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Summary

The calcium sensor protein Caldendrin is an EF-hand protein with a high homology of
Calmodulin (CaM). Calneurons are two novel calcium binding proteins that apart from CaM
represent the closest homologues of Caldendrin in brain. Caldendrin and Calneuron-1 and -2
are abundantly expressed in neurons and retinal cells. Caldendrin is highly abundant in the
postsynaptic density (PSD) of a subset of excitatory synapses in brain whereas the cellular
localization of Calneurons is more resticted to the Golgi complex.

Previously it was shown that Caldendrin is a binding partner of Jacob. Strictly
depending upon activation of N-methyl-D-aspartat-type glutamate receptors (NMDARS)
Jacob is recruited to neuronal nuclei, resulting in a rapid stripping of synaptic contacts and in
a drastically altered morphology of the dendritic tree. The nuclear trafficking of Jacob from
distal dendrites crucially requires the classical Importin pathway. In this thesis it was shown
that Caldendrin controls the extra-nuclear localization of Jacob by calcium (Ca?")-
dependently competing with the binding of Importin-a to the nuclear localization signal
(NLS) of Jacob. The NLS of Jacob partially overlaps with an incomplete 1Q-motif — an
interaction domain for Caldendrin. Interaction of Caldendrin with Jacob is specific and
cannot be substituted by CaM. The Caldendrin-Jacob interaction requires sustained synapto-
dendritic Ca®*-levels, which presumably cannot be achieved by activation of extrasynaptic
NMDARs, but are confined to Ca**-microdomains such as postsynaptic spines.
Extrasynaptic NMDARs as opposed to their synaptic counterparts trigger the CREB shut-off
pathway and cell death. We found that nuclear knock down of Jacob prevents CREB shut-
off after extrasynaptic NMDARSs activation while its nuclear overexpression induces CREB
shut-off without NMDAR stimulation. This defines a novel mechanism of synapse-to-
nucleus communication via a synaptic Ca®*-sensor protein, which links the activity of
NMDARs to nuclear signaling events involved in modelling synapto-dendritic input and
NMDAR induced cellular degeneration.

In the second part of the thesis the characterization of a new subfamily of neuronal
calcium sensor (NCS) proteins — the Calneurons was provided. By virtue of their biophysical
properterties Calneurons are high affinity Ca** sensors that exhibit a relatively narrow
dynamic range of Ca®*-binding with respect to the resting Ca**-levels in neurons. In this
study we show that Calneuron-1 and -2 physically associate with Phosphatidylinositol 4-OH
kinase I11R (P1-4Kp), an enzyme involved in the regulated local synthesis of phospholipids
that are crucial for trans-Golgi network to plasma membrane trafficking. This interaction
causes the inhibition of the enzyme at resting and low Ca?* levels, and negatively interfere
with Golgi-to-plasma membrane trafficking. At high Ca?* levels this inhibition is released
via a preferential association of PI-4Kp with NCS-1 that competes for the binding site with
Calneurons. The opposing roles of Calneurons and NCS-1 provide a molecular switch to
decode local Ca?* transients at the Golgi and impose a Ca** threshold for PI-4Kp activity
and vesicle trafficking.



Zusammenfassung

Caldendrin ist ein Calcium-Bindungsprotein der EF-hand Familie mit groRer
Ahnlichkeit zu Calmodulin. Neben Calmodulin sind die Calneurone die nachst homologen
Proteine. Sowohl Caldendrin als auch Calneurone finden sich prominent in Neuronen des
Gehirns und der Retina. Biochemische Analysen zeigen, das Caldendrin eng mit dem
spezialisierten Zytoskelett der Postsynapse, der so genannten postsynaptischen Dichte
(PSD), assoziiert ist, wéhrend Calneurone am Golgi anreichern.

