 was not tested. These in vitro data (together with the rhodopsin phosphorylation
data) may suggest that Ce-NCS-1, together with NCS-1 (likely its orthologue) have multiple
targets, being multifunctional (like CaM) modulators. Nevertheless the real in-vivo targets
and the exact physiological functions of NCS-1 proteins remain elusive.

Experimental procedure

Done by N.C. Schaad. As described in article: “Schaad N.C., de Castro E., Nef S., Hegi S.,
Hinrichsen R., Martone M.E., Ellisman M.H., Sikkink R., Resnak F., Sygush J. and Nef P.,
Direct modulation of calmodulin targets by the neuronal calcium sensor NCS-1, Proc.
Natl. Acad. Sci. USA, 93 (1996) 9253-9258.”
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Production of polyclonal antibodies

Recombinant Ce-NCS-1 and Ce-NCS-2 proteins were used to immunized New Zealand white
rabbits. The rabbit serum containing specific antibodies (Ab) were purified by immunoaffinity
chromatography on pure antigen (the recombinant proteins themselves). These highly specific
purified polyclonal antibodies were used to determined the in-situ localization of Ce-NCS-1
proteins in the C. elegans (see below. “immunolocalization of Ce-NCS-1"). The antibodies
tested by ELISA (enzyme-linked-immuno-assay) and Western blots (see fig. 20).

From ELISA data we observe that the titer of antibodies are high (mid-point for anti-Ce-NCS-
1 Abis at dilution 1:100°000, for anti-Ce-NCS-2 Ab at 1:20'000) and that they are selective
(anti-Ce-NCS-1 on Ce-NCS-2 protein react dlightly only at dilution 1:100, there is no cross
reaction of anti-Ce-NCS-2 on Ce-NCS-1). Western blots analysis showed that there is no
cross reaction of Ab with antigens (anti-Ce-NCS-1 Ab doesn’'t recognize Ce-NCS-2 protein at
the used dilution and vice versa) even with high amounts of purified antigens (1ngr). Both
antibodies stain aband of the right sizein C. elegans total extract. In the total extract Ce-NCS-
1 protein seems to be less abundant than Ce-NCS-2 (both Ab recognize as efficiently purified
proteins, data not shown), consistent with northern blot data were Ce-NCS-1 messenger is also
less abundant than Ce-NCS-2 messenger.

ELISA:
anti-Ce-NCS-1 Ab on Ce-NCS-1 prot, dilution mid-point : 1:100'000

anti-Ce-NCS-2 Ab on Ce-NCS-2 prot, dilution mid-point : 1:20'000
Western Blots:
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C. elegans total protein extract: 250ngr hs S ~ g &9
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Ce-NCS-1 recombinant protein: 1ngr .e} & & Oe} & £
Ce-NCS-2 recombinant protein: 1nmgr
49.5kd =
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1:4000

anti-Ce-NCS-1 Ab 1:1500

anti-Ce-NCS-2 Ab

fig. 20. Immuno-affinity purified antibodies against Ce-NCS-1 and Ce-NCS-2 proteins analysed by ELISA and
Western Blots. Both antibodies stain a band of the right size, around 22kD (see text). On the lanes loaded with
purified recombinent proteins, the stained bands at ~42kD represent Ce-NCS-1 and Ce-NCS-2 dimers (as at high
concentration these purified proteins tend to dimerize).

Experimental procedure

Production of polyclonal antibodies: The recombinant purified proteins were precipitated in
25% methanol. The suspension was dialyzed against phosphate-buffered saline (PBS) from
Harlow and Lanel37 (10mM phosphate-buffered saline, 138mM NaCl, 2.7 mM KCI, pH 7.4)
mixed with Freund’s adjuvant. Immunization was performed by injecting a total of 250ngr of
antigen to New Zealand white rabbits according to standard procedures!3’. The rabbit serums
were purified by immunoaffinity chromatography on the corresponding purified antigens
(~2mg of protein per ml of resin) coupled to vinylsulphone-activated agarose (according to the
manufacturer protocol: Sigma Chemical Co); the highly purified polyclonal antibodies (Ab)
were eluted with 0.1M glycine-HCI, pH 2.3, neutralized, dialyzed against PBS, concentrated
and kept in 3mM NaN3, 10mg/ml bovine serum albumin.
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ELISA were performed as described!38. The wells were coated with 500ng of recombinant
protein and the assay were performed with antibody dilutions ranging from 1:100 to
1:1000000 in PBS- 0.5% dry-milk. The conversion of the phosphate substrate (SIGMA
104105) was determined with a Minireader 11 (Dynatech Microtiter Systems) at 415nm. The
Ab dilution mid-point correspond to the Ab dilution giving a haf-maximal response,
representing the titer of the Ab.

C. elegans total protein extract was made using ~1 gram of purified wt C. elegans 125(from a
liquid culture). The worms were crushed (into a fine powder) with a cold mortar in presence of
liquid nitrogen, resuspended in 5 vol. of 50mM Tris-HCI pH 7.4, 2mM EDTA, 2% SDS, 1%
bME, 0.5ng/ml pepstatin, incubated 15 min at room temperature (RT), sonicated tremendously
8 (on ice) and centrifuged at 20000g for 30 min. The proteins in the supernatant were
precipitated in presence of 3% trichloroacetic acid (TCA), resuspended in 500m of PBS and
neutralized with NaOH. The resulting protein extract concentration as determined by the
method of Bradford!3° was about 5mg/ml.

Western blots: SDS-PAGEL3> (13% polyacrilamide gel) was performed with total C.
elegans extract (250ngr) and the two purified recombinant proteins (1ngr). Proteins were
transferred to nitrocellulose membranes, blocked with 0.5% dry-milk in PBS for 2h at RT.
The membranes were then probed for 1h with the primary antibodies (diluted at 1:4000 for
anti-Ce-NCS-1 Ab and 1:1500 for anti-Ce-NCS-2 Ab) in PBS 0.5% dry-milk. The
primary antibodies were visualized by means of an alkaline phosphatase-conjugated anti-
rabbit 1gG secondary antibody (Sigma A3687 used at a dilution of 1:32000) and the nitro-
blue tetrazolium chloride (NBT)/ 5-bromo-4-chloro-3-indolyl phosphate [p-toluidine salt]
(BCIP) substrates giving a purple-black signal.

Immunolocalization of Ce-NCS-1 (indirect immunofluorescence)

To localize Ce-NCS-1 protein in C. elegans | have used the anti- Ce-NCS-1 affinity purified
anti-body (see above ‘Production of polyclonal antibodies’) to perform immunolocalizations
studies. Because of the transparency and the small size of the animal, immunofluorescence
staining can be clearly observed in whole mounts and does not require sectioning. Fixed (and
permeabilized) worms were incubated with the rabbit anti-Ce-NCS-1 antibody; the antibody-
antigen(Ce-NCS-1) association was then revealed by a second incubation using a fluorescently
labeled antibody directed against rabbit antibodies. The resulting worms (see fig. 21) exhibited
therefore fluorescently stained Ce-NCS-1 protein allowing the determination of Ce-NCS-1
localization. As controls | have also stained ncs-1 knock-out mutant worms (see fig. 21D,G,|
and below, ‘Isolation of ancs-1 knock-out mutant’).

Note that no optimum condition of fixation was found to allow proper localization of the Ce-
NCS-2 protein using anti-Ce-NCS-2 antibody. In addition there is (yet) no ncs-2 knock-out
mutant as a good negative control. Anyway, the true object of this present study is Ce-NCS-1.

Fig. 21.In situ localization of Ce-NCS-1 using anti-Ce-NCS-1 antibody (indirect immunofluorescence) on wt or
ncs-1 knock-out hermaphrodite C. elegans (see text).
A. whole wt young adult; B. whole wt L1 larva; C. wt adult head; D. ctrl: ncs-1 knock-out mutant (XA403)
adult head; E. wt adult trunc; F. wt adult vulva muscles close up; G: ctrl: knock-out mutant adult trunc; H.
wt adult tail; 1. ctrl: knock-out mutant adult tail.

See next page:
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Fig. 21; A,B

Anal depressor muscle

Phasmid (sensory)
processes

Processes in the
ventral nerve cord

Vulva muscles

Processes in

the nerve ring

Processes in the
ventral nerve cord

—_—

RESULTS and DISCUSSION

Processes in
the nerve ring

\
\
\
\

\

Q
X\
N4

Amphid (sensory)
processes

wt adult (young)

100 mm

wt L1 stage

Sensory processes
(amphid, phasmid)

/
/

Anal depressor
muscle

100 nm

46



RESULTS and DISCUSSION

Fig. 21; C,D Head detail
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Fig. 21; E,F,G; trunc

Processes in the ventral nerve cord

Vulva muscles

=3 WT adult trunc

10 mm

Vulva muscles close up (wt adult)

ncs-1 knockout mutant (XA403) adult trunc
CTRL" 10 nm

48



RESULTS and DISCUSSION

Fig. 21; H,I; tail
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From these studies, Ce-NCS-1 appears to be localized in neuronal processes typical of sensory
neurons (see fig. 12) in the head (amphid neurons) and in the tail (phasmid neurons) together
with neuronal processes in the nerve ring (between the two bulbs of the pharynx) and in the
ventral nerve cord. Ce-NCS-1 is aso detected in some muscle cells: in the pharyngeal pml
cell, in vulva muscles (in adults) that contract to expel the eggs, in the ana depressor muscle
(see fig. 21) that contracts to open the anal canal. Ce-NCS-1 expression is found in al larva
stages (e.g. L1 stage, seefig. 21B). The expression in males and in eggs was not examined.

In neurons Ce-NCS-1 protein is almost completely absent from cell bodies suggesting it is
preferentially localized on neuritic (dendrites and axons) processes. Control using the ncs-
1 knock-out mutant gives no signal (see fig. 21D,G,I) indicating that the observed staining
is really specific for Ce-NCS-1 protein. In neurons, as the cell bodies and nucleus are not
stained it is difficult to determine precisely the stained cells. Transgenic worms bearing
gene-reporter construct for ncs-1 will be used to identify precisely cells expressing Ce-
NCS-1 (see below * GFP as a marker for ncs-1 gene expression’).

Experimental procedure

Worms were fixed/permeabilized and stained using a modification of the wholemount Finney
and Ruvkun protocol125,

Fixation/permeabilization:

Starved (30" in M9) worms (~0.5gr) were resuspended in RFB 1x (80mM KCL, 20mM NaCl,
10mM NaEGTA, 5mM Spermidine HCI, 15mM Na PIPES, pH 7.4, 25% methanol) with 4%
fresh paraformaldehyde. This emulsion was shacked 10 min. at room temperature (RT), then
frozen in dry ice-ethanol and immediately defrosted under a stream of tap water in order to
fracture the worms cuticle. The freeze-thaw cycle was repeated 2 more times. The emulsion
was then incubated over-night on ice (fixation). The fixed worms were washed twice in Tris
Triton buffer (TTB; 100mM Tris HCI, pH 7.4, 1% Triton X-100, ImM EDTA). To further
permeabilize their cuticle, worms were reduced (breaking cuticle disulfide linkages): The
fixed specimens were incubated 1h a 37°c in TTB with 5% b-mercaptoethanol. This
preparation was washed in 1x BOsT buffer (50mM H3BOs, 25mM NaOH, 0.01% Triton X-
100) and incubated in 1x BOsT buffer with 10mM dithiothreitol (DTT) for 15 min. at 37°c.
The worms were then washed once more in 1x BOsT buffer. Finally, to prevent the
reformation of cuticle disulfide linkages the worms were incubated (oxidized) in 1x BOsT
buffer with 0.3% H,O, for 15 min. at RT and washed again in 1x BOsT buffer. The
fixed/permeabilized worms were then washed 1h in Antibody buffer B (AbB; 1xPBS, 0.1%
Bovine serum albumin, 0.5% Triton X-100, 0.05% sodium azide, ImM EDTA) and stored at
4°c in Antibody buffer A (AbA; 1xPBS, 1% Bovine serum abumin, 0.5% Triton X-100,
0.05% sodium azide, ImM EDTA).

Staining:

The fixed specimens were incubated with the different anti-bodies (affinity purified polyclonal
anti- Ce-NCS-1, diluted 1:200; anti- Ce-NCS-2, diluted 1:100) in AbA, 24h at 4°c (under mild
agitation), each sample was then incubated o/n at 4°c with FITC (fluorescein isothiocyanate,
giving a green signa {525nm} when excited at 495nm)-coupled goat anti-rabbit antibody
(19G, Sigma Immuno Chemicas, F-0511) diluted 1:200. The stained worms were then
extensively washed with severa changes of AbB for 6h at 4°c. 5m of these worms were
mounted on slides (cover with a 2% agarose-PBS pad) together with 5m of mounting medium
(2 mg/ml p-phenylenediamine, 10% PBS, 90% glycerol pH 8.) and examined on a Zeiss
Axiophot microscope equipped with fluorescence capabilities.
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Cloning of ncs-1 and ncs-2 genes

In order to make promoter-reporter gene constructs (see later: *GFP as a marker for ncs-1
gene expression’) and to isolate a ncs-1 “knock-out” mutant (see below: “Isolation of a
ncs-1 knock-out mutant”) | have isolated the ncs-1 gene together with the ncs-2 gene by
screening a C. elegans genomic library at high stringency using either Ce-NCS-1 cDNA or
Ce-NCS-2 cDNA probes. From both screening | was able to isolate several positive phages
with large inserts containing (at least part of) the ncs-1 and ncs-2 genes. From restriction
analysis and sequencing | was able to determine the general structure (some restriction site
plus intron/exon boundaries sequences) of both genes (see fig. 22).

cloned ncs-1 gene fragment

N
@QQé,%\\ _\pq,\ QQ\\ _\p@-\ QQ\\ QQ\\ .\p?’\ @°& <<,°°Q. _\p?;\(\é
h L ﬁ -
SL1 Poly A
cloned ncs-2 gene fragment
O N\ N
R GO O
- H |
]| <™ >
SL1 Poly A

fig. 22. ncs-1 and ncs-2 gene structure,
Physical map of cloned ncs-1 and ncs-2 genes fragments with some restriction enzyme sites. Gray arrow
represent region from ATG initiator to stop codon. Below gene map, alignment map of exons (black
boxes represent translated exon sequences; gray boxes, untranslated sequences, introns are
diagrammed as thin lines). Position of SL1 trans-splicing site and Poly A site are also indicated.
Both ncs-1 and ncs-2 genes have been recently sequenced in the scope of the C. elegans
genome sequencing project (to date [June 1997] >70% of its genome is already sequenced).
Therefore the complete sequence of the region enclosing these genomic fragments are known.
The sequences of the cloned gene fragments are shown in fig. 23 and 24.

Comparison of cDNA and genomic sequences show that ncs-1 gene has five exons and
ncs-2 three.

In addition to code for highly related proteins (with more than 70% amino acid identity
between them) C. elegans, mouse ncs-1, and Drosophila frequenin genes (data not shown)
share almost the same structure (intron/exon borders) and are therefore probably
orthologues (species equivalents).

Fig. 23 and 24. Sequence of the cloned ncs-1 and ncs-2 gene fragment
See next page:
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Fig 23. Sequence of the cloned ncs-1 gene fragment (plasmid p.ncs-1). Both DNA strands are
shown. Position of some common restriction enzyme sites (for Bgl I, EcoR |, EcoR V, Hind
I, Kpnl, Nco |, Pst I, Pvu ll, Sac I, Spe |, Xbal) as well as other sites (SL1 trans-splicing,
Poly(A), PCR primers, etc...) are indicated. Exons are boxed and their corresponding deduced
amino acid sequence are shown bellow the boxes.
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Hond Il Bgl |
aagctttact gtttttgaact aat cat caattagct ccacct acttttaact agat ct gttaacaacccat gt agt gat agcttccct cattttcaaacc
__________________________________________________________________________________________ +

ttcgaaat gacaaaaact t gat tagt agt t aat cgaggt ggat gaaaat t gat ct agacaat tgtt gggt acat cact at cgaagggagt aaaagtttgg

aat cagcagt taggt caat ctatttctaaaccaat gagcaact gact ccgcct gttgt gaaccaat caacaaattagctctgccttttttgaaaaaaatc

ttagtcgt caat ccagt t agat aaagat tt ggttact cgt t gact gaggcggaoaacaot tggttagttgtttaat cgagacggaaaaaactttttttag

aataattt gcct t gaccagcagaggaaagaaaagcgacgt taat agct gat taatctt gct acacggaacacggaacaaat tt caagaaagt atattct a

ttatt aaacggaact ggt cgt cteettt ct tttcget gcaat tat cgact aatt agaacgat gtgcett gt geettgtt t aaagttctt t cat at aagat
t caat aaaaaaact att act ttgt accgagt attgt gaaaaat cat gaat ttctgtaaat gt ttaattt gt agaaacat gat ctgt cgccgaaat ct gcg

agttatttttttgataat gaaacat gget cat aacactt t ttagtactt aaagacat tt acaaat t aaacat ctttgt act agacagcggct ttagacgc

cgaaagt t gt gt ggat cat t atttcgtt aagt ggaaacat gatctattt gct ctttttt gat gaaagaaacat t cccaat tatctgggt t ttect gaaaa

gettt caacacacct agt aat aaagcaat t cacctttgt act agat aaacgagaaaaaact actttett t gt aagggt t aat agacccaaaaggact ttt

cttttcagt ct atgttact gct gtttt aat ttaatcttt t act ggaagt cacgt tt aaaat tggttt aaagat tttatt caat tttat aagat tt aaaaa

gaaaagt cagat acaat gacgacaaaat t aaat t agaaaat gacctt cagt gcaaattt t aaccaaatt t ct aaaat aagt t aaaat at t ctaaatttt t

aattgt aggt tgaaaatttt cagt cagagct t cgaaaagt ttgggat accgt atatcct ct attagt aaggcgccgt t at tagtttt gcacct ccattag

ttaacat ccaact ttt aaaagt cagt ct cgaagct ttt caaaccct at ggcat at aggagat aatcatt ccgcggcaat aat caaaacgt ggaggt aat ¢

ttttgcat caaat t aggt gt ccgaaaat t agt tttgcat acct tact aat agaggaaat acgt tttcgt t tgct ccaat t ttttgtttt t tttttataag

aaaacgt agt ttaat ccacaggct ttt aat caaaacgt at ggaat gat t at cteettt at gcaaaagcaaacgaggt t aaaaaacaaaaaaaaaat attc

gacagagt aat ttctattt t ttttcgtat t ccaat aat t aaaat at aat cagaaaaat aaaat cgt aaaaaat aat at gt tacgt agacact cacaat ca

ctgtctcat t aaagat aaaaaaaagcat aaggt tattaattttatatt agt ctttttat t ttagcattt t ttattat acaat gcat ct gt gagt gt t agt

ggt aggcacaacgcat tt gggt aatcttct gggcaaagt t tgatgcatt t tt cccaacccagat aaaagt aaaaaaaaacat ct aaaaaagt at caat cc

ccat ccgt gt tgegt aaacccat t agaagacccgt tt caaact acgt aaaaagggt t gggt ctatttt cat ttttttttgtagattttt t catagtt agg

ccaaaaaaattttgatcattttccagagctttgctctctttaaaactgetttttgatttcttattcacgt gaaacaatt gat gttgct ccgat gcacaat
ggtttttttaaaact agt aaaaggt ct cgaaacgagagaaat ttt gacgaaaaact aaagaat aagt gcactttgtt aact acaacgaggct acgtgtta

Xbal
gtgaacttttgagggttttctgagccattagccactgacccaaaat gtgcagt ctggaagat attaattttttgctttttttct aga agttttcttgcag

cactt gaaaact cccaaaagact cggt aat cggt gact gggt ttt acacgt cagacctt ct ataatt aaaaaacgaaaaaaagat ctt caaaagaacgt c

tottt gaaagt ttt aagacct ctcattt gccat cttact at t agt ggaat ttett caaggaat ttctcaatttcaaatt cct act gact ggct gtttt ca

acaaacttt caaaat tct ggagagt aaacggt agaat gat aat cacctt aaagaagt t cct taaagagttaaagttt aaggat gact gaccgacaaaagt

aaaaat t acacat cat agt t ttaat gaaaaat cat aggt t taat cat agt t gt aat ggaaaaaaccaggt atatt acacaagcacccaaaaaaat tccag

tttttaat gt gtagt at caaaat tacttt t tagt at ccaaat tagt at caacat tacct t ttttggt ccat at aat gt gt tcgtgggtt t ttttaaggtc

cagt ggctt ggt tat ggcgat tt ccggcaat cggtcatt gaccgt ttt cagaaaat aggt ttgtcacct aaaaat tect aat caggt aat aat aat agat t

gt caccgaaccaat accgct aaaggccegt t agccagt aact ggcaaaagt cttttat ccaaacagt ggat ttttaagat t agtccatt at tattatctaa

Bgl 11
tcgt gat aggggat aattcttaat agt aaactttaaaat atttttttct ctttcaatgat atgacagattcat cttgatttccggttttgttta gatc

agcact at cccct att aagaat tatcatt t gaaattttat aaaaaaagagaaagt tact at actgtct aagt agaact aaaggccaaaacaaat tect aga

gaat aatt ccaaaaacattcatagettt gat attggtt agt tgtgactt agcacccaaaaat aatttactttagcagttttaattcaaaataaaataatt

cttattaaggtttttgtaagtat cgaaact at aaccaat caacact gaat cgtgggtttttattaaat gaaatcgt caaaattaagttttattttattaa

ctgcgt aaaat ttctaaatttttcaactt t ttat caagat tttgt cgagt aat gct act t cat caaaacttcttact ccat cggttgct ccgact ttct t

gacgcattt t aaagat t t aaaaagt t gaaaaat agttct aaaacagct cat tacgat gaagt agttttgaagaat gaggt agccaacgaggct gaaagaa

ccaat ccaaaacat gt aaact caactatcttttctctatttttagagt cct ccaaaaccatatgtctgtttgegegt gcgt gagatattttcccccttta
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RESULTS and DISCUSSION

ggttaggttttgtacatttgagttgat agaaaagagat aaaaat ct caggaggt ttt ggt at acagacaaacgcgcacgcact ct at aaaagggggaaat

Xba |
tgcacactcattttgtggttattcat aaaaatgaaat at acat ctaga gagaaaagttagagagtcgt agagaaaat agaaattgt attgcaccatgatt

acgt gt gagt aaaacaccaat aagtattt t tactttat at gtagat ct ct cttttcaat ct ct cagcat ct cttttat ct ttaacat aacgt ggtact aa

ttgtcttct t ttttcttet gcct tceectt ggagcaaaat cgct aat cct agct acgccagt gatt gggt tgctat ggat ctegt gcacact tgctct ca

aacagaagaaaaaagaagacggaaggggaacct cgtttt agcgat t aggat cgat gcggt cact aacccaacgat acct agagcacgt gt gaacgagagt

EcoR V
tgtacatatgtattttctcacatattcggttttcccctttttttgatat tatatactgccggccgccgtgcacctcatttttctctcctcgctccgcac

acat gt at acat aaaagagt gtat aagccaaaaggggaaaaaaact at agat atat gacggccggcggcaogt ggagt aaaaagagaggagcgaggcgt g

accatttct gt gtgcctct gacggat aaact gat gggcat ccggagcet t act ggt gacgt tt gaggcggct cttet cccct at aggaagt ttggaatt at

tggt aaagacacaoggagact gectattt gact acccgt aggcct cgaat gaccact gcaaact ccgccgagaagaggggat atcctt caaacct taata

ggccttgagtgactggaaaaaagaagagat aact cgcat aaacttcat atttccccttcattttgctcatcaaatttttgcccttattttaccagagatt

ccggaactcactgaccttttttcttct ct attgagcgt atttgaagt at aaaggggaagt aaaacgagt agtttaaaaacgggaat aaaatggt ctctaa
Spe | Bgl Il

tgcagaagaact agt tagttacgatgatggaacaaaat agtcaagtcct agcgcactgaccaagact accgttttgcaotgaccaattttt agat ct gac

acgtcttct t gat caat caat gct act acct tgttttat cagt t caggat cgegt gact ggt tctgat ggcaaaacgt gact ggtt aaaaat ctagactg

EcoR V
Caaaaattt t ttaagcaat agcaaaaat gt tttgttt gcact gaccaacat tttt agcact ttattct gcaccgaccaat attettt cagat at caact a

gttttt aaaaaat tcgtt at cgttttt acaaaacaaacgt gactggtt gt aaaaat cgt gaaat aagacgt ggctggt t at aagaaagt ct atagtt gat

ttttcctattgcaccaaagcat at caaaatttgatacagctttcaaaatatataatgttatttatttgttcttaagtt gccgagt atattaatacaactg

aaaaggat aacgt ggtttcgt atagt t t t aaact at gt cgaaagt tt t at at at t acaat aaat aaacaagaat t caacggct catataattatgttgac

ctattttaaaatacttt gccagt tt acggt tgett gaacacccaagaaact gaaaaaaaaat t caat t ccaggt aaaaat gt at t ccact caagcct cct

gataaaattttat gaaacggt caaat gccaacgaact t gt gggttctttgactttttttttaagttaaggtccatttttacataaggt gagttcggagga

atcct ccaaaacct aagt aaat ttt cgaagat ttagttt t cttttttt cct ggagttt agt tgattgt gct ccct acact ttgttttct t tatattctta

taggaggtt t tggattcat t taaaagctt ct aaat caaaagaaaaaaaggacct caaat caact aacacgagggat gt gaaacaaaagaaat at aagaat

ccacttctctaccccttt at accatt gagaacccgccgaaacacat cgt t tttatt caat taat gt cat t ttattggtt ct cacaccccccaat ctgct t
ggt gaagagat ggggaaat at ggt aact ct t gggcgget t tgtgt agcaaaaat aagtt aat tacagt aaaat aaccaagagt gt ggggggt tagacgaa

* SL1 trans-splicing site
tcactat attattttttttgt ct agtttccgt atttgaacgttgct act atttttattttcagat aacaaaaaagagagaatcaagttgcaaatcaaaat

agt gat at aat aaaaaaaacagat caaaggcat aaactt gcaacgat gat aaaaat aaaagt ctattgt t ttttctet ct tagtt caacgt ttagtttta

Exon 1 Bgl |
tattttattagaattgttgcgaagaaatgggcaaagggaacagcaagttgaaat cttctcaaat aagal gatc tgctgagcagacttattgtgagtttac

at aaaat aat ctt aacaacgct tettt acccgt ttccct t gtcgtt caact tt agaagagt ttattct ct agaacgact cgt ct gaat aacact caaatg

M GKGNSKLKSSQI RDLAEZQTY

Exon 2
ttttttcaacattatagaacaaattatttacagtt accgaaaaagaaat caagcaat ggt at aaaggat t tgtacgt gat t gt ccaaat ggaat gct aac

aaaaaagttgtaatatcttgtttaataaat gt caat ggct ttttettt agt tcgtt accat atttcct aaacat gcact aacaggt tt acct tacgattg

FT E K EI K QWY KGFVRDCPNGMLT

agaagcggt t agt ggttttt cagct tt cat attataatt t tgttttaat gcagt caaaaat ttt gaaagt cggt caaaaat aattattctacaactttta

tett cgccaat caccaaaaagt cgaaagt at aatatt aaaacaaaat t acgt cagtttt t aaaacttt cagccagt ttt t att aat aagat gt t gaaaat
E A

ttettt aagt atgtatgtt aaaat tottt gt att caaat act atat gaat tttaaagatt gaact gt acat accaacggt gaaatgtttt gt accagaaa

aagaaat t cat acat acaat ttt aacaaacat aagttt at gatatactt aaaat ttct aact t gacat gt atggtt gccact tt acaaaacat ggtcttt

aaagt gacat atcagagttt gat atttt gt agaaattt gacaaaaat tttettttttt accgt aggect gt aaagt gt at ggacccat t t ttcgatgtt t

tttcactgt at agt ct caaact at aaaacat cttt aaact gtttttaaaagaaaaaaat ggcat ccggacat ttcacat acct gggt aaaaagct acaaa

tggtcctgt t ttccat cgaaacat cacat aat gtaaatt at caaat aacat cactttct at ttttct gat gt gagcat gt ctgttat gaaaacct gaaaa

accaggacaaaaggt agct t t gt agt gt at tacattt aat agtttattgtagt gaaagat aaaaagact acact cgt acagacaat act t ttggactttt

atgtactt at at gt gaaccgt gggagt at t ttttggtat gat ttgtact t tat ggcaaaaaaaat gtttt gct tcattt gct at cacat agagcat gaaa

t acat gaat at acactt ggcaccct cat aaaaaaccat act aaacat gaaat accgttt t tttt acaaaaogaagt aaacgat agt gt at ctcgtacttt
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RESULTS and DISCUSSION

ataattt gaat tggtgatt at tagttttt aat tgaaaatt ggaat aaaaaaggcacacact attgtgt gt ggaacaaat t ttaatataattttttttaat
0T oo + 3900
tattaaact t aaccact aat aat caaaaat taactttt aacct tatttt t tccgt gt gt gat aacacacacct tottt aaaat tatattaaaaaaaatta

tcacccct gaaaat cacccct aaaaat ct t caaaaaat at tttt aaagcaact tcact ggcgt ct gaagt agt gaaaaat tgcact gact tattttcaaa
3901 <---cmec e amannn e e e e b e e b s n s e s e e e e i e oo aoo + 4000
agt ggggact tttagtggggatttttagaagttttttat aaaaat tt cgt t gaagt gaccgcagact t cat cacttttt aacgt gact gaat aaaagttt

tctactttt t tctagtt caat atactcct ct acagct aat tttctgt aggggt ctatat agaaggt cagt cacctttt gaat gactt agat ttaattt ga
o0 + 4100
agat gaaaaaagat caagt t atat gaggagat gtcgatt aaaagacat ccccagat at at cttccagt cagt ggaaaact tact gaat ct aaatt aaact

aagt gt aatt gt atgct aaagt aaatt cct tgt aagaagat tttaaattataattattct ggct gtt aacct gggaaaact gaaggttt gt agt acat aa
o i + 4200
ttcacatt aacat acgatt t cattt aaggaacat tett ct aaaatttaatattaat aagaccgacaat t ggaccct ttt gact t ccaaacat catgtatt

Exon 3
aat ctt ccacat aact agcaaaat gcact act catattaatgcttcctt ccagggct tt caaaaaat ctacaaacaattttt cccacaaggt gat ccat c
4201 --------- Femennannn LT LT Hemenn e e o e o - R E E R SR + 4300
ttagaaggt gt att gat cgttttacgt gat gagt at aatt acgaaggaaggt cccgaaagt tttttagatgtttgttaaaaagggt gtt ccact aggt ag

GFQKI YKQFFPQGDTP S -

Kpn
agactt cgcat cattcgt ct tcaaagttt t t gat gagaat aaggt gagt ggt acct ggcat gactt ccgt ccaatttgt t tgattgat gt gct cat aaaa
43011 S e . oo emeehomcmmemc oo oben e ccmea b cmnane s + 4400
tct gaagcgt agt aagcagaagt tt caaaaact actctt at tccact caccat ggaccgt act gaaggcaggt t aaacaaact aact acacgagt atttt

DFASFVFKVFDENK

Exon 4 Xba
atgatttcaggatggtgct at agaatttcatgagtttat acgagctttatccattacat ctcgtggaaat ct aga cgaaaaacttcattgt aagcaaaga
T s S + 4500
tact aaagt cct accacgat atctt aaagt act caaat at gct cgaaat aggt aat gt agagcacct tt agat ctgett t tt gaagt aacat tcgtttct

DGAI EFHEFI RALSI TSRGNLDTETKTLH

Exon 5
tttat agaagt t gggaaccaaacacaagaat taat at gat t caggggcgt tcaagttat at gattt ggat caagat ggat ttatt acgagaaat gaaat g
1 A L LR S - - - - (- -c-ccocodecccocooctmoocoocoodfocococcoqiococcocs + 4600
aaatatctt caaccct t ggt ttgtgttct t aattatact aagt ccccgcaagt t caat at act aaacct agt tctacct aaat aat gct ct ttactttac

W F KL YDLDOQDG GFI TRNEM -

ctgtcgatt gt agatt cgat ttat aaaat ggt gggaagt agt gtacagtt accggaagaagagaat acgcccgagaagagagt tgat cggat tttt agaa
4601 T T N .~ + 4700
gacagct aacat ctaagct aaat atttt accaccct t cat cacat gt caat ggecttct t ctcttat gcgggct cttet ct caact agcct aaaaat ctt

L S1 vDSI YKMVGSSVQLUPEEENTWPEIKRVDRI F R M-

t gat ggat aaggt at gagt t tgggtt cgagat attt agaat tttttcaat gt gaaaaat t gct ttcact cact t gaaaaaagt gtactt t ctatttgt at
0 + 4800
actacct at t ccat act caaacccaagct ct at aaat ct t aaaaaagt t acact tttt aacgaaagt gagt gaactttt t tcacat gaaagat aaacat a

M D K

attttttt aat tt gccaaagt ttgact gggaat ttt gaacaaaaacct aaat accat cgt tttttt cacagt ttttttt gaaaaact ggt ttcatagtt t
o + 4900
t aaaaaaat t aaacggttt caaact gaccct taaaactt gt ttttggat t tat ggt agcaaaaaaagt gt caaaaaaaact tttt gaccaaagt at caaa

att gaaaaaaat gt ggaat t t ggccaat cgat ttt ccgcacaggcgacaot acagct agacgat trett at tttt caaaaaccgt aaat at ttcatttta
oo + 5000
taacttttt t tacacctt aaaccggt t agct aaaaggcgt gtccget gt gat gt cgat ct gct aaaaaat aaaaagttt t tggcattt at aaagt aaaat

cgttgtt cggt tttccggt t ttcgattttt agt ttgget caaaaat ccgat aaaaact t t ttct gaacagat tect ggaaat tttt cgaaaaaaat t cgag
00 + 5100
gcaacaagccaaaaggccaaaagct aaaaat caaaccgagt tttt aggct attttt gaaaaagact tgt ct aagacctt t aaaaagct t t ttttaagetc

attttcgt aaat caaaaaaacaccgttt aaattaaaattaaaagttaaaaattaaaagtataaagaatttttcaacatgttttaaacttcaaacagctta
5101 --------- Fecenncnnas Fecenncnns - Fecenmncnns Fecenncnns Fecenncnns o o o + 5200
taaaagcatttagtttttttgtggcaaatttaattttaattttcaatttttaattttcatatttcttaaaaagttgtacaaaatttgaagtttgtcgaat

*
tcat caacaagaattttctttaaaagttatatatctaacat ggccaaacat cgtaacaaaacacttcaaattgtttttttgagattttatcattttaage

5201 --------- B, F o o o o o o + 5300
agtagttgttcttaaaagaaattttcaatatatagattgtaccggttt gt agcattgttttgtgaagtttaacaaaaaaact ct aaaat agt aaaattcg

aaagtatt aagct gccagat atttt gaaaat tattatttaaacattt caagact ttct gcacagt tt aacgt ttacaat gt acaaattt at acagtt aaa
o e + 5400
tttcataat t cgacggt ct at aaaacttt t aat aat aaat tt gt aaagt t ct gaaagacgt gt caaatt gcaaat gtt acat gttt aaat atgtcaattt

acgcaact aaaaat gttt aaaat ttt gaaact aaaaact gagt tttttt t ccattttttttaaatctt acaat gttottt ggt gatttt agt aacaaat t
BAQT <=« - = wwmbemmcw s m b mm e e n s mn e s e bbb + 5500
tgcgttgat t tttacaaat t ttaaaactt t gattttt gact caaaaaaaaggt aaaaaaaat t t agaat gt t acaacaaaccact aaaat cattgtttaa

Exon 6 EcoR
tgtggtat cgact aaatt ccact tt caaaat tttt agagcat taaataatttccaaatt t ttccagaat aacgat gct caact gacat t ggaagaat t ca
oL A S T SR R Ll e T T e + 5600

acaccat agct gattt aaggt gaaagttt t aaaaat ct cgt aatttattaaaggttt aaaaaggt ctt at tgct acgagt tgact gt aacct tcttaagt

N NDAQL T L EEF K-

aagaaggagccaaagct gacccct caatt gt gcatgctctttcattgtat gagggt ct ct cctet tgacgcat ttcaatatgttttcttatatcaaaatt
560 e e froocoocoodnoonsooootmoso: RN R e + 5700
ttcttcct cggt ttcgact ggggagt t aacacgt acgagaaagt aacat act cccagagaggagaact gcgt aaagtt at acaaaagaat atagttttaa

E GAKADPSI VHAL SLYEGL S S *
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RESULTS and DISCUSSION

Put ative pol y(A) signal *pol y(A) addition site
gcaaacact atcatcaagcgttat gtccccttttttcgtcaaaatgaaagaat ctttagt ataatatttgtcttcttatttacat atcaaattccat aga
_______________________________________________________________ e e s

cgtttagt gat agtagtt cgcaat acaggggaaaaaagcagt tttacttt ct t agaaat cat att at aaacagaagaat aaat gt at agt t t aaggt at ct

ttaaaat gt t caaat gaaat aggct gaaaaat gt gaaaagt t gaaacat t aaat caat aaat t agt gaaat agt cgagt ccct gtccat aat cccaaatg

aatttt acaagt ttacttt at ccgacttt t tacactttt caact ttgt aat ttagttat t taatcactt t at cagct cagggacaggt at tagggtttac

gcaatt ccgacat cgt agcggt gagccat at tgat gcgaagt t ccagcgaggt gagt gat gggaaat aggcgat ggaat t agaggt ctt t actctgt gct

cgtt aaggct gtagcat cgccact cggt at aact acgct t caaggt cgct ccact cact accct ttat ccgct acctt aat ct ccagaaat gagacacga

ccattgacttttcgt caaact ccaactt ggat tttt cagat ttcaat agt gt caagt at ct gaaagat aat taatttgtcgtaatttaattaactattga

ggt aact gaaaagcagt tt gaggt t gaacct aaaaagt ct aaagtt at cacagt t cat agact ttctat t aatt aaacagcat t aaat t aat t gat aact

tttgtcaat at at aaaat t aagaaat gat t taagaacttt ggcaat att t tatgt caaacgt ttggettt accgaat ttt ggacaat ccagt ttctgt at

aaacagt t at atatttt aat tctttact aaat tett gaaaccgt tat aaaat acagttt gcaaaccgaaat ggett aaaacct gtt aggt caaagacat a

tacagttgt t trttttt aaat atttt ccggat tccacaatttttacaataacttt acaaaggt ggeett gt t cagaat ct ggaagat tt ggaacgt gaaa

at gt caacaaaaaaaaat t t at aaaaggcct aaggt gttaaaaatgttattgaaatgtt t ccaccggaacaagt ctt agacct tect aaacct tgcacttt

aaaaaagt t agaaaat t gaact aaaaaaaaagaacgt ccggt ttgccat cccaat t cccagt gaacaat t gt taaactt gcaaat ctet t ccacatt gtt

tttttt caat cttttaact t gattttttt t tett gcaggccaaacggt agggt t aagggt cacttgtt aacaat tt gaacgt tt agagaaggt gt aacaa

ctattttct t ttctatgt agct caacagt at aat aagact ttccatttt cgcacaact ct tttttctttcttaattct cacct at ccgcagt gattgct t

gat aaaagaaaagat acat cgagt tgt cat attattct gaaaggt aaaagcgt gtt gagaaaaaagaaagaat t aagagt ggat aggcgt cact aacgaa

ccacatt gcct tt ggagaact cat agccgt agaaat t gagt cccgccagt gttttgt ggccacct cccaagt agaagat acagct ct caaact gaaat ga
ggt gt aacggaaacct ctt gagt at cggcat ctttaact cagggcggt cacaaaacaccggt ggagggt t catcttct at gt cgagagt t tgactttact