In der vorgelegten Arbeit wurde zundchst die Interaktion von Caldendrin mit seinem
synaptischen Bindungspartner Jacob néher charakterisiert. Auf der Beobachtung aufbauend
das Jacob ausschlieBlich nach Stimulation von N-Methyl-D-Aspartat (NMDA)-Rezeptors in
den Zellkern transloziert und die Anreicherung von Jacob im Zellkern zu deutlichen
Verénderungen in der Morphologie der Nervenzellen fuhrt, wurde der Jacob-Signalweg in
Neuronen genauer charakterisiert. Im Gegensatz zu Jacob findet sich Caldendrin vor allem
prominent im subsynaptischen Zytoskelett wo es iiber eine Ca**-abhéngige Bindung ein
nukledres Lokalisierungssignal (NLS) in Jacob maskiert. Die hierzu notwendigen Ca”'-
Konzentrationen werden vermutlich nur in dendritischen Spine-Synapsen unterhalb der
postsynaptischen Membran erreicht, so dass Caldendrin Jacob nur nach Aktivierung
synaptischer NMDA-Rezeptoren in der Synapse fixiert. Der Kerntransport von Jacob erfolgt
uber den klassischen Importin-Transportweg und erfordert das VVorhandensein des NLS in
Jacob. Die kompetitive Bindung von Caldendrin an Jacob ist spezifisch, Calmodulin kann
die mit dem NLS uberlappende 1Q-Doméne von Jacob nicht binden. Jacob ist im Zellkern
funktionell an den Transkriptionsfaktor CREB gekoppelt und spielt unter
pathophysiologischen Bedingungen eine prominente Rolle beim spaten neuronalen
Zelluntergang nach exzitotoxischer Schédigung. Da Jacob unter Bedingungen neuronaler
Erregung in den Zellkern wandert die auch die CREB-kontrollierte Genexpression
blockieren (in der Literatur als CREB shut-off pathway bezeichnet), wurde nachfolgend
untersucht welche Konsequenzen die Présenz von Jacob im Zellkern fur die Aktivierung von
CREB hat. Eine gezielte Uberexpression von Jacob im Zellkern hatte eine drastische
Abnahme von transkriptonell aktiven CREB unabhdngig von den eingesetzten
Stimulationsbedingungen zur Folge. Diese Beobachtung fiihrte zu der Hypothese, dass Jacob
Bestandteil des CREB ,shut-off pathways’ ist.

Im zweiten Teil der Arbeit wurde eine neue Subfamilie von neuronalen Calcium-
Sensor Proteinen, die so genannten Calneurone, identifiziert und charakterisiert. Calneurone
gehdren zur Calmodulin-Superfamilie und weisen hohe Ahnlichkeit zu dem synaptischen
Ca?*-Sensor Caldendrin auf. Calneurone finden sich prominent am Trans-Golgi-Network
(TGN) wo sie mit dem Enzym Phosphatidylinositol 4-OH kinase 113 (P1-4Kp) interagieren.
Diese Interaktion flhrt zu einer Inhibition der enzymatischen Aktivitat von PI-4Kp. P1-4Kp
ist wesentlich an der Produktion von Phosphatidylinositol 4,5-Bisphosphate (P1(4,5)P2) am
TGN beteiligt und PI(4,5)P2 ist ein essentielles Phospholipid fur den Transport von
Vesikeln aus dem TGN. Die Interaktion von Calneuronen mit PI-4Kf3 wird tUber Kalzium
reguliert. Interessanterweise binden nicht nur Calneurone PI-4KB sondern auch das
Calcium-Sensor Protein NCS-1. Im Gegensatz zur Calneuron-Bindung erfordert die
Interaktion mit NCS-1 erhohte Kalzium-Konzentrationen und fuhrt zur Aktivierung von Pl-
4Kp. Die differentielle Bindung beider Kalzium-Bindungsproteine konstituiert einen
molekularen Schalter der Gber eine Kalziumschwelle den Transport von Vesikeln aus dem
TGN reguliert.



1 Introduction
1.1 Neuronal calcium signaling
1.1.2 The role of calcium as a second messenger

The Calcium ion (Ca?*) is of central importance in cellular physiology because of its
enormous versatility that is due to an extensive Ca’*-tool kit involved in assembling
intracellular signaling systems with different spatial and temporal dynamics (Berridge,
1998). Ca*" is particularly suitable for this role because of its chemical properties and a very
high concentration gradient of free chelatable Ca** between the extracellular fluid (1,5-2
mM / Jones et al., 1987) and the cytosol (less than 0,1 uM at resting conditions / Ferris et al.,
1992) that covers about four orders of magnitude. The cytosolic Ca* concentration is tightly
regulated by binding and chelation of the ion by various Ca?*-binding proteins and by
transport of the ion across plasma and intracellular membranes. Several channels, transport
ATPases, uniporters, and antiporters in the plasma membrane, endoplasmic and
sarcoplasmic reticulum, and mitochondria are responsible for the transport of Ca®*
(Berridge, 1998). The complex regulation of these transport systems is the subject of an
increasing number of investigations. In neurons Ca** plays an important role in regulating a
wide variety of processes that are essential not only for specific neuronal functions like
neurotransmitter release, synaptic plasticity and activity-dependent gene transcription, but
also for endoplasmic reticulum (ER) and Golgi trafficking (Hardingham et al., 2001; Chen et
al., 2002; Burgoyne et al., 2004; Dolman et al., 2006; Hay, 2007).