EcoR | EcoR
gataattttttttagaattccacggaaactaatgtgtttctctcttagtttttttcaaaagtttgctggaatcttgctgaatt ttaaagaaccccaaga

ctatt aaaaaaaat ctt aaggt geettt gat t acacaaagagagaat caaaaaaagt tt t caaacgacct t agaacgact taagaattt ct tggggttct

Pvu |
aattggatt t t agt gaat aaaat tttt gaaaact aacccagt cgtat ggagccacaccagct ggtttagt t tcceeggt aat cgt aggt cat tatct gaaa

ttaacct aaaat cacttat t tt aaaaact t ttgatt gggt cagcat acct cggt gt ggt cgaccaaacaaaggggccat t agcat ccagt aatagacttt

Pvu |
aatt gacaat ct cacagaagt ttcat acagt gttgtttt caact acacaacttaaatctcctcccactt acct gaacaaaat cggaaacagct gt gat Ct

ttaactgtt agagt gtett caaagt at gt cacaacaaaagt tgat gt gt t gaat t t agaggagggt gaat ggacttgtt t tagecttt gt cgacact aga

tcttaaagt cat ccggagt cacgagat t gt tgggtt ggct gaaaat at gt taattttt cccaagt ttct t atcaccaatatttctacttattccattcca
agaattt cagt aggect cagt gctct aacaacccaaccgact tttat acaat t aaaaagggt t caaagaat agt ggt t at aaagat gaat aaggt aaggt

Xba |
ggggcgcaggaact gttagaatcacttgcat atgcaactttttcatttgcctcgacaagt cttgtat actttcgatgat aaactcctttacttct aga ga

cccegegt cct t gacaat ct tagt gaacgt atacgtt gaaaaagt aaacggagct gtt cagaacat at gaaagct act at tt gaggaaat gaagat ct ct

Sac |
ct gcacagagat caatgctt gcat gt agagct ccacgacagcgcct t caaact ggttt ct ct ggaaaaat gat ggt gat t tttatgttt gt gtttct gac

gacgt gt ct ct agtt acgaacgt acat ct cgaggt gct gt cgcggaagt t t gaccaaagagaoct tttt act accact aaaaat acaaacacaaagact g

Xba |
ggggat agt ct agacggt atttttat gtcgttgagtcaagttcaagccctttatcccgatgggtccacttgtccat aactgagaagtggagcaatccacg

ccecct at cagat ctgccat aaaaat acagcaact cagtt caagt t cgggaaat agggct acccaggt gaacaggt att gact ctt cacct cgttaggtge

Hnd 111
actggatt accggccgcagt ccaagttt caagcgaggct t aacatt agcccagt ggaaget t
------------------------------------------------------ +-- 7362
t gacct aat ggccggcgt caggt t caaagt tcget ccgaat t gt aat cgggt caccttcgaa

+ 5800

5900

+ 6000

6100

+ 6200

+ 6300

+ 6400

+ 6500

6600

+ 6700

+ 6800

+ 6900

7000
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+ 7200

+ 7300
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RESULTS and DISCUSSION

Fig 24. Sequence of the cloned ncs-2 gene fragment (plasmid p.ncs-2). Both DNA strands are shown. Position of
some common restriction enzyme sites (for Bgl Il, EcoR |, EcoR V, Hind IIl, Kpn I, Nco |, Pst I, Pvu Il, Sac |,
Spe |, Xba I) as well as other sites (SL1 trans-splicing, Poly(A), PCR primers, etc...) are indicated. Exons

101

201

301

401

501

601

701

801

901

1001

1101

1201

1301

1401

1501

1601

are boxed and their corresponding deduced amino acid sequence are shown bellow the boxes.

Hnd 111 Xho | Xba
aagett caagt gtcaagttat aagactcgagttgcacat acaat atgcctcat atttct ag aattgagatggtttatgatgacat ct aatttcgggttt

ttcgaagtt cacagt t caat attct gagct caacgt gt at gttat acggagt at aaagat ctttaact ct accaaat act act gt agat t aaagcccaaa

tctcgat ggaaagaggacaaaat t at aat gt aaaaccaaaat at act t gct cgt cgagcagacgat att ggt tattgat aaggacaaaaat ttgagt caa
--------------------------- - )
agagct acct ttctcectgt t ttaatattacattttggttttatat gaacgagcagct cgt ctgctat aaccaat aact at tecectgtttt t aaact cagtt

ttcactttt cgaact atctt aagt t gaaat gcgacccacaat tatttct gat ccttget t tttcgaggt gggt acaggt cggt aat gt cgaggaat gaca
------------------------------------------------------------------------------------------ + 300
aagt gaaaagct tgat agaat tcaacttt acgct gggt gt t aat aaagact aggaacgaaaaagct ccacccat gt ccagccat t acagct ccttactgt

Xba |
aaggtttaccacaaagttaatttcttgat aagtttgt aagt gttacttcaat gtattct ag act at aggattgtttgttgacttttgcat agct actgct

ttccaaat ggt gtttcaat t aaagaact at tcaaacatt cacaat gaagt tacat aagat ctgat at cct aacaaacaact gaaaacgt at cgat gacga

Spe | Xba | Bgl 11

aact agt caat aaactgaagattcgt agact agattgaaccat atttggt agattctggcagtttcaccaaacct ct ag atctat agatttggattactg
------------------------------------------------------------------------------------------ + 500
ttgatcagttatttgacttct aagcat ctgat ct aacttggt at aaaccat ct aagaccgtcaaagtggtttggagat ct agat at ct aaacct aat gac

ttattgtt cat gtttct gcgact tcttcctetttcatct t cctget gcgt ctegtct gct ttaatgatt t ctecct aaacact catccgt cact cacaaca

aat aacaagt acaaagacgct gaagaaggagaaagt agaaggacgacgcagagcagacgaaat tact aaagaggat tt gt gagt aggcagt gagt gt t gt

ctcactcct cacgcacgcat acaccat cat cgat ttgt aggct tccat gagcgaagagacagacgacagt gagacggcagt gagcgggcgcgt ct gacgg
------------------------------------------------------------------------------------------ + 700
gagt gaggagt gcgt gegt at gt ggt agt agct aaacat ccgaaggt act cgettctcet gt ctgctgt cact ctgcegt cact cgcccgcgcagact gcc

cgeegttt agt gcat at aacat gctett cat catattct t ttt cgccccat atcaatt caggggcgcct cct tttcctetttaccacceccget cctcgt t
------------------------------------------------------------------------ - 1)
gcggcaaat cacgt atatt gt acgagaagt agt at aagaaaaagcggggt atagtt aagt ccccgcggaggaaaaggagaaat ggt ggggcgaggagcaa

atttttattattcattcaattcccttgtctctctctctctctctctgtatctcattttctttccatttctgactatatctacatagctttatgtatcatt
......... 1010
t aaaaat aat aagt aagt t aagggaacagagagagagagagagagacat agagt aaaagaaaggt aaagact gat at agat gtat cgaaat acat agt aa

* SL1 trans-splicing site Nco |
ttcttatcaattgccttcttaaaaatattctgttttgttacatgaatttctegtttttttgcagecectacact acacct agaagacgaat aagcccaaac
--------- e e e e T Ty e i 11 [s 11

aagaat agt t aacggaagaat t t t t at aagacaaaacaat gt act t aaagagcaaaaaaacgt cgggat gt gat gt ggatcttctgettattcgggtttg

Exon 1
catgggaat caagggt t ccaagccaaaact ct ccaaagaggat tt ggagttttt gaaaaagaacacaaattt caccgaagagcagat caaagaat ggt at
--------------------------- B e S S S i e S a1 N0 0]
gt acccttagttcccaaggttcggttttgagaggtttct cctaaacctcaaaaactttttcttgtgtttaaagtggcttctcgtctagtttcttaccata

M GI KGSKPIKULSKEUDLEFLIKKNTNFTEE~ QI KEWY -

Exon 2
aaaggattt gt ggt aagt t t ttegtttttt ggct t gaaacgat aaaagct gacat gatt ct gt aaaat t t tgcaatttt cagcaagat t gt ccgaaaggc
------------------------------------------------------------------------------------------ 1200
tttcct aaacaccat t caaaaagcaaaaaaccgaact tt gct atttt cgact gtact aagacat ttt aaaacgt t aaaagt cgttct aacaggct tt ccg

K G F V QDb CP K G -
Pst |
cacttaaccaaggagcagttcataaaggtgtataaggatttcttcccgtcaggtt tgcagaaggattctgtgaacatgtattccgaacattcgacacgg
------------------------------------------------------------------------------------------ 1300
gtgaatt ggt tcctcgt caagt attt ccacat attcct aaagaagggcagt ccaagacgt cttcct aagacact tgt acat aaggett gt aagct gt gcc

HLTIKEOQFI KVYKDZFFWPSGSAEGFTCEHVFRTFUDTD-

at aact cgggt tttat cgact t caaagaat ttttatt ggcaat taat gt gacgagt t ccggaacgcccgagcagaaact t gaat gggct t tccgtat gt a
------------------------------------------------------------------------------------------ 1400
tatt gagcccaaaat agct gaagt ttett aaaaat aaccgt taatt acact gct caaggcct t gcgggct cgtettt gaact t acccgaaaggcat acat

NS GF I DFKEFULILAI NVTSSGTPEUOQKILEWAFRMY -

cgatatt gat ggaaat ggt acgat agacgagaaggaaat gat caagat t at t gaggt gagct trett caat cagaaacaaaagaaaacggaat tatttcc
------------------------------------------------------------------------------------------ + 1500
gct at aact acct tt accat gctatct gct ctteettt act agttct aat aact ccact cgaaaaaagt t agtctttgt t ttetttt gcct t aat aaagy

DI DGNGTI DEKEMI KI I E

Exon 3
cttettt gaaaagt gt caagt gtcacttt t aat cgt cat cct aaaaat aaat tett caggccat ctat gaaat gct cggcccagaagt gacaaaat ct gc
------------------------------------------------------------------------------------------ 1600
gaagaaact t ttcacagtt cacagt gaaaat tagcagt aggat ttttat t t aagaagt ccggt agat act tt acgagccgggt ctt cact gtttt agacg

Al YEML GPEVTKSA -

EcoR |
tgacgactctccaagaaagagagccaagatgatcttcgagaagatggatgttaacaatgataaagagctgacattgaaggaatt gttgacggctgcctt
------------------------------------------------------------------------------------------ 1700
act gct gagaggt tettt ct ctcggttct act agaagct ct tctacct acaat tgtt act atttct cgact gtaactt cct t aagcaact gccgacggaa

DDSPRKRAKMI FEKMDVNNDI KETLTLIKETFVDSGTCL -
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Sac |
gctgataaggagct ttccaaattttgaccaatgaagtcaagaagtaaacgaactttctttcaagttttttgccctaaaattgttttgtctaatattatt
1701 S e - - - - +- - s e bemee e emeahe e e e s + 1800
cgactatt cct cgagaaggt ttaaaact ggt tactt cagt tcttcattt gct t gaaagaaagt t caaaaaacgggat tt t aacaaaacagat tat aat aa

A DKELFQI L T NEVKK*

tgctctt aat tctct cacgat ccget gt gat tccttect gaagt tcgt cct cctegtct ccct gtct cccgcgaagcat t ccagccgt ct ccccataatc
LBOL === w = mbmm o m o m o n s n e n e b s n e e o s e o n o e bn e e bea oo
acgagaat t aagagagt gct aggcgacact aaggaaggaot t caagcaggaggagcagagggaoagagggcgct tcgt aaggt cggcagaggggt attag

+

1900

ccggaaagt t tatttcttct ccacagacacacacact t cgt tgccatt aat ttttget ccct actt accagcct gtagt agt gtttatt t aat at cgacc
0 T + 2000
ggeettt caaat aaagaagaggt gtctgt gt gtgt gaagcaacggt aat t aaaaacgagggat gaat ggt cggacat cat cacaaat aaat tatagct gg

acagcttcttttttctttattcgtegttt t tgtgctctettctttttcattttctecttettcegtcet aaccacagact caaaaaat t at cactaat cca
2001 ---c----- e e oo e e e e + 2100
t gt cgaagaaaaaagaaat aagcagcaaaaacacgagagaagaaaaagt aaaagaggaagaaggcagat t ggt gt ct gagt tttttaat agt gat t aggt

ttact agacgacggat t agagt cttctcctetetgectttcaaattctttctctatactccttcccaaat cecttcaat aat cgat cgat gt gt gt acct
2101 = -mmme e oo [ [ oo e e + 2200
aat gat ct gct gcct aat ct cagaagaggagagacggaaagt t t aagaaagagat at gaggaagggt t t agggaagt t at tagct aget acacacat gga

Kpn |
aggt accgt accccat gt agct ttttt gcct cttgt cact ccacttt cct taacagct cggt t aaaact caaagct ctt gcact ttt cct ttat gcgaaa
- T LT LT LT LT e R + 2300
tccat ggcat ggggt acat cgaaaaaacggagaacagt gaggt gaaaggaat tgt cgagccaat ttt gagt tt cgagaacgt gaaaaggaaat acgcettt

tcaaatttttatattattattattattatttgaaaatttgaataataagaaaataagttgtatgcggtaaattattatttttaattcttttcttcatttt
o + 2400
agt tt aaaaat at aat aat aat aat aat aaact ttt aaact tattatt Ct tttatt caacat acgccat t t aat aat aaaaat t aagaaaagaagt aaaa

Putative pol y(A) signal *pol y(A) addition site
tttccttet ct cgttccacct ct cttgacttcatttgt ct ccattct cagttttcacccat at at aatttcat at aaaat aaaat ct gt gt aaattttaa
2 T T LT T T L LT T T ey R + 2500

aaaggaagagagcaaggt ggagagaact gaagt aaacagaggt aagagt caaaagt gggt atatatt aaagt atatttt at ttt agacacat ttaaaatt

accaagtttcattggctttct ctcgaatttcgattttcgcatcatttcaatttcaatttcactgcacacagaaccctggtcccaagat gttaacct attt
2501 ----sennedennanenentene s L T LT T T T R e T T UL TN R + 2600

tggtt caaagt aaccgaaagagagct taaagct aaaagcgt agt aaagt t aaagtt aaagt gacgt gt gt ctt gggaccagggt tct acaat t ggat aaa

Sac |

gccgagtctcaaatggccacataggtaattcaatctaattttcccgagct gccctcctcgtcttgtcgtccgcgtgtgctcatcatcgtccttcaaatc
-1 T LT T T LT e Ty + 2700

cggctcagagtttaocggt gt atccattaagttagattaaaagggctcgagcgggaggagcagaacagcaggcgcacacgagt agt agcaggaagtttag

Hond Il

cgattacgt ggt gt ggcaacaacgagacgaagcat aagaagt agaagaagaaaaggaagaagct
2700 - bbb 2765

gct aatgcaccacaccgttgttgct ctgcttcgt attcttcat cttcttcttttccttcttcgaa

Experimental procedure

Genomic library screening. ~1x106 phages from a wild type C. elegans genomic library
constructed in the phage vector | 2001 (from the Sanger centre, UK) were plated and
screened40 at medium stringency (60°C) with Ce-NCS-1 and Ce-NCS-2 cDNA as probes
(separately). Random labeling of EcoRI fragment from Ce-NCS-1 (580bp) and Ce-NCS-2
(560bp) spanning the 5’ untranslated region and ~80% of the coding region were used (with
#p._radionucleotides) to produce the radioactive probes. Nitrocellulose membranes were first
prehybridized for 2 hr at 60°C in 5 x Denhardt's, 5 x SSPE, 0. 1% SDS, 100 ng/ml denatured
sspDNA, and then hybridized overnight at 60°C in 1 x Denhardt's, 5 x SSPE, 0. 1% SDS, 100

ng/ml denatured sspDNA, 106 cpm/ml of denatured probe (for detailed solution composition
see above: experimental procedure in “Genomic southern blot analysis’). The membranes
were then washed for 60 min. at 60°C in 4 x SSPE, 0. 2% SDS. Severa positive phages were
analyzed by Southern blot to determine which of them had a pattern of restriction-
hybridization corresponding to the C. elegans genomic DNA Southern blot analysis (see fig.
13). Two phages, containing respectively the two ncs genes were further characterized. Large
Hind 11l Inserts fragments hybridizing to the corresponding probes were subcloned in
pBSK-(Stratagene) and named p.ncs-1, p.ncs-2. Different sub-fragment spanning the
complete Hind I11 fragments were also cloned in pBSK™ and partially sequenced using the
dideoxy method of Sangerl4l, The rest of the sequence come from the C. elegans genomic
sequencing project data.
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Chromosomal localization of ncs-1 and ncs-2 genes

Before both ncs-1 and ncs-2 genes were sequenced by the C. elegans genome project, | have
performed experiments to localize ncs-1 and ncs-2 genes in the C. elegans genome. The C.
elegans genome has been mapped into yeast artificial chromosomes (YAC). | could get from
the Sanger center membranes with YACs spanning al the entire C. elegans genome. | probed
YAC membranes with radiolabeled fragments of both the cloned ncs-1 and ncs-2 gene to
determine which YAC will specificaly hybridize to the probe. Positive YACs for ncs-1 were:
Y55B3, locdlized in the left arm of X chromosome; and for ncs-2: Y64B2 and Y62E9
(contiguous YACS), localized in the middie of the right arm of chromosome I. Knowing the
positive YACs, we could get the cosmids spanning these YAC. The cosmids were directly
bloted on a membrane (dot blots) and hybridized with the ncs-1 and ncs-2 probes. The positive
cosmids for ncs-1 were: F53H8, C44C1, localizing ncs-1 to X: -18.85 (map unit); for ncs-2:
C09D5, KO9B7, AC2, localizing ncs-2 to |: 4.46.

Ce-NCS-1 Ce-NCS-2
Positive YACs Y55B3 Y64B2, Y62E9
Positive cosmids F53H8, C44C1 C09D5, KO9B7, AC2
Chromosomal localization X: -18.85 (between aex-3, unc-1 genes) | | 4.46 (betweep tha-1, lin-11 genes)

Table 4. Information on chromosomal localization of ncs-1, ncs-2 genes.

Experimental procedure

Random labeling of a~2.5kb Xba | fragment from p.ncs-1 and the complete Hind 111 fragment
from p.ncs-2 (~2.7kb) were used (with **P-radionucleotides) to produce the radioactive probes.
YAC Blot: YAC membranes were hybridized over-night at 65°c in hybridization mix (100g
dextran sulfate, 160ml water, 30ml of sodium lauryl sarcosinate 30%, 300ml 20x SCP pH 6.2
{NaCl 2M, Na,HPO, 60mM, EDTA 20mM, 250mM HCI}) with 10” cpm/ml of denatured
radioactive probe, 100 ng/ml denatured sspDNA, washed four times 20 minutes at 50°c
cooling to room temperature (over the 20 minutes) in 0.5% SDS, 0.5x SCP. Autoradiography
was performed with an intensifying screen for 5 days at -70°C.

Cosmid dot blot: 5m of E. coli liquid culture transformed with the cosmid of interest were
put directly on a nitrocellulose membrane. Membranes were incubated in 10% SDS for 5 min
then treated in Benton-Davis I, 11, 111140 solutions for 4 min and dried. Membranes were then
prehybridized and hybridized (at 60°c over-night) and washed like southern blots.
Autoradiography was performed with an intensifying screen for one day at -70°C. Tested
cosmids for ncs-1 (covering YAC Y55B3) were: T19F8, F53H8, C44C1, WO7D7, C55D6,
C04D1; for ncs-2 (covering YACs Y64B2 and Y62E9): KO7A5, C09D5, K09B7, AC2,
B0379, TO7H2.
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GFP as a marker for ncs-1 gene expression

To determined the cellular distibution of Ce-NCS-1, besides immunolocalization (see above), |
have also generated transgenic worms bearing ancs-1 reporter gene construct. These transgene
reporter system provide means for detailed and precise spatial (and temporal) characterization
of expression patterns assuming that the transforming construct contains all relevant cis-acting
control sequences, and that neither the construct itself nor the novel context of the
transforming DNA alterates the expression pattern. Therefore the observed pattern should be
confirmed by other means (antibody stainings in my case).