1.1.2  Sources and processes regulated by Ca?*

Increases in intracellular Ca?* concentrations can result from entry of Ca?* into the cell
through voltage-dependent or receptor-operated channels. Alternately, a rise in intracellular
Ca’* can be due to release mainly from ER but also from the Golgi and mitochondria (Sayer,
2002, Dolman et al., 2006). Owing to the restraints of space and with respect to the topic of
this thesis, only the Ca®* dynamics of the ER and Golgi and the role of Ca?* in Golgi
trafficking as well as in activity dependent gene transcription will be described in more
detail.



1.1.2.1 Endoplasmic reticulum

The ER extends throughout the neurons as a continuous tubules system of membranes
connected with each other (Voeltz et al., 2002). As it was shown by electron mictroscopy,
on immunostainings with specific protein markers as well as by live imaging studies with
fluorescent dyes the ER in the cell soma is organized as cisternae and cisternae organelles
(Voeltz et al., 2002.). The ER in axons consists of parallel tubules, which are in continuity
with the presynapse where they are tightly associated with mitochondria (Aihara et al.,
2001). The ER is also present along dendrites as a continuous network which finally
terminates in mature spines, in the so called spine apparatus — a structure of not yet clearly
defined function and consisting of tightly packed membrane stacks with dense material in
between (Bhatt et al., 2009).

The ER can contribute to the dynamics of neuronal signaling by acting either as a
source or as a sink for Ca®* (Miller et al., 1991; Simpson et al., 1995). It plays an active role
in neuronal Ca** signaling due to presence of Inositol 1,4,5-triphosphate receptors (IP3Rs)
and ryanodine receptors (RYRS). Both receptors are capable to release Ca** stored inside the
ER upon ligand binding. These receptors were found on the surface of somatic and dendritic
cisternae as well as within synaptic terminals (Hoesch et al., 2002). IP3Rs and RYRs are
sensitive to Ca** and display the phenomenon of “calcium induced calcium release” (CICR).
CICR is a mechanism by which Ca®* influx can stimulate Ca”* release from internal stores. It
was first demonstrated in 1975 by Fabiato & Fabiato in muscle cells but later on also shown
in neurons (Marrion & Adams, 1992; Kuba, 1994; Verkhratsky & Shmigol, 1996; Cohen et
al., 1997; Berridge, 1998). Binding of Ca’* to RYRs activates a Ca?*-permeable channel
allowing Ca?* to exit from the ER and to enter the cytosol. The Ca®* concentration within the
ER lumen is very high (100-300 uM) as compared to that of the surrounding cytoplasm
(around 100 nM / Mogami et al., 1998). The maintenance of a high Ca** concentration
within the ER lumen is essential for a number of vital cellular processes including protein
synthesis, protein processing and Ca”* signal generation. The release of Ca’* from ER
induces oscillations in free intracellular Ca** concentrations (also called Ca?* waves). These
oscillations largely result from an influx of Ca** into the cytosol from the ER, followed by
an efflux of Ca®* from the cytosol back to the ER (Ashby et al., 2001). Comparing the
structure and function of neuronal ER and the plasma membrane Berridge (1998) suggested
the concept of a ‘neuron-within-a neuron’ with the main idea that neuronal Ca?* signaling

depends upon a binary membrane system. The plasma membrane integrates external stimuli
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and generates fast propagating action potentials using voltage-dependent Na* and Ca?*
channels whereas the ER system monitors internal signals and produces in response to these
signals slowly propagating Ca** signals via IP3Rs and RYRs. Finally, these two membranes
are tightly interacting in functional terms and are together able to regulate neuronal
processes like excitability, associativity (association of synaptic input), neurotransmitter
release, synaptic plasticity and gene transcription.
1.1.2.2 The Golgi apparatus