A putative ncs-1 promer fragment was used to drive expression of the reporter gene green
fluorescent protein (GFP) in transgenic worms!42, GFP is a 238 amino acid cytoplasmic protein
found in Aequorea victoria (a bioluminescent jellyfish) converting blue light produced by the
calcium activated photoprotein aequorin into green light. GFP absorbs blue light (maximally at
395nm) and emits green light (peak at 509nm). This fluorescence requires no exogenous
substrates and cofactors, therefore GFP expression can be used to monitor gene expression in
living C. elegans (as it is a transparent animal). The introduced construct express GFP without
targeting signal allowing its diffusion (asit isareatively small protein) throughout the cytoplasm
facilitating the identification of positive cells.

Q
& R E & &
| | \ I \ W (.
| 5 cloned ncs-1 gene fragment
N
& O ;
: | | | genomic fra{gment [Hind 111 - (Xba I) - Xba 1]
! N
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ncs-1 'promoter’ (~3kb GFP (S65T)
( pPD95.71 1kb

Fig. 25.

‘promoter’ ncs-1::GFP construct. 3kb of ncs-1 upstream region (up to the ATG, not included) were inserted in the
pPD95.75 GFP vector to drive the expression of GFP.

Schematic representation of the construction; physical maps of used ncs-1 fragments with some restriction
enzyme sites are shown. Black boxes represent translated exon sequences, dark gray boxes: untranslated
transcribed sequences, introns are represented as light gray boxes.

| made a construct with GFP under the control of a ncs-1 fragment upstream of the coding
region (~3kb up to the ATG ot incuded, S€€ fig. 25). This construct was introduced into the
germline of C. elegans to produce transgenic animals. By aligning GFP fluorescence with
differential interference Nomarski images, expression could be attributed to individua cells (as
the complete C. elegans anatomy is known at the cellular level).

Fig. 26. GFP expression under the control of a ncs-1 upstream ‘promoter’ fragment (‘promoter’ ncs-1:: GFP
transgenic worms). Confocal microscope pictures of hermaphrodite XA411 worms (in red
Normarski image, in green GFP signal).

A. whole L2 larva; B. whole L1 larva; C. adult head; D. adult head close up around the pharynx bulbs; E.;F. two

adult head close up around the pharynx bulbs; G.;F. two adult head scan showing the multinucleated pharyngeal

pm1 muscle cell; I.;J.;K. three close up of adult vulva; L.; M. close up of adult tail; N.;O. Schematic representation
of neuronal and larger hypodermal nuclei in newly hatched L1 around: N. ring, ventral, and retrovesicular ganglia,

O. preanal and left lumbar ganglia. left lateral aspect. GFP positive cells in XA411 worms are underlined; positive

cells showing strong GFP signal are shown in dark gray. Positive cells with weaker and rarer signal are shown in

light gray.

See next page:
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Fig. 26; GFP expression; A,B
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Fig. 26; GFP expression; C, D
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Fig. 26; GFP expression; E, F
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Fig. 26; GFP expression; G, H, |, J, K
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Fig. 26; GFP expression; L, M
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Fig. 26; GFP expression; N, O
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ncs-1-GFP positive cells:

The determination was made for us by Dr. Cori Bargmann (Dep. of Anatomy, University of
California, San Fransisco, USA) who is an expert in the C. elegans nervous system.

Positive cell

Known function(s), defined by laser ablation

Sensory neurons:

AWC (LR) Amphid neurons. Chemotaxis to volatile odorants (benzaldehyde, butanone,
.:.._:-__ .- "ﬁ__‘ isoamy! alcohol)

ASE (L,R) Amphid neurons. Chemotaxis to soluble compounds (Na’, CI', cAMP, biotin,
e lysine), egg laying

AWB (L,R) Amphid neurons. Volatile avoidance

- - '-\I_! ¢ ~

BAG (L,R) Sensory neurons

oo

PHB (L,R) - | Phasmid neurons. [soluble compounds chemosensation?]

AWA (L,R) AmphridI rr:eurcl))ns. Chemotaxis to volatile odorants (diacetyl, pyrazine, 2,4,5
e trimethylthiazo

AFD (L,R) Amphid neurons. Thermotaxis

=y

ADF (L,R Amphid neurons. Dauer formation; chemotaxis to soluble compounds (minor)

ASG (L,R) Amphid neurons. Dauer formation (minor); chemotaxis to soluble compounds
- e (minor)

PHA (L,R) Phasmid neurons. [soluble compounds chemosensation?]

S

-

Inter-neurons:

AVK (L,R)

e ——

AlY (L,R) Thermotaxis

i Y g

Motor-neuron:

RMG Innervation of musclesin the head

Se———

Muscle cells:

pml Opening of the metastomal pharyngeal flaps (the function of these flaps is
OB = == 2| | unknown)

e ’“

B enaRYHE

temmlE

Table 5. GFP positive cells in ‘promoter’ ncs-1::GFP XA411 transgenic C. elegans.

Cells in bold: strong GFP expression; not bold: weaker (rarer) expression.
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Isolated transgenic C. elegans lines (generally) show no-mendelian inheritance of the marker
(and therefore the construct) meaning that the transformants bear extrachromosomal arrays of
the injected DNA that are occasionally lost during meiosis and mitosis being (moderately)
mosaic animals. Therefore to alow proper determination of the expression pattern many worm
have to be examined and their signal integrated.

In the adult hermaphrodite, GFP expression was observed (see table 5) in 26 (13 pairs of
symmetric bilateral [left, right]) neurons. Expression was detected in 20 sensory neurons (in
the C. elegans there is 60 putative sensory neurons out of 302 neurons) including head sensory
neurons (amphid neurons + BAG) AWC, ASE, AWB, BAG (strong expression), AWA, AFD,
ADF, ASG (weaker and rarer expression), and tail sensory neurons (phasmid neurons) PHB
(strong expression), PHA (weak). Expression was aso observed in 4 inter-neurons: AVK
(strong expression), AlY (weak and rarer expression) and in the RMG motor-neurons pair
(weak). There is aso expression in the pm1 pharyngea muscle cell. With the GFP we do not
observe staining in the anal depressor muscle (unlike in immunofluorescence) and in the vulva
muscle (although areally faint staining may be observed on some worms, see fig. 26J).

The GFP signal was present in all larva stages (like in IF). We do not examine expression
in males and in the embryos (eggs).

The function of some GFP positive cellsisindicated in table 5.

Ce-NCS-1 double staining: GFP + Immunofluorescence

To see if the GFP and the Ab signals overlap, | performed immunofluorescence with anti-Ce-
NCS-1 Ab on ‘promoter’ ncs-1::GFP transgenic worms. These transgenic worms were stained
using a TRITC (tetramethylrhodamine isothiocyanate) conjugated secondary antibody giving a
RED signal. Superposition of both GFP (green) and TRITC (red)- antibody signals shows
that there is complete overlap (giving a yellow signal) in all neuron processes and in pm1
cell (see fig. 27). The antibody signal was (almost) absent in cell bodies of positive neurons
confirming that Ce-NCS-1 protein is predominantly localized in dendrites and axons (neurites)
but excluded from cell bodies. The signals in the ana depressor muscle and the in vulva
muscles are observed only with antibody stainings. Asthis signal is absent in the ncs-1 knock-
out mutant (see above ‘Immunolacalizations and after ‘Isolation of a ncs-1 knock-out
mutant’) it seems not to be an artifact suggesting that there is probably some missing control
sequence(s) in the used GFP reporter constructs.

Fig. 27.

Immunofluorescence with anti Ce-NCS-1 Ab on ‘promoter’ ncs-1::GFP worms; in green GFP signal, in red IF
signal, in yellow/orange overlap of both signals.

A. head; B. head close up; C. tail; D. tail (anal region) close up.

See next page:
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Fig. 27; A,B GFP + IF
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Fig. 27; C, D
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The chosen ‘promoter’ ncs-1 region drives the expression of GFP in the correct cells (except
for the anal and vulva muscles), therefore Ce-NCS-1 protein is expressed in the
aforementioned GFP positive cells.

Localization of Ce-NCS-1 (conclusion)

Ce-NCS-1 is expressed in certain excitable cells including: different types of neurons
(mainly sensory but also inter- and motor- neurons) representing 1/10 of the total neuron
population, and in few muscles. In neurons Ce-NCS-1, is preferentially localized in
neurites (axons and dendrites), being almost excluded from cell bodies. This axon and
dendrite localization indicates that Ce-NCS-1 can be found both pre- and post-
synaptically. The uniform preferential localization of Ce-NCS-1 in axons and dendrites may
indicate that this protein is associated with membranes (or with some cytoskeleton
components). As the surface to volume ratio is higher in thin cylindrical neuritic processes
than in the ‘flat’ cell body, a protein associated with plasma membrane is more spatially
concentrated in neuritic processes than in cell body. It is know that some NCS proteins such as
recoverin are associated to membranes via a myristoyl moiety anchored at their N-terminus.
Yet Ce-NCS-1 (like rat/mouse/chick NCS-1) do not show a consensus sequence for
myristoylation. Nonetheless, vilipl is known to be myristoylated athough it does not shows
the classical consensus site. Therefore we can not rule out the possibility that Ce-NCS-1 may
be myristoylated. Anyway, Ce-NCS-1 seems to be associated with plasma membrane by a
yet unknown mechanism.

Ce-NCS-1 distribution in the C. elegans nervous system seems to correspond to NCS-1
distribution in other organisms: Both Ce-NCS-1 and mouse NCS-1147 are found pre- and post-
synaptically being localized predominantly in axons and dendrites. Ce-NCS-1 and other NCS-
1 proteins (Drosophila frequenin, rat/mouse/chick NCS-1) are found in many but not all
sensory, inter-, and motor- neurons.

Expression of NCS proteins in muscles has not yet been observed in other species (neither has
been carefully examined).

Experimental procedure

Generation of GFP construct:

The ncs-1 promotor::GFP fusion construct was made (see fig. 25) by ligating a ~1950bp Hind
1 - (Xbal) —Xbal (partial digestion) ncs-1 genomic fragment together with a~1180bp Xba
— BamH | PCR fragment into the GFP expression vector pPD95.75 (from A. Fire labs,
Carnegie Institution of Washington, department of Embryology, Baltimore, USA). The PCR
fragment was obtained by performing PCR amplification on p.ncs-1 (see ‘Cloning of ncs-1
and ncs-2 genes’) plasmid using 5 proml primer (CGC AAG CTT CTA GAG AGA AAA
GTT AGA GAG TCQG) including a genomic Xba | site together with a Hind 111 linker, and
3'proml primer (CGG GAT CCT TCT TCG CAA CAA TTC TAA TAA) engineered to
contain a BamH | site in place of the start ATG. The amplification product was first sub-
cloned in pBSK™ as a Hind 11l - BamH | fragment, sequenced and then digested/purified to
form the used Xba | — BamH | (PCR) fragment. All junctions were verified by sequencing.

In the pPD95.75 vector, the GFP gene contains five engineered synthetic introns (found to
increase expression) and the S65C mutation (giving a stronger fluorescent signal, faster
folding of the fluorochrome and improved resistance to fading).
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Generation of transgenic worms (germline transformation):

Germline transformation was carried out as described!43. Marker rol-6 (plasmid pRF4
carrying the dominant collagen mutation rol-6(su1006)), which make the worms roll and move
in circles, at a concentration of 200 ngr/ml and GFP construct at a concentration of 50 ngr/ml
were co-microinjected into the cytoplasm of hermaphrodite syncytia gonads. Transgenic
animals (in the progeny of injected worms) were identified by their roller phenotype.

5m of these worms, fixed 2h in PBS with 1% paraformaldehyde, were mounted on dlides
(cover with a 2% agarose-PBS pad) together with 5m of mounting medium (1 mg/ml p-
phenylenediamine, 10% PBS, 90% glycerol pH 8.) and examined on a Zeiss Axiophot
microscope equipped with fluorescence capabilities. 6 lines were obtained (named: XA410,
XA411, XA412, XA413. XA414, XA415) with high and low expressors (giving high and low
intensity signals) but all showing the same expression pattern. 3 high expressor lines (XA410,
XA411, XA412) were kept and frozen.

Identification of positive cells:

The positive cells in the XA-410 line were identified for us by Cory Bargman (UCSF, San
Francisco, USA) comparating GFP fluorescence (under a microscope equipped with
fluorescence capabilities) with differential interference Nomarski images. The XA-411 strain,
the highest expressor also shows a clear signal in the pm1 pharyngeal muscle cell (in XA-410
this signal was to weak to allow identification of the positive cell).

Immunofluorescence on transgenic worms:

XA-411 ‘promoter’ ncs-1::GFP worms were labeled with the anti- Ce-NCS-1 Ab as described
above (see ‘Immunolocalizations’) except that the secondary antibody was a TRITC
(tetramethylrhodamine isothiocyanate) conjugated giving a RED signal.
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Isolation of a ncs-1 knock-out mutant

In order to get insight into the in vivo function of Ce-NCS-1, | have isolated a C. elegans
mutant line with the ncs-1 gene inactivated. The phenotype of this ncs-1 knock-out may help
us to determine the physiological processes in which Ce-NCS-1 is involved (see “Phenotypic
analysis of ncs-1 knock-out”). In the C. elegans to inactivate a gene, the only method that
works in practice is target-selected mutagenesis; the mutagen being deletions induced by the
excision (jumping) of an inserted transposon (Tcl transposon). Therefore gene inactivation
per se is not directly targeted, but selectively isolated from randomly mutagenized worms.
This inactivation (deletion) has to be performed in two steps. First step: isolation of a C.
elegans line with a transposon in the gene of interest. Second step: from this first line,
isolation of progeny with a deletion in the gene of interest resulting from an improper repair
after the spontaneous excision of the transposon. These isolations are performed by
polymerase chain reaction (PCR) screenings.

Isolation of a Tcl Transposon insertion allele

Thisfirst step is routinely performed by Ronald H. A. Plasterk’s laboratory for colleagues as a
“public” service. Starting with a C. elegans strain (MT3126) where worms contains several
copies of the Tcl transposon (and is permissive for jumping of this Tcl) as a“library”, they
are able to isolate by PCR screening a strain that contains a Tcl transposon (1610bp) in a
gene of interest (Tcl insertion allele).

A typica library consists of a set of (frozen) C. elegans cultures and a set of corresponding
crude lysates. The lysates can be pooled and screened by PCR in such a way that insertions of
Tcl transposon into a gene of interest are visualized. PCR are performed using a primer specific
for Tcl and the other primer specific for the gene of interest. PCR products are obtained only if
Tcl sequences are near and properly juxtaposed to the sequences of the gene of interest, namely
if aTcl isinserted into this gene. Once a positive pool has been found, the screening can be
refined up to the individua lysates to find a positive lysat (corresponding to a positive culture).
Once a positive culture has been found, a positive line has to be isolated from this culture.
Worms from the positive culture are separated into several sub-cultures. After a few days
growth, part (12) of the worms of each sub-culture are sacrificed to make lysates that will be
analyzed again by PCR. Once a positive lysat has been found, the screening can be refined up
to individual worms by successive fractionations/sub-culturing to find a single positive
homozygote worm giving rise to a (homozygous) Tcl insertion line (obviously when single
worms are sub-cultured they are sacrificed/ analyzed only after they had lay eggs so that one
can recover their progeny).

One can determine the precise sequence of the insertion site by sequencing the amplified
PCR product. Homozygousity can be determined by testing progeny which should be 100%
positive (and/or by southern blots and/or negatively confirmed by PCR using primers giving
rise to products only on the wt alele). In general homozygous lines can be easily obtained
unless the homozygote has a selective disadvantage, which is rare as Tcl insertion are
usually not harmful.

Tcl aleles are generally not null aleles: insertions in introns (which occur predominantly) are
removed from mature RNA together with the rest of the intron by normal splicing, and even
insertions in exons can be removed by an aberrant splicing process that seems to be rather
good at removing Tcl sequences. However, such insertion can be used as a first step toward
gene inactivation, allowing the isolation of Tcl deletion derivatives (see below).

For our ncs-1 gene, R. Plasterk’ s laboratory isolated a (homozygous) line with a Tcl insertion
in the middle of the last intron (see “Tcl insertion alele” fig. 28), which is unlikely to result in
aloss of function. We determined the exact insertion site (see above) which is at position 5231
relative to the cloned ncs-1 gene fragment (in p.ncs-1, seefig. 22).
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Experimental procedure

Done for us by Ronald H. A. Plasterk (Division of Molecular Biology, Netherlands Cancer
Institute, 1066 CX Amsterdam, The Netherlands) as described in R.H.A. Plasterk “Reverse
Genetics: From Gene Sequence to Mutant Worm” pages 59-80 in Caenorhabditis elegans,
Modern Biological Analysis of an Organism, METHODS IN CELL BIOLOGY, VOL. 48. Ed.
H.F. Epstein, D.C. Shakes. Academic Press.
Used ncs-1-specific primers (for nested PCR):

5

EdC1: 5-GTTTACGGTTGCTTGAACACC-3 (at position 2722 relative to cloned ncs-1 gene # (seefig. 22))

EdC2: 5 -CTGGAGTTTAGTTGATTGTGC-3' (at position 2850)

3

EdC3: 5'-ACGCTTGATGATAGTGTTTGC-3' (at position 5721)

EdC4: 5 -ACAGGGACTCGACTATTTCAC-3' (at position 5885)
Used Tcl-specific primers (5 R1, R2; 3' L1, L2, pointing outside the transposon) are shown
at page 69 in the previously referred book.
The isolated (homozygous) Tcl strain was named NL748 (the ncs-1 alele with the Tcl
insertion was named pk242). The primers that allow the detection of this insertion by nested
PCR were: R1, EAC 4 for the 1¥ PCR and R2, EAC3 for the second, nested PCR.

Isolation of deletion derivatives

As dready said, in general transposon insertions do not result in aloss of function. In our case,
the transposon is located in the last intron and is very unlikely to give loss of function. Nevertheless
Tc1 has been shown to induced deletions alowing the isolation of deletion derivatives. Therefore the
Tcl insertion mutant is the starting point to get a strain with a deletion in the ncs-1 gene. Such
deletions can arise spontaneoudly (at alow frequency) probably after an improper DNA repair
following the jumping of the inserted Tcl transposable element. Any event taking place in the
germ line will be transmitted to the progeny. Therefore progeny may be selected in which the
transposon plus part of the interrupted gene has been deleted. This selection is again a PCR
screening. PCR is used to visualize deletions. the primers are chosen 3kb apart in the genomic
DNA, which implies that the amplicon is too large to be efficiently amplified, and thus one
selectively visualizes rare deletion derivatives were a large enough DNA segment has been
removed nearing the 2 prime sites (allowing efficient PCR amplification). The chosen primers
can be the same as the gene specific primers used for the isolation of the insertion strain. Note
that the choice of the primers bias the search for deletions, allowing only the detection of
deletion enclosed by the prime sites.

Many cultures of the Tcl insertion strain are started. After the cultures are full grown, half of
the worms are sacrificed to make PCR analyzable lysates. The lysates can be pooled. The
different pools are analyzed by PCR, visualizing the deletion (see just before). Once a positive
pool has been found, the screening can be refined up to the individua lysates to find a positive
culture and then up to the individual worms from a positive culture (Same screening principle as
for the isolation of a Tcl insertion strain) to get a single positive worm giving rise to a deletion
line. Once a deletion derivative is obtain, one can analyze whether it is homozygous, and if not,
if the homozygote is letha or sterile (in this case one can induce a balancer alowing the lethal
mutation to be stably maintained in a heterozygous strain; see “Genetic Balancer” again in
“Caenorhabditis elegans, Modern Biological Analysis of an Organism”’125),

| performed this deletion screening on the Tcl insertion mutant and was able to isolate a
deletion derivative strain with 4/5 of the ncs-1 gene removed. This initial homozygous strain
named XA401 is viable (and was crossed 3 times with wt, see below “crossings’). The
deletion starts in the non-translated region of the first exon (just after the SL1 site) including
the initiator ATG up to the middle of the last intron. Therefore the translated region of the 5
first exons (out of 6) are completely removed knocking out ncs-1 gene (see fig. 28).
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As the knock-out mutant is isolated from a Tcl rich strain (permissive for transposon jumping)
it bears a lot of trangposons (which may be sometime harmful) in its genome and it also may
have or may get deletions in many other genes, showing defects unrelated to ncs-1 loss of
function. Therefore to analyze the phenotype of ncs-1 loss of function the genetic background
of thisinitial knock-out strain as to be cleaned by crossing it with wild type (wt). Crosses are
carried by putting together a hermaphrodite (homozygous) knock-out mutant together with
several wt males. Half of the resulting progeny should be males if the crossing was successful.
The hermaphrodite cross-progeny is heterozygous for ncs-1 deletion and will give rise to ¥4 of
homozygotes self-progeny. These second generation worms are isolated and their progeny
tested by PCR to isolate again a homozygous ncs-1 deletion strain.

| performed such crossing 3 times. The resulting cleaned homozygous strain named XA403 is
viable, healthy and looks normal in the standard laboratory conditions.

@ Tcl insertion allele (pk242)

Tcl Transposon

N A &5
! \ L L1
@® WT ncs-1 allele
Q
&
U
@ ncs-1 knockout (deletion allele, ga401te) S RIVYVY
(2149 bp deletion)
1kb
e

fig. 28.

Physical map of the ncs-1 gene for the wt allele, for the Tcl insertion allele, and in the knock-out deletion allele.
Bellow WT and ncs-1 knock-out maps, alignment map of exons (black boxes represent translated exon
sequences; gray boxes, untranslated sequence, introns are diagrammed as thin lines; see below: “RT-PCR” for
the exons in the deletion allele). The deletion starts in the non-translated region of the first exon (just after the SL1
site) including the start ATG up to the middle of the last intron, removing 2149bp.

Experimental procedure

PCR screening for deletion derivatives: as described in “Isolation of Deletion Derivatives’
page 76-78, from R.H.A. Plasterk “Reverse Genetics: From Gene Sequence to Mutant Worm” in
Caenorhabditis elegans, Modern Biological Analysis of an Organism, METHODS IN CELL
BIOLOGY, VOL. 48. Ed. H.F. Epstein, D.C. Shakes. Academic Press.
Used ncs-1-specific primers:

5

EdC1: 5-GTTTACGGTTGCTTGAACACC-3 (at position 2722 relative to cloned ncs-1 gene # (seefig. 22))

EdC1+: 5-TCCGTATTTGAACGTTGCTAC -3 (at position 3028, just before SL1 site)

EdC2+: 5 GAGAGAATCAAGTTGCAAATC-3' (at position 3075)

3

EdC3: 5-ACGCTTGATGATAGTGTTTGC-3' (at position 5721)

EdC4: 5 -ACAGGGACTCGACTATTTCAC-3' (at position 5885)

NODEL3: 5-GCTCTATGTGATAGCAAATG-3 (at position 3794, in the 2™ intron)
The PCR program used 40"’ denaturation at 94°c, 50"’ annealing, 1' elongation at 72°c. The
primers that allow the detection of the deletions by nested PCR were: EJC1, EdC 4 for the 1%
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PCR (with 35 cycles PCR, at an annealing temperature, Tan, Of 58°c) and EAC1+, EAC3 for
the second, nested PCR (with 35 cycles PCR, at Ta,=58°C). For single worm analysis, only
one round of PCR was performed using primers EdC1+, EAC3. (with still 35 cycles PCR, at
Tan=58°C). Without deletion the amplicon using EDC1+, EAC3 primers should be 2694bp
long (+1610bp if the Tcl is still present) and is not efficiently amplified in the used conditions.
80 culture plates of the Tcl insertion strain were used to start the screening. Culture lysats
(made of half of the culture worms) were first pooled 5 by 5. Deletions were visualized in
many pools. The cultures corresponding to the pool showing the biggest deletion (giving the
smallest PCR product) were further analyzed. A single positive culture was found, and
fractionated in 8 sub-cultures. One of these sub-culture showed the deletion. 20 worms from
this positive sub-culture were isolated. Out of these 20 worms, 14 made progeny (these worms
originating from the mutator strain MT3126 are often sterile) and were anayzed for the
deletion. One of these 14 worms was positive and homozygous (showing only positive worms
in its progeny) for the deletion. The resulting deletion (knock-out) strain was named “XA401”,
the mutated ncs-1 allele was named “qad01te” (where “te” stands for transposon excision,
indicating that this deletion alele has been generated by imprecise loss of the transposon).

The precise extend of the deletion was determined by sequencing the amplified EdC1+, EJC3
PCR product cloned in a pBSK™ plasmid (using standard molecular biology procedurest40).
The deletion start (relative to the cloned ncs-1 gene fragment, see fig. 22) at position 3090 up
to position 5238, removing 2149bp (EDC1+, EDC3 amplicon was 545bp long).

Crosses were carried out by placing a single L4 hermaphrodite knock-out mutant together
with 5 young adult wt males on different small seeded culture plates (basic C. elegans culture
methods!29). In a plate where the cross was successful (showing many males in the progeny) 6
hermaphrodite worms from the resulting progeny were sub-cultured. The ones that had lay
eggs (5), were tested for (ncs-1 alleles) heterozygousity ensuring they result from a cross (all 5
tested worms were heterozygotes). The heterozygousity was tested with single worm PCR
using EdC1+, EdC3 primers giving only amplification products on ncs-1 deletion allele
(knock-out) and EdC2+, NODEL3' primers giving only amplification products on wt alele.
Heterozygotes should be positive in both tests (meaning they bear both alleles). The single
worm lysat were divided in two to make both PCR tests at the same time (with 32 cycles PCR,
at Tan=55°c). 3 heterozygote hermaphrodites were sub-cultured (to be sure at least one will
give progeny). 10 worms from a resulting progeny were sub-cultured. The progeny of this
second generation offspring worms was then tested for the presence of the deletion allele
(PCR with EdC1+, EdC3). If the mother is homozygous its tested progeny should be 100%
positive for the deletion, giving rise to a crossed homozygous line. Homozygousity was also
checked using the same double PCR test as described before: homozygotes should be positive
using EJC1+, EAC3 primers, and negative with EdC2+, NODEL 3 primers.

Successive crossing were then performed 2 more times, leading to a homozygous ncs-1 knock-
out strain crossed 3 times with wt, named XA403.

Knock-out controls

In order to prove that | have isolated a real homozygous ncs-1 knock-out mutant |
performed several control experiments. genomic southern blots to confirm that part of the
ncs-1 gene is deleted; RT-PCR to reveal the absence of ncs-1 messenger,
immunolocalizations (see above “Immunolocalization of Ce-NCS-1") to show that the Ce-
NCS-1 protein is not produced.
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Southern blot controls

| have compared the ncs-1 knock-out strain to awt strain by genomic southern blot analysis to
confirm that the mutant has really a deletion in its ncs-1 gene. Using either Ce-NCS-1 cDNA
or afragment of ncs-1 gene as probes the resulting data show that my mutant really bears two
(same) ncs-1 aleles corresponding to the expected deletion aleles. With the cDNA probe the
mutant shows reduced signal (as most of its exon sequences have been removed) compared to
the wt and a hybridization pattern resulting from the expected deletion. With the genomic
probe, again the hybridization pattern shows the deletion (see fig. 29). These data, together
with the PCR data coming from the isolation of the mutant itself (see above), indicate that the
isolated mutant is really ancs-1 homozygous deletion mutant.
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fig. 29. Genomic southern blot analysis of knock-out mutant compared with wt.

Both wt and mutant (Dncs-1) genomic DNA were digested by Hind 11l and Xba I/EcoR | restriction
enzymes; hybridized with a cDNA and a genomic probe against ncs-1 gene. Below
autoradiography, used probes (cDNA or genomic) are shown in black over the physical maps (with
used restriction enzymes) of wt and knock-out (deletion: D) ncs-1 alleles. In physical maps dark gray
lines represent region between ATG (start) and stop codon, black line regions that hybridize with the
used probe. Bellow each physical map, the restriction fragments (produced by the Hind Il and
Xba I/EcoR | digestions) hybridizing with the used probe are shown in black and aligned with
the corresponding physical map.

Experimental procedure

Genomic DNA isolation: as described before for “Genomic southern Blot analysis’. Genomic
DNA was isolated from both wt and ncs-1 knock-out mutant worms.

Southern blot: like before in “Genomic southern Blot analysis’. Two blots were made: one
used with a Ce-NCS-1 cDNA probe, the other with a ncs-1 genomic probe. For both blots
wt and mutant DNA were digested once by Hind 111, once by Xbal and EcoR |. Ce-NCS-1
cDNA probe was produced by random labeling (with **P-radionuclectides) of the ~580bp
EcoRI fragment from Ce-NCS-1 cDNA. Ncsl genomic probe was produced by random
labeling (with *2P-radionucleotides) of the ~2500bp Xbal fragment from the ncs-1 gene.
Autoradiography was performed for 4 days for the blot with the cDNA probe and 2 days
for the blot with the genomic probe.
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RT-PCR

In order to determine what appends in the knock-out mutant at the level of the messenger
RNA, | performed PCR amplifications on reverse-transcribed total RNA (first strand cDNA)
coming from the mutant (and the wt as a control). The PCR was done using primers against
sequences enclosing the deleted region of ncs-1 transcript. Amplification using primers against
Ce-NCS-2 messenger was also performed as a RT-PCR positive control showing that the RNA
of the mutant was efficiently reverse-transcribed giving a strong signal (like with wt RNA).
PCR reactions were also performed on non-reverse transcribed RNA as negative controls to
show that they were no contamination. With the ncs-1 primers, a single round of PCR
amplification on reverse-transcribed RNA from both wt and mutant give respectively little and
no amplification products. Therefore nested PCR was used: a first PCR reaction is used as
template for a second round of PCR amplification using more internal primers. With nested
PCR, amplification of ncs-1 messenger was efficient. Reverse-transcribed RNA from the
mutant yielded a smaller amplification product than reverse-transcribed RNA from the wt
worms. These PCR products were cloned and sequenced. The sequence of the “wt product”
corresponded to Ce-NCS-1 cDNA, showing that the amplification was specific. The “mutant
product” was ncs-1 messenger showing the expected deletion plus the removal of most of the
remaining part of the last intron. The sequence jumps before the ATG up to middle of the last
intron and then after few bases the rest of this last intron is excised (from anew 5 donor site)
up to exon 6. Before exon 6 sequence, there is no new ATG in the same reading frame.

primers against: Ce-NCS-1 Ce-NCS-2 (Ctl’|+)
+ -+ - + - +
RT: wt wt D D wt wt D D

2.3kb —
2kb —

Single PCR

0.56kb —

primers against: Ce-NCS-1

+
RT: wt wt D

- +
ncs-1 wt allele D

ge“e|' ] Nested PCR

PCR #

P RNA HE— 056kb —

ncs-1 Dallele

gene [~ N mm—
PCR # 0.2kb
RNA I =

Fig. 30.PCR on reverse transcribed RNA from mutant and wt worms.

Both wt and knock-out mutant (deletion: D) reverse transcribed {+} total RNA as well as non-reverse
transcribed total RNA {-} (as negative controls) were used as templates for PCR reactions.
Resolution by electrophoresis of the resulting reaction products are shown for the single PCR Ce-
NCS-1/Ce-NCS-2 and for the nested PCR Ce-NCS-1. Physical map of the ncs-1 gene for the wt
allele and for the knock-out deletion {D} allele (black boxes represent translated exon sequences)
are represented. Bellow WT and ncs-1 knock-out maps, schematic representation of the
corresponding transcribed messenger RNA (black boxes represent translated exon sequences; dark
gray boxes, untranslated exon sequences; light gray intron sequences). Over representation of the
messengers, aligned derived amplified PCR products are depicted in black together with arrows
pointing to their corresponding product in the electrophoresis

These data indicates (see fig. 30) that in the mutant, ncs-1 messenger may be still made but
that no part (even the one coded by the remaining exon 6) of Ce-NCS-1 protein can’t be
trand ated anymore.
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Experimental procedure

RNA isolation: as described before for “Northern Blots’. RNA was isolated from both wt and
XA403 mutant starting from 1gr of purified worms.

Reverse transcription (RT): was performed with the Boerhinger-Manheim RT-kit (ref.
1483188) using 5nyr of total RNA by reaction according to the manufacturer protocol.

PCR: was performed on reverse transcribed RNA from both wt and knock-out mutant worms
using /10 of the RT reaction. The PCR program used 40"’ denaturation at 94°c, 50’
annealing, 1’ elongation at 72°c.

Used primers were:

non hybridizing bases (cloning linkers) are shown between brackets

Against SL1 sequences (for the first round of nested PCR):

5: 5SLL: 5-(CGCAAGC)TTACCCAAGTTTGAG-3

Against ncs-1 messenger:

5: 5XCe-NCS-1: 5-(CGCAAGCTT)CAAAAAAGAGAGAATCAAG-3

3': EdC3: 5-ACGCTTGATGATAGTGTTTGC-3

3: 3Ce-NCS1: 5-(CGCAAGCTTCC)ATGGGCAAAGGGAACAGCAAGT-3
Against ncs-2 messenger:

5: 5Ce-NCS-2: 5-(CGCAAGCTTCCC)ATGGGAATCAAGGGTTCCAAGC-3

3: 3Ce-NCS-2: 5-(CGGGATCC)TTACTTCTTGACTTCATTGGTC-3
For the single PCR (with 40 cycles, at an annealing temperature, Tan, Of 58°C) the used
primers were: for Ce-NCS-1: 5 XCe-NCS-1 / 3'Ce-NCS-1; for Ce-NCS-2: 5Ce-NCS-2/ 3
Ce-NCS-2. In the nested PCR against ncs-1 messenger, the used primers were: 5 SL1 / EAC3
for the first round (with 40 cycles, at an annealing temperature, T4y, Of 56°C) and 5 Xce-
NCS-1 / 3 Ce-NCS-1 for the second round (with 30 cycles, a Tan= 58°c with /100 of the
first PCR reaction). The PCR products were resolved by electrophoresis, cloned (in pBSK")
and sequenced using standard molecular biology procedures!40. 141

Immunolocalization control:

Seefigure 21D,G,I.

As shown before in ‘Immunolocalization of Ce-NCS-1’, the knock-out mutant shows no more
expression of Ce-NCS-1 protein (there is no more signal in immunolocalization with the anti-
Ce-NCS-1 antibody).

Together all these controls show that the isolated mutant is a real knock-out mutant,
showing no more expression of the Ce-NCS-1 protein.
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Analysis of ncs-1 knock-out mutant phenotype

The homozygous ncs-1 knock-out mutant is viable and looks healthy. Its responses to
touch is apparently normal and it can move. Knowing the cells where Ce-NCS-1 is expressed
(mainly sensory neurons, see table 5, together with the anal depressor muscle and vulva
muscles), the ncs-1 knock-out should be tested for chemo/thermo-taxis defects and for dauer
formation, egg-laying and defecation defects (see below).

Frequenin (see ‘Introduction’), the Drosophila orthologue of Ce-NCS-1, has been shown, in
the neuromuscular junction, to participate in the facilitation of neurotransmitter release (in
response to repetitive stimulation) enhancing neuron excitability.

Recoverin (see ‘Introduction’), regulates the light sensitivity of photoreceptors (in
vetebrates), adjusting it to light conditions by inhibiting in a Ca®* dependent way rhodopsin
kinase the enzyme needed to phosphorylate active rhodopsin.

By extension these data could suggest that Ce-NCS-1 plays asimilar rolein C. elegans.
Working hypothesis: In some neurons and some muscles Ce-NCS-1 is involved in the
modulation of cell excitability (like frequenin) and/or sensitivity (like recoverin) in
function of stimuli frequency/intensity. It may therefore also play a role in behavioral
plasticity (adaptation, learning). The ncs-1 knock-out is currently analyzed for sensory
sensitivity/plasticity defects together with muscle contraction defects.

The analysis of the ncs-1 knock-out mutant behavior might gives insights into the in
vivo function of Ce-NCS-1 in the C. elegans nervous/muscular system, and by
extension of this novel NCS-1 sub-class of evolutionary highly conserved proteins.

In progress:

Chemosensory analysis126, 130

As some (pairs of) neurons where Ce-NCS-1 is expressed are known to be involved in the
chemotaxis (attraction) to soluble compounds (‘taste’) such as CAMP, biotin, Cl-, Nat+ (ASE,
ADF, ASG neurons), in chemotaxis to volatile compounds (‘olfaction’) such as alcohols,
ketones (AWC neurons:. benzaldehyde, butanone, isoamyl alcohol; AWA neurons: diacetyl, pyrazine, 2,4,5-
trimethylthiazole), in avoidance to volatile compounds (AWB neurons: e.g. octanol, nonanone, high
conc. of benzaldehyde) and in detection of a pheromone inducing dauer larva formation (ADF,
ASG neurons, see below ‘Egg laying, defecation, dauer formation analysis’). The ncs-1
knock-out mutant is tested for “defects’ in chemosensation.

C. elegans is sensitive to numerous environmental chemical stimuli (both water soluble and
volatile compounds): e.g. it can chemotax to attractive compounds (mainly chemicals
produced by bacteria, its food source), avoid noxious compounds. Animals exposed to high
concentration of an attractant odorant slowly lose their sensitivity to that odorant over a few
hours, showing odorant-specific adaptation (see ‘Introduction’). Therefore ncs-1 knock-out
mutant is currently analyzed (in our laboratory) for defect in sensitivity and adaptation to
several chemicals attractant.

Moreover, this mutant will also be analyzed for defect in associative learning related to
chemosensation (see * Introduction’ and * Conclusions and prospects’).

Basic Chemosensory Assays

Accumulation assay

The standard chemotaxis assay measures the ability of C. elegans to track to the point source
of a chemical gradient on an agar plate. Chemotaxis of populations is measured by
determining the proportion of worms at the attractant source (over time) relative to all worms,
giving a chemotaxis index. C. elegans adapts to an attractant after prolonged exposure (see
‘Introduction’ and below), so the steady-state number of worms at an attractant will reflect
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both attraction and adaptation processes. To minimize the effect of adaptation, an anesthetic
can be used to capture animals at the attractant area.

Chemotaxis of individual worms can be measured by watching the tracks that they leave on
the agar plate in the chemical gradient. Time needed for proper orientation in the gradient,
threshold sensitivity for the attractant (minimum concentration start position in the chemical
gradient), speed toward the attractant can be measured. The ncs-1 knock-out mutant is
currently compared to wt regarding these behaviors.

Adaptation

Following continuous exposure for varying amounts of time, the worms' attraction to the
adapting odorant can be measured (chemotaxis index) in standard accumulation chemotaxis
assay. The extend of adaptation was dependent on the adapting odorant, the time of exposure
to that odorant, and to the amount of odorant to which the worms were exposed. The ncs-1
knock-out mutant is currently compared to wt regarding odorant adaptation (kinetic, amount,
selectivity).

Results (preliminary, data not shown):

The mutant react (chemotax) to isoamyl alcohol and benzaldehyde both sensed by the
AWC pair of neurons indicating that these AWC neurons are (likely) still present and
functional. We can conclude that Ce-NCS-1 expression is probably not required for the
proper development of AWC neurons and not required for ‘basic’ sensory abilities
(consistent with the putative fine-tuning/ modulatory function of NCS proteins).
Treshold sensitivity and adaptation to benzaldehyde and isoamyl alcohol together with
chemotaxis to soluble compounds are currently tested.

Egg laying, defecation, dauer formation analysis14s. 146

As Ce-NCS-1 is strongly expressed in the neuron ASE neuron, know to play a role in the
control of egg layingl26 and as Ce-NCS-1 is aso found in vulva muscles, the egg laying
behavior of the ncs-1 knock-out mutant is analyzed.

The uterine and the vulva muscles contract to expel the (fertilized) eggs produced by the
hermaphrodite. Environmental stimuli can affect the rate of egg laying. Hermaphrodites lay
more eggs in the presence than in the absence of food (bacteria), probably via sensory neuron
ASE connected to the egg-laying neuronal circuitry. ncs-1 knock-out mutant is analyzed for
defect in these phenomena (egg laying frequency, sensitivity to food, etc...).

As Ce-NCS-1 is expressed in the anal depressor muscle needed to open the anal canal
(involved in defecation expulsion step).The defecation behavior of the ncs-1 knock-out
mutant is analyzed.

When assayed at temperatures from 19°C to 30°C in the presence of plentiful food, defecation
occurs every 45 seconds (standard deviation < 3sec. at 20°C). In the hermaphrodite, defecation
is carried out by 3 distinct motor steps (forming the defecation motor program; DMP):
posterior body muscle contraction (pBoc), anterior body muscle contraction (aBoc), and
expulsion muscle contraction (Exp or EMC). ncs-1 knock-out mutant is analyzed for defect in
defecation frequency, volume, and defecation muscle excitation.

As Ce-NCS-1 is expressed in the neurons ADF and ASG know to play arole in the control of
dauer larva formation the dauer formation ‘behavior’ of the ncs-1 knock-out mutant is analyzed.

Dauer larva is an dternative, stress-resistant arrested developmental stage (starting after L2
molt) assumed in ‘hard times', specialized for dispersa and long-term survival. Dauer larva
are capable of active movement but do not feed. They can survive at least four to eight times
the normal 2-week life span of C. elegans. They are relatively thin and dense compared to
other larval stages. When growth conditions improve the dauer larva will recover, molt, and
resume the life cycle at L4 stage. The dauer larva formation is induced by increased
population density and limited food supply via sensory cue integrating presence of food,
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temperature, and a dauer inducing pheromone. The concentration of this pheromone,
constitutively released by the worms, reflects nematode population density. The ratio of
pheromone to food signal influence dauer larva formation (and recovery). Temperature
modulates the response to the food/pheromone balance, with higher growth temperatures
favoring the dauer state. The ‘decision’ whether or not to enter the dauer state is made during
the L1 and L2 stages assessing the aforementioned environmental cues. ncs-1 knock-out
mutant is analyzed for defect in this process (dauer formation/recovery, sensitivity to dauer
pheromone, food and temperature).

Basically, we observe that ncs-1 knock-out mutants lay eggs. Therefore Ce-NCS-1 expression
is not required for the proper development of vulva muscles (in which it should be expressed
normally) nor for ‘basic’ vulva contraction.

These analysis (egg laying, defecation, dauer formation) of ncs-1 knock-out mutant are
currently performed for us by Dr. James H. Thomas (department of Genetics, University of
Washington, Seattle, USA) an expert of C. elegans egg laying, defecation, and dauer larva
formation.

Thermotaxis analysis126, 129

As the neuron AFD and AlY, where Ce-NCS-1 are expressed, are known to be involved in
thermotaxis'44 (only 3 pairs of neurons are involved in thermotaxis. AFD, AlY, AlZ), the
thermosensory behavior of the ncs-1 knock-out mutant is analyzed.

When wt worms are grown at a temperature from 16° to 25°C (in presence of food) and placed
on athermal gradient (without food), they will migrate to their growth temperature and then
move isothermally. Behavioral adaptation to a new temperature takes several hours (worms
shifted from one temperature to another shift their preference to the new temperature over
~4hours). In contrast, starved worms disperse from the growth temperature. ncs-1 knock-out
mutant was analyzed for defect in these phenomena.

This thermotaxis analysis of ncs-1 knock-out mutant was performed for us in the group of Dr.
Yasumi Ohshima (department of Biology, Kyushu University, Hakozaki, Japan) by Dr. Ikue Mori.

Results

The thermotaxis of ncs-1 knock-out mutant to its cultivation temperature is abnormal. The
mutant does not “remember” its growth temperature or does not sense temperature (this
should be checked), as it does not move isothermally in aradial gradient (seefig. 31).

wt ncs-1 KO

!

ey

isothermal moves atactic mutant

Fig. 31. Tracks of worms (wt and ncs-1 ko mutant) grown at 20°c in a radial temperature gradient (center:
17°c — border: 25°c)

Experimental procedure
Done by Ikue Mori in the Yasumi Ohshima laboratory. As described in article 144
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Conclusion and prospects

Conclusion

In the present study, | have characterized a C. elegans Ca’* binding protein, C. elegans
Neuronal Calcium Sensor-1 (Ce-NCS-1), member of the recoverin/neuronal calcium
sensor-family (NCS-family), highly related to NCS-1 sequences®# found from yeast to
mammals. Ce-NCS-1 belong to the NCS-1 sub-family that is formed by highly
conserved species equivalents (orthologues) found in chick/rat/mouse (NCS-1) in
Xenopus (Xfreq), C. elegans (Ce-NCS-1), Yeasts (Sc-NCS-1, Sp-NCS-1) showing more
than 60% of amino acid identity between them (see ‘Introduction’). NCS-1 is the only
protein from the recoverin/NCS-family that has a homologue in yeast. It represents
therefore the most conserved ‘member’ of this family.

To estimate the degree of gene diversity in the C. elegans NCS family, | looked for other C.
elegans NCS. | characterized a unique protein related to the NCS family that was named Ce-
NCS-2. This protein represents the most divergent protein of the NCS family since it shares 45%
of identity with Ce-NCS-1 and only 37-49% of identity with other members of the NCS family
being likely a nematode specific NCS. By my cDNA screenings | didn't find any additional
NCS. These results, together with genomic Southern blot data indicate that Ce-NCS-1 is
probably the only NCS-1 like protein in the C. elegans.

Ce-NCS-1 is a C. elegans Ca®* binding protein as purified recombinant Ce-NCS-1 can bind
Ca’* in *Caoverlay assay.

Purified recombinant Ce-NCS-1 (as well as Ce-NCS-2) was shown in vitro to inhibit
rhodopsin phosphorylation in a Ca?* dependent way94 like recoverin by inhibiting in a Ca®*
dependent way rhodopsin kinase, the enzyme needed to phosphorylate activated rhodopsin. By
extension these results indicate that Ce-NCS-1 like other non-retinal NCS, could regulate
rhodopsin kinase, although is not its natural target, suggesting that other receptor kinase may
be endogenous targets. Therefore Ce-NCS-1 could play a potential role in the calcium-
sensitive phosphorylation of components of the signal transduction machinery (leading to
adaptation or desensitization).

Purified recombinant Ce-NCS-1 was also shown in vitro to directly activates 3':5" - cyclic
nucleotide phosphodiesterase (see ‘Activation of 3:5 - cyclic nucleotide
phosphodiesterase’), a well known target of calmodulin, acting like chick/rat NCS-1 which
can, in some cases, replace CaM or potentiate CaM effects!06.

Together these in vitro data suggest that Ce-NCS-1, and by extension other NCS-1 proteins,
may have multiple targets, being multifunctional (like CaM) modulators. Potential targets of
(Ce)-NCS-1 are: pumps/channels, G-proteins coupled-receptor kinases, calmodulin target
enzymes. Nevertheless the real in-vivo targets and the exact physiological function of NCS-1
proteins remain unknown.

In the hermaphrodite C. elegans, Ce-NCS-1 is expressed in dl larva stages and adults (expression
in embryos and males has not been examined). Ce-NCS-1 is expressed in some neurons (mainly
sensory neurons, but also inter-neurons and in a motor-neuron) and in few muscles. Among
the total 302 C. elegans neurons (in the hermaphrodite), 26 (13 pairs of bilateral symmetric
neurons) express Ce-NCS-1: 10 pairs of sensory neurons, 2 pairs of inter-neurons, and a single
pair of motor-neuron (seetable 5).

In neurons, Ce-NCS-1 is preferentially localized in both axons and dendrites (neurites),
being almost excluded from cell bodies. This subcellular localization indicates that Ce-
NCS-1 can be found both pre- and post-synaptically and that it is probably associated
with plasma membrane (or some cytoskeleton components).
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The homozygous ncs-1 knock-out mutant is viable, fertile and looks healthy. As Ce-
NCS-1 is expressed in the ana depressor muscle and vulva muscles together with some
sensory neurons known to be involved in chemotaxis to volatile odorants, chemotaxis to
soluble compounds, volatile avoidance, thermotaxis, egg laying regulation, and dauer larva
formation control (see table 5) the ncs-1 knock-out mutant is currently tested for
chemo/thermo-taxis defects and for dauer formation, egg-laying and defecation defects.

ncs-1 knock-out mutants can till lay eggs and sense the volatile odorants isoamyl alcohol and
benzaldehyde. Therefore it seems that Ce-NCS-1 expression is not required for ‘basic’
sensory or motor abilities nor for the proper development of cells expressing it.

Ce-NCS-1 is highly related to Drosophila Frequenin (see ‘Introduction’), which has been
shown, in the fly neuromuscular junction, to increase the neurotransmitter release in response
to repetitive stimulation, enhancing neuron excitability. Apparently, frequenin functions as a
Ca?* sensor that is involved in facilitation of the neurotransmitter release. Frequenin seems
to modulate excitation-secretion coupling and thus enhance the sensitivity of the synapse to
an incoming stimulus. Electrophysiological data suggest a possible modulation of the
Na'/Ca?* exchange by the Ca?*-frequeninl12 through an increase in internal Na' concentration
at the release site reducing (locally) Na* gradient and therefore Na'/Ca®* exchange. The
modulation of this exchange is probably mediated via the inhibition of Na" pumps and/or
Na'/Ca?* exchanger (and/or the modulation of other pumps/channels). Moreover, rat/chick
NCS-1 has been shown to partialy restore the wild-type behavior in calmodulin-defective
cam’ Paramecium mutants96. These cam' mutants have lost their Ca?*-dependent K* current
as their mutated calmodulin can not activate aK™ channel anymore. The (partial) restoration of
wt behavior in these mutants by NCS-1 indicates that there is probably an interaction of NCS-
1 with this K* channels. Together these data are clues for a possible interaction of NCS-1
proteins with channels.

Recoverin, an other member of the NCS family, is known, in mammal eyes, to regulates the
light sensitivity of photoreceptors, adjusting it to light conditions.

By extenson Ce-NCS-1 may play similar roles in C. elegans. Celular and subcellular
localization of Ce-NCS-1 in neurons indicates that it is not restricted to presynaptic terminal and
axons where it could modulate neurotransmitter release like frequenin, but is aso presentsin the
postsynaptic dendrites where it could modulate cell sensitivity like recoverin.

Our working hypothesis is the following: in some neurons and some muscles Ce-NCS-1 is
involved in the modulation of cell excitability/sensitivity in function of stimuli
intensity/frequency likely by modulating, in a Ca®* dependent way, channels/pumps and/or the
phosphorylation of signa transduction machinery components. It may therefore play a role in
behavioral plasticity (adaptation, learning). We are expecting to see, in the knock-out mutant,
sensory sensitivity/plasticity defects together with muscle excitability defects.

We observed that the ncs-1 knock-out mutant show abnormal thermotaxis. The mutant
does not “remember” its growth temperature (or does not sense temperature). This result
may indicate that Ce-NCS-1 is involved in some memory processes.

The in vivo functional role of NCS-1 proteins is still elusive. The presented studies shed
light on possible functions of C. elegans NCS-1. The currently undertaken analysis of the
ncs-1 knock-out C. elegans mutant that | have generated may give insight into the function
of Ce-NCS-1 in the C. elegans nervous/muscular system, and by extension into the function
of the highly conserved NCS-1 sub-family of neuronal calcium sensors.
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Results summary

Ce-NCS-1 is a C. elegans Ca** binding protein highly related to other NCS-1
proteins

Ce-NCS-1 seems to be the only C. elegans NCS-1 sequence.

Ce-NCS-2 was the only other NCS sequence found in C. elegans.

In vitro, Ce-NCS-1 can inhibit rhodopsin phosphorylation in a Ca®* dependent way.
In vitro, Ce-NCS-1 can directly activate 3":5’ - cyclic nucleotide PDE.

In the hermaphrodite, Ce-NCS-1 is expressed in all larva stages and adults

(expression in embryos and males has not been examined)

Ce-NCS-1 is expressed in certain ‘excitable’ cells including:

Different types of neurons:

- 10 pairs of sensory neurons:
involved in chemotaxis to volatile odorants, chemotaxis to soluble
compounds, volatile avoidance, thermotaxis, egg laying regulation, and
dauer larva formation control.

- 2 pairs of inter-neurons

- 1 pair of motor-neurons

Muscles:

- Vulva muscles

- Anal depressor muscle

- pm1l pharyngeal muscle cell

In neurons, Ce-NCS-1 is find both in axons (pre-synaptically) and dendrites
(post-synaptically) but is significantly excluded from cell bodies.

Ce-NCS-1 is probably associated with membranes (or with some cytoskeleton
components).

ncs-1 knock-out mutant is viable, fertile, can move, and looks healthy.

Ce-NCS-1 seems not to be required for ‘basic’ sensory or motor abilities nor
for the proper development of cells expressing it, but should be rather
implicated in the modulation, the fine-tuning of such sensory/motor processes.

Ce-NCS-1 is possibly involved in the modulation of cell
excitability/sensitivity and plasticity (likely by modulating, in a Ca®* dependent
way, channels/pumps and/or the phosphorylation of signal transduction machinery
components).

The phenotype of ncs-1 knock-out mutant is currently analyzed. We are
expecting to detect, in this knock-out mutant, sensory sensitivity/plasticity defects
together with muscle excitability defects.

The ncs-1 knock-out mutant show abnormal thermotaxis. The mutant does
not “remember” its growth temperature (or does not sense temperature).
This result may indicate that Ce-NCS-1 is involved in some memory
processes.
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Prospects

C. elegans provides an opportunity to examine behaviors at a number of levels. Because the
nervous system is so compact and well-described, the contributions of individual neurons to
complex behavior such as chemo/thermo -taxis, egg laying, dauer formation can be studied in
detail. Even the contribution of individual genes to such behaviors are analyzable. C. elegans
represent a very attractive system to study the function of NCS-1 proteins. The putative * subtle
sensory defects of the ncs-1 knock-out mutant that | have generated might represent a special
opportunity to gain new insights into the function of the NCS-1 proteins.

In addition to the requisite (currently undertaken) analysis of the ncs-1 knock-out
mutant phenotype:

Analysis of the ncs-1 knock-out mutant phenotype (still in progress...)

See above (‘Results, ‘Analysis of ncs-1 knock-out mutant phenotype’).

Testing chemosensory associative memory

To seeif other (than thermosensory) “memory” related phenomena are affected by the ncs-
1 mutation, we could try to test associative memory related to chemosensation (e.g.
conditioning with an attractive odorant associated to a noxious stimuli, leading to repulsion
toward this odorant). We must note that this kind of chemosensory associative memory is
still under controversy and that reliable tests are not yet published.

Rescuing of the ce-ncsl -/- mutant phenotype

To prove that the observed ncs-1 knock-out mutant phenotype is due to the knock-out of
ncs-1 gene and not to other unrelated mutation in the starting strain, we will have to rescue
the mutant with the ncs-1 wt gene. The wt behavior should be restored to prove that mutant
behavior was solely due to the knock-out of the ncs-1 gene. Transgenic ncs-1 knock-out
worms bearing awt ncs-1 gene copy should be made and analyzed for rescuing.

(In order to see if the different ncs-1 genes are really interchangeable, we can test the
rescuing of the ncs-1 knock-out mutant with ncs-1 genes from other species)

The results | have obtained serve as an excellent starting point for numerous investigations.
Below, | have listed some points which | believe should be the next stages in furthering our
knowledge on NCS protein using Ce-NCS-1 (and Ce-NCS-2) as model(s):

(list is neither exhaustive nor listed by order of priority)

Localization of Ce-NCS-1 in embryos and males

Ce-NCS-1 isexpressed in al larva stages and adult hermaphrodite. Localization of the protein
in embryos and in males has not been examined. It would be interesting to determine if thereis
any sexua dimorphism in Ce-NCS-1 expression (sex specific patterns), if some additional
male specific neurons (which probably detect pheromones during mating) express Ce-NCS-1
and, in embryos, at which stage the expression of Ce-NCS-1 starts.

Precise sub-cellular localization of Ce-NCS-1

It would be interesting determine if Ce-NCS-1 is localized in synaptic vesicles, in postsynaptic
densities, associated with membranes or freely diffusing in the cytoplasm using electron
microscopy. Moreover we could determine whether Ce-NCS-1 is myristoylated in vivo.

Ca’" binding properties of Ce-NCS-1

We could determine the Ca®* binding properties of Ce-NCS-1 (and Ce-NCS-2) such as
affinity, number of binding sites, cooperativity , kinetic.

Over expression of Ce-NCS-1

Like what was made in Drosophila with frequenin® (motor-neurons expressing excess
amount of frequenin exhibit enhanced synaptic transmission, leading to a shaker phenotype),
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we can generate transgenic worms overexpressing Ce-NCS-1 (bearing additional copies of
ncs-1 gene). Such mutant may show more severe defects than the loss of function knock-out
mutant.

Phenotypes of both ncs-1 over expressing and ncs-1 knock-out mutants might tell us more
about Ce-NCS-1 functions.

Targets of Ce-NCS-1
The further step toward the understanding of Ce-NCS-1 physiological function is to find its
target(s). This can be done using the two-hybrid screen system in yeast, that allows the direct
characterization of physically interacting partners for a protein of interest (in progress for
rat/chick NCS-1 which may have similar targets).
One can aso look for proteins co-localizing with Ce-NCS-1. These co-localizing proteins may
be targets/partners of our Ce-NCS-1.
In an other hand, purified recombinant Ce-NCS-1 can be directly used in in vitro and/or in
Vvivo reconstitution assays to see if it has any physiological effect. As Ce-NCS-1 may interact
with pumps/channels it can be added in recordings of reconstituted channels. For example the
C. elegans K" channel egl-36 (expressed in some neurons and muscles) is analyzed in Xenopus
oocytes (by the group of James H. Thomas) and may be a putative Ce-NCS-1 target. Purified
recombinant Ce-NCS-1 will be added in such recording to see if it modifies the
electrophysiological behavior of the channel (indicating a modulation of the channel properties
by Ce-NCS-1 and thereby an interaction of Ce-NCS-1 with that channel).
Obviously the phenotype of the ncs-1 knock-out mutant might give us clues about in vivo
function of Ce-NCS-1 and therefore about possible Ce-NCS-1 targets.
Among potential candidates, true direct targets should:

- At least partially co-localize with Ce-NCS-1.

- Have their activity/properties modified by Ce-NCS-1 (for enzymes and channel s/pumps).

- Show interaction with Ce-NCS-1 in two hybrid assay.

In vitro assays have shown that purified recombinant Ce-NCS-1 can inhibit rhodopsin
phosphorylation?4 in a Ca®* dependent way, probably like recoverin, by inhibiting rhodopsin
kinase and also can directly activates purified 3':5 - cyclic nucleotide phosphodiesterase
(like chick/rat NCS-1106), These results indicate that there is an in vitro interaction of Ce-
NCS-1 with both rhodopsin kinase and PDE. What about in vivo? Obviousy frog
photoreceptor rhodopsin kinase is not Ce-NCS-1 natural target nor bovine brain PDE, but
particular C. elegans receptor kinase/ PDE may be proprietary targets. Anyway in vitro
interactions may not be relevant of true in vivo mechanisms and should be confirmed with the
aforementioned criteria.

In vivo analysis of mutated Ce-NCS-1

If there is a clear phenotype for the ncs-1 knock-out mutant, mutated forms of Ce-NCS-1
protein could be expressed in this knock-out mutant (generation of transgenic ncs-1 knock-out
worms bearing mutated ncs-1 genes, analysis of the phenotype) to determine which part of the
protein is essential for a particular function. For example Ce-NCS-1 Ca®* binding sites could
be inactivated to see, in vivo, if there is ‘Ce-NCS-1 core’ dependent but Ca?* independent
functions of Ce-NCS-1.

Analysis of Ce-NCS-2

It would be also interesting to determine Ce-NCS-2 function athough it seems to be a C.
elegans specific NCS with no closely related sequences in other species. This protein seems to
be expressed both in many neurons and in the gonads (preliminary, data not shown).

The same kind of analysis as with Ce-NCS-1 could be undertaken: analysis of the expression,
generation of a knock-out mutant, overexpression of Ce-NCS-2, characterization of its targets.
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Résumé en francais

But de ce travall

Dans notre laboratoire, nous avons pu isoler, chez le poulet, un membre de la famille des senseur
de cacium neuronaux, jusqu'aors inconnu («neurona calcium sensor » NCS, voir
«Introduction ») qui fut nommé NCS-1. Par la suite, j'a caractérisé I’homologue de NCS-1
chez le rat qui Sest révélé avoir une séguence absolument identique au niveau des acides
aminés. Comme NCS-1 apparaissait étre trés conservé au cours de I’ évolution, et comme nous
cherchions un organisme modéle smple pour analyser la fonction de NCS-1, nous avons dors
décidé d' utiliser le nématode Caenorhabditis elegans (C. elegans) pour I’ étude de cette protéine.
Le C. elegans est un excellent organisme modéle pour la neurobiologie. Il possede environ
300 neurones sur un total de 1000 cellules (somatiques). Le C. elegans répond a une grande
variété de stimulus externes et peut modifier son comportement d’ apres son expérience. Le C.
elegans sera bientdt le premier organisme multicellulaire dont le génome soit entierement
séquencé. Cet organisme est auss particuliérement adapté pour |'analyse génétique, il
représente donc un systéme tres attractif pour éudier la fonctions de genes codant pour des
protéines comme NCS-1.

Par conséquent mes objectifs (principaux) étaient :
De caractériser un homologue de NCS-1 dans le nématode C. elegans.
D’ étudier sa distribution cellulaire.
De générer et d analyser le phénotype de C. elegans mutants avec le gene ncs-1 inactiveé.

Ces résultats ains que ma participation a dautres projets ont conduit aux publications
suivantes :

1. Nef S, Fiumelli H, De Castro E, Raes M-B, Nef P (1995). “Identification of a neuronal
calcium sensor (NCS-1) possibly involved in the regulation of receptor
phosphorylation.” J. Recept. Res. 15(1-4), 365-378. (1995)

2. De Castro E, Nef S, Fiumelli H, Lenz SE, Kawamura S, Nef P (1995). “Regulation of
rhodopsin phosphorylation by a family of neuronal calcium sensors.” Biochem.
Biophys. Res. Commun. 216:133-140. (1995)

3. Nef S, Allaman 1., Fiumeli H., De Castro E., Nef P. (1996). “Olfaction in birds:
differential embryonic expression of nine putative odorant receptor genes in the
avian olfactory system.” Mechanisms of Development 55:65-77. (1996)

4. Schaad N., De Castro E., Nef S, Hegi S., Hinrichsen R., Martone M., Ellisman M., Sikkink R.,
Rusnak F., Sygush J., Nef P. “Direct modulation of calmodulin targets by the neuronal
calcium sensor NCS-1.” Proc. Natl. Acad. Sci. USA 93:9253-9258. (1996)

5. De Castro E., Nef P. Characterization and analysis of Caenorhabditis elegans Neuronal
Calcium Sensor-1. In preparation.
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Introduction

Les cellules eucaryotes maintiennent dans leur cytosole une concentration de Ca®* libre trés
faible (10-100nM). Le Ca?* extracellulaire est lui beaucoup plus devé (ImM), ce gradient est
maintenu grace a un mécanisme d homéostasie (principalement via diverses pompes). Lors
d'une stimulation par des hormones, des neurotransmetteurs, des photons, des odeurs ou une
activité éectrique, le taux de Ca?* intracellulaire peut rapidement augmenter (il peut séever
jusqu'a quelques M), soit via le relachement de calcium depuis des réservoirs de Ca®*
intracellulaire, soit via I’entrée de Ca®* depuis I’ extérieur & travers la membrane plasmique
(par I’ ouverture de canaux calciques). Le calcium une fois dans le cytosole, fonctionne comme
messager second qui peut réguler, par exemple, la contraction musculaire, la sécrétion, le cycle
celulaire, ladifférentiation, I'apoptose, la plasticité neuronae, la transcription, etc. ..

Dans la plupart des cas, I'action du Ca®* dépend de son interaction avec certaines protéines
liant le Ca®* (« calcium binding protein » ; CBP). Ces protéines médiant I’ effet du calcium
sont des senseurs de calcium (comme la camoduline, la recoverine) qui peuvent altérer la
fonction de protéines cibles en réponse & un changement de la concentration de Ca*
libre, transmettant le message calcique. |l existe aussi des CBP nommeées tampons qui ne font
que tamponner la concentration du Ca®* libre et qui n’interagissent pas avec une cible (de
maniere calcium dépendante).

Remarquablement, la liaison du Ca2* sur un senseur de calcium induit généralement chez celui-ci,
un changement de conformation, qui provoque I’ exposition de surfaces hydrophobes, permettant
I"interaction avec des cibles (qui sont dans le cas de la camoduline, par exemple des kinases,
phosphatases, des canaux, la synthéase d oxyde nitrique). Les tampons eux ne montrent
habituellement pas de changement de conformation lors de laliaison du Ca**.

Un large groupe de protéines liant le calcium possede des motifs main-EF (« EF-hand »)
comme domaines de liaisons au Ca* (il faut noter qu'il existe aussi d’ autres motifs de liaison
au Ca*, par exemple les motifs annexines et C2) formant la super-famille de protéines liant le
cacium a man-EF (« EF-Hand CBP») . Le motif main-EF est un domaine canonique
d’environ 30 acides aminés arrangé en une boucle liant le Ca*, entourée de deux hélices
presque perpendiculaires. Le Ca®* est i, dans la boucle par 7 ligands oxygéne fournis, pour 5
d entre eux, par des chaines latérales acides (ou alcool), pour un, par un groupe carbonyle du
squelette peptidique, et pour un autre, par une molécule d’'eau; le tout formant une
coordination bipyramidale-pentagonale. Les motifs EF se trouvent presque toujours
intimement liées en pairs formant un domaine tandem globulaire (ou les domaines EF
individuels sont plus stable que lorsgu’ils ne sont pas appariés). Actuellement la super famille
des « EF-Hand CBP » peut étre divisée en 39 sous-familles, et inclut plus de 250 protéines.

La famille des senseurs de calcium neuronaux NCS

Récemment, des protéines formant une famille, jusqu’'aors inconnue, de senseurs de
calcium neuronaux ont été caractérisées. Cette branche émergante dans la superfamille des
protéines a main-EF est nommée famille des «neuronal calcium sensors» (NCS) (senseurs
de calcium neuronaux) ou aussi famille recoverine/vilip (d'aprés le nom des premiéres
séguences caractérisées).
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Les membres de cette famille NCS montrent un haut degré d’homologie entre eux avec 36 a
100% d’identité au niveau des acides aminées. Ce sont tous des protéines d’ environ 200 acides
aminés (avec un poids moléculaire de 22-24kD), acides (avec un point iso-éléctrique entre 4-
6). Elles possedent tout quatre main-EF potentielles, bien que fréquemment certaines d’ entre
elles semblent étre clairement dégénérées et ne peuvent probablement plus lier le Ca?".
D’aprés la similarité de leurs séquences ainsi que par des études phylogénétiques on peut
grouper ces protéines en différentes sous-familles/sous-groupes (voir figure 7).

Un de ces groupes est formé par les NCS spécifiques a la rétine (exprimée dans la rétine des
vertébrés) comme larecoverine, lavisinine et la S-moduline.

Un autre groupe comprend les protéines de type NCS-1 (principalement étudié par notre
laboratoire) incluant des sequences hautements homologues (voire figure 10) isolées chez le
rat, la souris, le poulet (NCS-1 rat/sourig/poulet, les 3 totalement identiques), jusqu’a,
étonnamment, la levure, en passant par le nématode Caenorhabditis elegans (Ce-NCS-1,
I’ objet de cette thése) et la drosophile (fréquenine). Ces protéines semblent étre les différentes
versions d’ une méme protéine dans différentes espéces (des orthologues).

D’autres NCS comme Vilipl,2,3 de rat/poulet, I’ hippocalcine de rat/humaine, la neurocalcine
bovine ont été groupées formant la sous-famille neurocalcine/vilip.

Le membre le plus divergent de cette famille est pour I'instant Ce-NCS-2 chez le
Caenorhabditis elegans, formant a lui tout seul une nouvelle branche dans I'arbre
phylogénétique des NCS (et qui représente peut-étre une ségquence spécifique au nématodes).

Le r6le physiologique précis de la majorité de ces NCS est inconnu, excepté pour les NCS
rétinales qui sont impliquées dans la modulation de la sensibilité alalumiére, ainsi que pour la
fréguenine, une NCS-1 de Drosophila qui est connue pour moduler le relachement de
neurotransmetteur a lajonction neuro-musculaire.

Modulation de la sensibilité a la lumiére par les NCS rétinales

La visinine (de poulet), la recoverine (boeuf/rat/humain), la S-moduline (de grenouille), ont
€té les premiers membres de la famille NCS a étre caractérisés. Ces protéines (probablement)
orthologues sont exprimées dans les photorécepteurs. Des expériences aussi bien in vitro que
in vivo ont montré que la recoverine ains que la S-moduline empéchent, a haut calcium, le
«quenching » du photorécepteur rhodopsine en inhibant sa phosphorylation. Ces NCS
rétinales agissent en inhibant la rhodopsine kinase (I’ enzyme phosphorylant la rhodopsine) a
haut calcium (voir figure 9). Par conséguent, ces protéines augmentent la sensibilité aux
photons dans la pénombre. Dans un tel cas, la stimulation des photorécepteurs est faible, leur
concentration en calcium est éevé (dans les photorécepteurs, a |I’opposé de pratiquement
toutes les autres cellules, le taux de Ca’* est élevé en absence de stimulation, et baisse
localement lors d'une stimulation), ce qui permet aux NCS rétinades d étre actives et
d’ empécher (de ralentir) la phosphorylation et donc I'inactivation de la rhodopsine photo
activée, prolongeant ains la durée de vie de la réponse aux photons. Avec une lumiére
ambiante plus forte, la concentration de Ca®* dans les photorecepteurs est (localement) plus
fable et ne permet plus aux NCS rétinades de ralentir I'inactivation de la rhodospine,
diminuant ainsi la sensibilité a la lumiere. Les NCS rétinales participent donc a I’ gjustement,
I’ adaptation de la sensibilité visuelle en fonction des conditions de lumiére.
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Régulation du relachement de neurotransmetteurs par la fréquenine

La fréquenine dans la mouche du vinaigre Drosophila est exprimée de maniére
prépondérante dans le systeme nerveux et apparait concentrée dans les régions synaptiques
particulierement a la jonction neuro-musculaire. La fréguenine partage 41% d'identité au
niveau des acides aminés avec la recoverine, et 72% avec NCS-1 de rat/souris/poulet (qui
semble étre son orthologue).

Les mouches surexprimant cette fréquenine montrent une augmentation de la facilitation
(accroissement de la réponse lors d'un stimulus répétitif) du relachement de
neurotransmetteurs a la jonction neuro-musculaire. Dans cette jonction neuro-musculaire, la
fréguenine augmente |’ excitabilité du termina présynaptique lors d'un stimulus répété qui pu
faire monter durablement la concentration (locale) de Ca?*. Des données électrophysiologiques
montrent qu'il y a une modulation de I’ échange Na'/Ca* par la fréquenine qui semble ralentir
I'évacuation du Ca’* des sites de relachements lorsque la concentration en Ca®* atteint un
certain niveau (lors d un stimulus répétitif) augmentant ainsi I’ excitabilité du terminal. Dans la
jonction neuro-musculaire la fréquenine participe donc a la facilitation du reléachement de
neurotransmetteurs, probablement en modulant certains canaux ou pompes impliqués dans
I'évacuation du Ca* terminal. Les cibles exactes de la fréquenine sont pour I'instant
inconnues ainsi que sa fonction dans le systéme nerveux central (SNC). Module-t-elle aussi le
rel&chement de neurotransmetteur dans le SNC? Quel réle joue-t-elle dans la post-synapse (ou
elle peut auss se trouver)? Les autres NCS-1 ont-elles des réles similaires?

Ensemble, ces données indiquent que des NCS peuvent étre impliquées dans la fine
modulation de la sensibilité et de I’ excitabilité de certains neurones.

Activitées in vitro et in vivo de NCS-1 (ratpoulet/souris)

Dans lerat, NCS-1 est largement distribuée dans le cerveau et |e systéme nerveux périphérique
et est particuliérement concentré dans larétine, le cervelet et I” hippocampe. Il peut étre trouve,
comme la fréguenine, dans des neurones moteurs. Dans les neurones NCS-1 semble étre
préferentiellement localisé dans les dendrites et les axones. NCS-1 peut donc se trouver a la
fois pré- et post- synaptiquement et pourait a la fois moduler I’ excitabilité de la pré-synapse
(comme la fréquenine) et la sensibilité de la post-synapse (comme la recoverine).

Il & éé montré que NCS-1 (ains que la plupart des NCS) in vitro peut inhiber la
phosphorylation de la rhodopsine, comme les NCS rétinales. Par extension, ces résultats
peuvent suggérer un role potentiel des protéines NCS dans la modulation Ca?* dépendante de
la phosphorylation de récepteurs (coupl é aux protéines G).

Nous avons aussi montré in vitro et in vivo que NCS-1 peut se substituer a ou potentialiser la
camoduline dans certain cas (il y a 21% d'identité au niveau des acides aminés entre NCS-1
et la camoduline).

Ces données indiquent que NCS-1 est probablement un modulateur multifonctionel qui
peut partager certaines cibles avec la calmoduline mais possede aussi certainement ses
propres cibles. Comme NCS-1 est largement distribué dans le systeme nerveux, il exerce
sans doute différentes fonctions dans différentes régions/cellules. Etant I’ orthologue de la
fréguenine, NCS-1 doit vraisemblablement avoir des fonctions similaires. Néanmoins, les
réles physiologiques des protéines NCS-1 dans les différentes régions du cerveau restent
mal connus.
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Le nématode Caenorhabditis elegans

Le Caenorhabditis elegans (C. elegans) est un petit ver nématode (I’ adulte est d’ une longueur de
1mm) non parasitaire du sol, se nourrissant de bactéries. 1l y a deux sexes. les hermaphrodites
qui se reproduisent par auto-fertilisation, et les méles (gpparaissant spontanément a faible
fréquence) qui peuvent fertiliser les hermaphrodites (les hermaphrodites ne peuvent se fertiliser
entre eux). Les hermaphrodites pondent des oeufs. Le temps de génération (de I’ oeuf a |’ adulte)
du C. elegans est de 3 jours (dans des conditions de croissance optimales). La progéniture, apres
I’éclosion passe par 4 stades appelés larvaires L1 a L4 (bien qu'il n'y ait pas de méamorphose).
Un hermaphrodite adulte est fertile durant environ 4 jours et peut apres encore vivre 10 a 15
jours. L’ espérance de vie totale du C. elegans est donc d’ environ 2-3 semaines.

L’ hermaphrodite adulte possede 959 noyaux somatiques (+ ~1000 cellule germinales), et le
male 1031. Lataille du génome de C. elegans est d’environ 100x10° nucléotides. 11 posséde 5
chromosomes autosomes (I-V) et un chromosome sexuel (X). Les hermaphrodite sont
diploides pour les 6 chromosomes (étant donc XX), les méles eux sont diploides pour les 5
autosomes mais n’ont qu’un seul X (haploide, X0). Les méles apparai ssent spontanément dans
les population d’hermaphrodites par non digonction du chromosome X lors de la méiose(on
observe ~1 méle sur 500 hermaphrodites).

Le C. elegans est un excellent organisme expérimental. Ces atouts sont sa simplicité
(anatomique, génétique, et comportementale), sont cycle de vie rapide, sa facilité de culture
dans le laboratoire, et son adaptation pour I’ analyse génétique. De plus, les C. elegans peuvent
étre stockés indéfiniment al’ état congelé.

Des mutants peuvent étre facilement générés par des agents mutagénes chimiques ou par
irradiation, permettant d’ effectuer des criblages génétiques classiques et aussi de faire de la
génétique inverse en sélectionnant (par PCR) des vers avec des délétions dans un géne
particulier. Les alléles récessifs peuvent étre exposés du fait de la reproduction par self-
fertilisation (chez |’hermaphrodite). Des vers transgéniques sont facilement obtenus en
injectant des constructions (ADN) dans les gonades des hermaphrodites.

D'autre part, il y a une profusion d'informations descriptives disponibles sur le C. elegans
comme le lignage cellulaire complet (les relations filiales de toutes les cellules durant le
développement), I’anatomie compléte a la résolution du microscope éectronique, la carte
physique entiere du génome, et bientdt la séquence compléte de son génome (le C. elegans
sera bient6t le premier organisme multicellulaire dont le génome soit entiérement ségquencé).
De plusle C. elegans montre une assez grande similarité génétique avec les mammiféres.

Le systéme nerveux du C. elegans (hermaphrodite) est composé de 302 neurones (sur un total
de 959 noyaux somatiques). Le « cablage » complet de son systéme nerveux est connul.

Le C. elegans peut se déplacer (en avant et en arriére, par des mouvements ondulatoires), faire
des mouvements exploratoires avec sa téte, manger, déféquer, pondre des oeufs et s accoupler.
Gréce a son systeme sensoriel, le C. elegans répond a une grande variété de stimuli externes
(toucher, température, lumiere, composé chimiques, pression osmotique) et peut modifier son
comportement d’ aprées de son expérience.

Le C. elegans représente donc un systeme trés attractif pour (entre autres) des études
génétiques et comportemental es en neurobiologie.
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Résultats et discussion

Clonage du cDNA de Ce-NCS-1 (Caenorhabditis elegans
Neuronal Calcium Sensor-1)

Afin de déterminer si des séquences de type Neuronal Calcium Sensor-1 existent dans le C.
elegans, j’a criblé une librairie de CADN de C. elegans en utilisant le CADN de NCS-1 de
poulet comme sonde. J ai pu isoler différents phages positifs contenant des insertions encodant
une protéine hautement similaire au poulet/rat NCS-1. Nous avons nommeé cette protéine
Caenorhabditis elegans Neuronal Calcium Sensor-1 (Ce-NCS-1). La séquence déduite en
acide aminés de Ce-NCS-1 possede 75% d'identité avec NCS-1 de rat/poulet et 65% avec
NCS-1 de lalevure S. pombe. Ensemble, ces résultats suggérent que ces protéines soient des
homologues d espéces (des orthologues). NCS-1 est la seule protéine NCS qui a un
homologue dans lalevure et est donc la séquence la plus conservée de la famille NCS.

Afin d’estimé le degrer de diversité génétiqgue des NCS dans le C. elegans, j'a criblé a
nouveau la librairie de CADN de C. elegans, cette fois a tres basse stringeance, en utilisant le
cADN de Ce-NCS-1 comme sonde. Jai isolé plusieurs phages positifs encodant ou pour Ce-
NCS-1 ou pour une unique nouvelle protéine appartenant a la famille NCS. Cette nouvelle
séquence a éé nommée Ce-NCS-2. Cette protéine montre seulement 45% d’identité au niveau
des acides aminés avec Ce-NCS-1 et 44 % avec NCS-1 de poulet/rat. Par ce criblage aucune
autre NCS n’'a éé trouvée dansle C. elegans.

Les protéines Ce-NCS-1 et Ce-NCS-2

Les deux protéines sont apparentées a la famille NCS. Ce-NCS-1 est hautement similaire a
NCS-1 de rat/poulet (avec 75% d'identité au niveau des acides aminés). Ce-NCS-2 est pour
I"instant la protéine la plus divergente de la famille NCS, partageant seulement de 37 a 49 %
d'identité (au niveau des acides aminés) avec les autres membres de la famille NCS. Ce-NCS-
2 ne possede pas d équivaents connus d' en d’ autres especes et est donc probablement une
NCS spécifique aux nématodes. Certaines caractéristiques des protéines Ce-NCS-1 et Ce-
NCS-2 sont montrées dans latable .

Analyse protéine Ce-NCS-1 | protéine Ce-NCS-2
Poids moléculaire 22023.50 21986.80

Longueur 191 190

1 microgramme = 45.406 pMoles 45.482 pMoles
Coefficient d’extinction | 19180 *5% 16860 +5%

molaire

1 unité dabsorbance a | 1.15 mg/ml 1.30 mg/ml

280nm {1 A(280)}=

Point Isoélectriqgue 5.02 5.00

Charge au pH 7 -6.59 -6.82

Table |. Caractéristiques (théorique, calculée) de Ce-NCS-1 et Ce-NCS-2.
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“Northern blots”

Afin de vérifier s ces 2 genes NCS sont réellement exprimé dans le C. elegans type sauvage
ainsi que pour comparer I’ abondance relative des deux messagers et connaitre leur taille, |’ ai
effectué des analyses ‘Northern blot’ sur de I’ ARN total de C. elegans en utilisant les cDNA
de mes deux NCS de C. elegans comme sondes.

Les résultats de ces expériences (voir figure 17) montrent que les deux genes sont exprimeés dans
le C. elegans type sauvage, que le messager pour Ce-NCS-2 semble plus abondant (que Ce-
NCS-1). La taille du messager RNA pour Ce-NCS-1 est d’environ 1 kilo-bases (kb), celui de
Ce-NCS-2 environ 1.4kb (ces tailles approximatives correspondant a lataille des CADN clonés).

Production et purification de Ce-NCS-1 et Ce-NCS-2

Jai surexprimmé dans la bactérie E. coli les protéines Ce-NCS-1 et Ce-NCS-2 en utilisant
la partie codante de leur cADN insérée dans un vecteur d’ expression inductible. Jai
purifié (voir figure 18) les protéines surexprimées grace a une colonne hydrophobe. Une
caractéristique commune des protéines modulatrices liant le calcium (comme la
calmoduline ou nos NCS-1) est que le Ca?* induit un changement de conformation
conduisant a |’ exposition de surfaces fortement hydrophobes (leur permettant d’interagir
avec des protéines cibles). Ces protéines peuvent donc étre retenues sur une colonne
hydrophobe (qui joueiici le rdle d’ une colonne d’ affinité) en présence de Ca?*, ed éluées en
supprimant le Ca?* libre (avec de I'EDTA).

Tests In VItro (avec les protéines recombinantes purifiées)

Phosphorylation de la rhodopsine

Il & été montré que Ce-NCS-1 ainsi que Ce-NCS-2 et la NCS vilipl peuvent, in vitro, inhiber
la phosphorylation de la rhodopsine (la protéine photoreceptrice des vertébrés) d' une facon
calcium dépendante. Par extension, ces résultats suggerent un role potentiel des NCS dans la
modulation (calcium dépendante) de la phosphorylation, et par la méme de I'inactivation, de
certains recepteurs.

Activation de la 3’ :5’ — phosphodiestérase de nucléotides cycliques

Nous avons observé, in vitro, que Ce-NCS-1 peut directement activer I'enzyme 3 :5° —
phosphodiestérase de nucléotides cycliques (PDE), une cible bien connue de la camoduline,
donnant une stimulation de I’ activité de 4.6x +1.5 (n=5, 1nM Ce-NCS-1, 100mM C&*) avec
un ECsp a environ 200nM (la calmoduline provoque une stimulation de 6 a 7 fois avec un ECs
a 1InM). Le méme effect a é&é montré avec NCS-1 de poulet/rat. |l semble donc que in vitro
Ce-NCS-1 peut remplacer la calmoduline dans I’ activation d’ au moins une de ses cibles.
Ensemble, ces résultats in vitro suggerent que Ce-NCS-1 (ainsi que ses orthologues) possede
différentes cibles, et est donc un modulateur multifonctionel. Néanmoins les véritables cibles
(in vivo) des proteines NCS-1 ainsi que leurs fonctions exactes restent mal connues.
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« Overlay » au **Ca

Afin de prouver que Ce-NCS-1 (et Ce-NCS-2) sont bien de vraies protéines pouvant lier le
calcium (« Calcium Binding Protein », CBP), j'ai effectué avec celles-ci un « assay » direct de
liagison au calcium. Il & été montré que la plupart des protéines liant le calcium apres un gel
SDS-PAGE et un transfert sur une membrane de nitrocellulose, peuvent garder leur capacité a
lier le calcium. En incubant la membrane avec du calcium radioactif (isotope 45) il est
possible de mettre en évidence les protéines liant le calcium par autoradiographie. Cette
technique est appelée : « overlay » au °Ca.

Ja effectué cet «overlay » sur Ce-NCS-1, Ce-NCS-2. L’autoradiographie montre un
signal alaposition de Ce-NCS-1 et Ce-NCS-2 démontrant que ces protéines peuvent lier le
calcium (voir figure 19). Ce-NCS-1 ainsi que Ce-NCS-2 sont des authentiques protéines de
C. elegans liant le calcium.

Production d’anticorps polyclonaux

Ja immunisé des lapins avec les protéines recombinantes Ce-NCS-1 et Ce-NCS-2 dfin
d obtenir des anticorps (polyclonaux) contre ces deux protéines. Ja immuno-purifié les
sérums de lapin contenant les anticorps spécifiques par chromatographie contre les antigénes
purs (les protéines recombinantes ellessmémes) puis testés les anticorps ainsi purifiés par
ELISA (« enzyme-linked-immuno-assay ») et par « western blot » (voir figure 20)

Avec les tests ELISA, on observe que le titre des anticorps purifiés est élevé (dilution donnant
la moitié de la réponse maximale: pour Ce-NCS-1 1:100000, pour Ce-NCS-2 1 :20000),
gu'ils sont sélectifs (I’anticorps anti-Ce-NCS-1 sur la protéine Ce-NCS-2 « réagit »
|égérement, seulement a une dilution de 1:100, il n'y a pas de « réaction » de |’ anticorps anti-
Ce-NCS-2 sur Ce-NCS-1). Sur les « western blots » on n’observe pas de réaction croisée des
anticorps avec les antigénes (I’anticorps anti-Ce-NCS-1 ne reconnait pas Ce-NCS-2 a la
dilution utilisé, et vice versa) méme avec les quantités élevées de protéines recombinantes
présente (1mgr). Les deux anticorps reconnaissent une bande de la bonne taille (~20kD) sur un
extrait total de protéines de C. elegans. Dans cet extrait total, Ce-NCS-1 semble étre moins
abondant que Ce-NCS-2, ceci correspondant avec les résultats obtenus dans les « northern
blots » ou le messager pour Ce-NCS-1 apparaissait moins abondant que celui pour Ce-NCS-2.

Immunolocalisation de Ce-NCS-1

Afin de mettre en évidence I’ expression de la protéine Ce-NCS-1 dans le C. elegans (in situ
localisation de la protéine) j'ai utilisé I'anticorps anti-Ce-NCS-1 pour immunolocaliser Ce-
NCS-1 en effectuant des expériences d'immunofluorescence (IF). Des C. elegans fixés et
perméabilisés ont été « marqués » avec |’ anticorps anti-Ce-NCS-1.

Par ces études (voir figure 21), Ce-NCS-1 apparait étre localisé (chez I’ hermaphrodite adulte)
dans des extensions neuronales caractéristiques de neurones sensoriels dans la téte et dans la
gueue ains que dans des extensions dans I’ anneau nerveux (entre les deux bulbes du pharynx)
et dans la corde (nerveuse) ventrale. Ce-NCS-1 est auss détecté dans certains muscles : dans
la cellule musculaire pharynguale pml, dans des muscles de la vulve, dans le muscle
dépresseur anal. L’expression de Ce-NCS-1 est aussi détectée a tous les stades larvaires.
L’ expression dans les embryons (oeufs) et dans les méles n’ a pas été examinée.
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Dans les neurones, la protéine est presque complétement absente des corps cellulaires et
semble donc étre localisée préférentiellement dans les neurites (axones et dendrites). Des
contréles avec un mutant n’exprimant plus Ce-NCS-1 (‘knock-out’ mutant, voir aprés) ne
montrent aucun signal en immunofluorescence indiquant que les marquages obtenus sont bien
spécifiques pour Ce-NCS-1. Comme les corps céllulaires (dans les neurones) ne sont pas
marqués il est difficile de déterminer précisément les cellules positives. Des vers transgéniques
portant une construction avec un gene reporter pour ncs-1, seront utilisés pour identifier
précisement les cellules exprimants Ce-NCS-1 (voir apres).

Clonage des genes ncs-1 et ncs-2

Ja isolé les génes ncs-1 et ncs-2 en criblant (a haute stringeance) une librairies
génomique de C. elegans en utilisant les cDNA pour Ce-NCS-1 et Ce-NCS-2 comme
sondes. J ai isolé plusieurs phages positifs avec de larges inserts contenant les genes ncs-1
et ncs-2 (voir figures 22, 23, 24).

Localisation chromosomique des génes ncs-1 and ncs-2

Ce-NCS-1 Ce-NCS-2
YAC positifs Y55B3 Y64B2, Y62E9
Cosmides positifs F53H8, C44C1 C09D5, K09B7, AC2
Localisation chromosomique X: -18.85 (entrelesgenesaex-3, unc-1) | |: 4.46 (entreles génestba-1, lin-11)

Table Il. Information sur la localisation chromosomique des génes ncs-1, ncs-2.

GFP comme marqueur de I’expression du gene ncs-1

Afin de localiser précisément les cellules ou le gene ncs-1 S exprime, j'ai utilisé le promoteur
de ncs-1 (un fragment de 3kb en amont de la séguence codante, supposé promoteur) pour
diriger I'expresson d'un gene reporteur GFP («green fluorescent protein»; protéine
fluoresceant en vert) dans des vers transgéniques (qui portent donc une construction ncs-1
« promoteur » : : GFP). En alignant la fluorescence GFP avec les images d interférence
différentielle Nomarski (mettant en évidence les noyaux), I’ expression peut étre assignée aux
cellules individuelles (car I’ anatomie compléte du C. elegans est connue au niveau cellulaire).
Dans les adultes (hermaphrodite) I’ expression de GFP (et par [améme I’ expression de ncs-1) a
€té observée dans 20 (10 paires bilatéralement symétriques [Gauche, Droite]) neurones
sensoriels (il y a 60 neurones sensoriels dans le C. elegans); comprenant des neurones
sensoriels de la téte (neurones «amphid » + BAG) : pares AWC, ASE, AWB, BAG
(expression forte), AWA, AFD, ADF, ASF (expression + faible, + rare); des neurones
sensoriels de la queue (neurones « phasmid ») : PHB (expression forte), PHA (expression +
faible, + rare); des inter-neurones: AVK (expression forte) et AlY (expression + faible, +
rare) et les neurones moteurs : RMG (expression faible). Il y auss expression dans la cellule
musculaire pharynguale pml. Avec le GFP on n’'observe pas de marquage dans le muscle
dépresseur anal (contrairement aux résultats obtenus en immunofluorescence) ni dans les
muscles de la vulve (bien qu’ un marquage tres faible soit observé dans certains vers, voir
figure 24j). L’ expression de GFP est observée auss a tout les stades larvaires. L’ expression
dans les méles ains que dans les embryons n’ a pas été examinée.
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Double marquage : GFP + IF

Afin de déterminer si il y a chevauchement des signaux obtenus avec le GFP et avec
I"anticorps (immunofluorescence ; IF) j’ai effectué des IF avec I’ anticorps anti-Ce-NCS-1
sur les vers transgéniques portant la construction GFP. Ces vers ont été marqués en
utilisant un anticorps secondaire couplé a la rhodamine donnant un signal rouge. La
superposition des signaux GFP en vert et IF en rouge montre qu’il y a chevauchement
complet (donnant un marquage jaune/orange) dans tout les extensions neuronales et dans la
cellule pharynguale pml (voir figure 27). Le marquage par I’anticorps est pratiquement
compl étement absent des corps cellulaires des neurones positifs, confirmant que Ce-NCS-1
est localisé de maniére prépondérante dans les axones et les dendrites (neurites) mais
exclue des corps cellulaires. Cette localisation préférentielle dans les axones et les dendrites
indique que Ce-NCS-1 peut-étre trouvé a la fois pré et post- synaptiquement et qu'il est
probablement associé a la membrane plasmatique. Le signal dans les muscles vulvaux et
dans le muscle dépresseur anal n’est observé qu’ avec I’ anticorps.

La région promotrice choisie dirige I'expression de GFP dans les bonnes cellules (excepté
pour les muscles anaux et vulvaux), donc Ce-NCS-1 est exprimé dans les cellules positives au
GFP susmentionnées.

Fonctions connue des cellules exprimant Ce-NCS-1

Certains neurones ou Ce-NCS-1 est exprimé sont connus pour ére impliquées dans la
chimiotaxie (attraction) vers des composés solubles (godit) comme I’ AMPc, labiotine, Cl", Na”
pour les neurones ASE, ADF, ASG ; dans la chimiotaxie vers des attractants volatiles (odorat)
comme le benzaldéhyde, I'isopamyl acohol, le butanone pour le neurone AWC; dans la
répulsion envers des composés volatiles comme I’ octanone, nonanone, le benzaldéhyde (a
forte concentration) pour les neurones AWB; dans la détection d’une phéromone induisant la
formation de la larve « dauer » (forme aternative de développement, tres résistante, pour la
survivance a long terme et la dispersion) comme les neurones ADF, ASG ; la thermotaxie
(attraction vers la température a laquelle les vers ont été cultivés) pour les neurones AFD. Le
neurone ASE semble aussi moduler la fréquence de la ponte des oeufs en fonction de
I’abondance de la nourriture (bactéries). De plus Ce-NCS-1 est aussi exprimé dans des
muscles de la vulve, nécessaire a I’expulsion (ponte) des oeufs ainsi que dans le muscle
dépresseur anal nécessaire a la défécation.

Isolation d’un mutant « knock-out » pour ncs-1

Afin de déterminé les processus physiologiques dans lesquelles Ce-NCS-1 est impliqué,
j’a isolé une lignée de C. elegans mutante avec le gene ncs-1 inactivé. Partant d’une
souche riche en transposons Tcl, une lignée avec un Tcl dans le géne ncs-1 a pu étre
isolée (‘criblage’ par PCR), puis, partant de cette lignée, j'al isolé (toujours par ‘criblage’
PCR) une lignée dérivée, possédant une délétion dans le géne ncs-1 résultant d’une
réparation impropre aprés un « saut » du transposon. La délétion enléve 4/5 du géene
(I"ATG initiateur compris). Il n'y a plus d expression de Ce-NCS-1 dans ce mutant
(homozygote) qui est donc un vrai « knock-out » .

Le mutant est viable, fertile et al’air en bonne santé. 11 répond au toucher et peut se déplacer.
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Analyse du phénotype du mutant ncs-1 « knock-out »

Sachant que certaines des cellules exprimant Ce-NCS-1 sont impliquées (voir avant) dans la
chimiosensation, la thermotaxie, le contréle de la formation de la larve « dauer », la ponte des
oeufs et la défécation; le mutant est actuellement testé pour des défauts dans ces
comportements.

Il a é&é montré que la fréguenine (I’ orthologue de NCS-1 dans la mouche), dans la jonction
neuro-musculaire de la Drosophila facilite le relachement de neurotransmetteur en réponse a
une stimulation répétitive, augmentant I’ excitabilité du neurone (probablement en modulant la
perméabilité de certains canaux/pompes). La recoverine, une autre NCS, est connue pour
moduler la sensibilité des photorécepteurs (dans les vertébrés), |’ ajustant aux conditions de
lumiére ambiante. Par extension, ces données suggérent que Ce-NCS-1 pourrait jouer un réle
similaire dans le C. elegans. Notre hypothése de travail est : dans certain neurones et muscles
(cellules excitables) Ce-NCS-1 est impliqué dans la modulation de I’ excitabilité (comme la
fréquenine) et la sensibilité (comme la recoverine) en fonction de la fréquence/ de I'intensité
du stimulus. Ce-NCS-1 pourrait donc aussi joué un réle dans la plasticité comportementale
(adaptation, apprentissage/mémoire).

Le mutant est actuellement analysé pour détecter des défauts dans la sensibilité/ la plasticité
sensorielle ains que dans la contraction musculaire.

Résultats:

Le mutant réagit aux odorants alcool isoamylique et benzaldéhyde, les deux, « sentis» par la
paire de neurones AWC, ceci indiquant que ces neurones AWC sont probablement toujours
présents et fonctionnels. On peut en déduire que Ce-NCS-1 n’est vraisemblablement pas
nécessaire au bon développement des neurones I’ exprimant (AWC, en tout cas) ni pour les
capacités sensorielles de base. La sensibilité « limite » ainsi que I’ adaptation a ces odorants est
actuellement testée.

Le mutant montre une thermotaxie (vers sa température de culture) anormale. Des vers
« sauvages » placés quelques heures a une température donnée (entre 16°c —25°c) en présence
de nourriture vont s adapter a cette température. Placé ensuite dans un gradient thermique (en
absence de nourriture), ils vont se souvenir de cette température, S'y diriger et y rester, faisant
des parcours « isothermaux ». Nous avons observé que le mutant ncs-1 « knock-out » ne se
« souviens » plus de sa température de culture (ou ne sent plus la température). Ce
résultat pourrait indiquer que Ce-NCS-1 est impliqué dans certain processus mémoriels.

Les étude présentées peuvent nous aider a déterminer les processus physiologiques dans
lesquels Ce-NCS-1 est impliqué et par la méme, a comprendre la (les) fonction(s) de cette
protéine dans le systéme nerveux et musculaire du C. elegans. Par extension, cela pourrait
aussi nous aider a comprendre la fonction de la sous-classe, si conservée dans I’ évolution, des
protéines NCS-1.
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Conclusion

Ce-NCS-1 est une protéine de C. elegans, liant le calcium, hautement similaire aux
autres protéines NCS-1
Ce-NCS-1 semble étre la seule séquence NCS-1 de C. elegans.
Ce-NCS-2 est la seule autre séguence de NCS trouvée dans le C. elegans.
In vitro, Ce-NCS-1 peut inhiber la phosphorylation de la rhodopsine d'une maniére
calcium dépendante
In vitro, Ce-NCS-1 peut directement activer la3':5 PDE de nucléotides cycliques.
Dans le C. elegans (hermaphrodite), Ce-NCS-1 est exprimé a tous les stades larvaires
et dans I’adulte (I'expression dans les embryons ains que dans les méles n'a pas été
examinée).
- Ce-NCS-1 est exprimé dans certaines cellules excitables, comprenant:
Différents types de neurones :
- 10 paires de neurones sensoriels
impliqués dans la chimiotaxie vers des odorants volatiles, la chimiotaxie
vers des composés solubles, la répulsion envers certains composées
chimiques, la thermotaxie, la modulation de la fréquence de ponte, le
contrdle de la formation de la larve « dauer ».
- 2 paires d’inter-neurones
- 1 paire de neurones moteurs
Des muscles :
- des muscles de lavulve
- le muscle dépresseur anal
- la cellule musculaire pharyngeal pml
Dans les neurones, Ce-NCS-1 est trouvé a la fois dans les axones (pre-
synaptiquement) et dans les dendrites (post-synaptiquement) mais est
significativement exclu des corps cellulaires.
Ce-NCS-1 est probablement associé ala membrane plasmatique (ou au cytosquel ette).
Le mutant « knock-out » pour ncs-1 est viable, fertile, peut se mouvoir et a I’air en
bonne « santé »
Ce-NCS-1 n’est pas nécessaire pour les capacités sensorielles ou motrices de base ni
pour le bon développement des cellules I’exprimant, mais doit étre probablement
impliqué dans la modulation et la plasticité de ces capacités.
Ce-NCS-1 est vraisemblablement impliqué dans la modulation de I’excitabilité et de la
sensibilité  cellulaire (modulant probablement, de maniere cadcium dépendante, des
canaux/pompes et/ou la phosphorylation de certains composants dans |a transduction de sSgnaux).
Le phénotype du mutant « knock-out » est actuellement analysé. Nous nous attendons a
détecter des défauts dans la sensihilité, la plasticité sensorielle ains que dans I’ excitabilité
de certains muscles.
Le mutant « knock-out» montre une thermotaxie anormale. Le mutant ne se
« souviens » plus de sa température de culture (ou ne sent plus la température). Ce
résultat pourrait indiquer gue Ce-NCS-1 est impliqué dans certain processus
meémoriels.
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