The Golgi apparatus is responsible for receiving, sorting and processing secretory and
membrane proteins and lipids that are needed for cell growth and function. In neurons, like
in all other eukaryotic cells, the Golgi apparatus is composed of membrane-bound stacks
known as cisternae (Mollenhauer & Morre, 2005). It occupies a perinuclear position,
extends into the major dendrite and is also present at the dendtitic branching points as Golgi
outposts (Horton et al., 2005). The cisternae stack has five functional regions: the cis-Golgi
network, cis-Golgi, medial-Golgi, trans-Golgi, and trans-Golgi network (Horton & Ehlers,
2003). Vesicles from the endoplasmic reticulum fuse with the cis-Golgi network and
subsequently progress through the stack to the trans-Golgi network, where they are
packaged and sent to the required destination. Each region contains different enzymes,
which selectively modify the contents depending on their destination. The trans-Golgi
network is the sub-compartment from which vesicles leave the Golgi. Changes in Ca**
concentration within the Golgi lumen or in the adjacent cytosol regulate Golgi function.
Moreover, the Golgi system is by itself a Ca?* store containing release and sequestration
apparatuses (Dolman & Tepikin, 2006). The concentration of Ca?* in the Golgi lumen is
around 0.3 mM in unstimulated cells and therefore a large gradient exists between the
internal side of the Golgi and the cytosol (Pinton et al., 1998; Vanoevelen et al., 2004).
Production of Inositol 1,4,5-triphosphate (IP3) activates IP3Rs on the Golgi membrane
resulting in Ca”" release from the Golgi complex (Pinton et al., 1998). Moreover, Ca** is
known to regulate vesicular trafficking along the secretory pathway (Burgoyne & Clague,
2003). For instance, Ca** acting via Calmodulin regulates intra-Golgi transport (Porat et al.,
2000). Cytosolic Ca?* gradients have also been postulated to regulate the assembly and
disassembly of coat proteins responsible for vesicular trafficking between Golgi stacks and
the release of vesicles from the trans-Golgi network (Hay, 2007). Moreover, cytosolic Ca®*
transients activate a broad spectrum of downstream effectors and many of them also localize
to the Golgi apparatus (Taverna et al., 2002; Haynes et al., 2005; Hay, 2007).
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1.1.2.3 Ca*" is a regulator of secretory processes

Ca®* is known to regulate vesicular trafficking along the secretory pathway (Hay,
2007). Importantly, Ca** chelation was shown to inhibit both anterograde and retrograde
transport of vesicles and Ca" is thought to be a fundamental trigger for vesicle trafficking in
the secretory pathway. In recent years, there is number of studies demonstrating a role of

Ca®* in different steps of this process (Fig. 1).

/ Smooth ER N
Rough ER ——» Ca’“dependent
| ——» Ca’-independent

[/‘,‘:‘:0’\\
Transport vesicles

from Golgi to ER
N\

\

trans-Golgi

cis-Golgi Transport vesicles
Transport vesicles from Golgi to plasma

from ER to Golgi membrane

Figure 1. Ca** regulates different steps in the secretory pathway. Red arrows indicate Ca?* sensitive procesess,
blue arrows — Ca”" insensitive processes.

Proteins and lipids are initially synthesized in the ER. The export from the ER defines
the first step of the pathway and is mediated by the recruitment of the COP Il protein coats
and the subsequent budding of COP ll—coated vesicles. The coat proteins are responsible for
the initial sorting and the preferential recruitment of cargo and exclusion of resident ER
proteins (Aridor et al., 1998). Budded COP I vesicles fuse with each other and with already
fused vesicles to form the polymorphic tubular structures called vesicular tubular clusters
(VTCs). This step was shown to be Ca®" independent (Hay, 2007). VTCs integrate the
anterograde ER-to-Golgi complex and the retrograde recycling transport pathways. During

their limited life span, VTCs undergo maturation by the selective recycling and acquisition
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of specific proteins and the sequential exchange of specific molecules. For instance, COP I
coats exchange for COP | coats on VTCs. Porat and Elazar (2000) have convincingly
demonstrated that the association of the COP | coat on those vesicles that are targeted back
to ER is Ca?* dependent. VTCs accumulate in the peri-Golgi region and are connected to the
cis-Golgi network. Intra-Golgi trafficking is regulated by Ca** via Calmodulin (CaM / Porat
& Elazar, 2000). Cargos subsequently progress through the stack to the trans-Golgi network
(TGN), where they are packaged and sent to the required destination.

These processes in the TGN are also Ca**-sensitive due to the Ca’*-dependent
regulation of one of the key enzymes involved — Phosphatidylinositol 4-OH kinase 111§ (PI-
4KB). PI-4Kp phosphorylates Phosphatidylinositol (Pl) at position 4 and produces
Phosphatidylinositol 4'-monophosphate (P1(4)P). Lipid rafts are enriched in P1(4)P and the
phosphoinositide is needed for clathrin-independent vesicle formation and it has been
proposed to participate in sorting at the TGN (McNiven et al., 2006). PI-4Kf activity is
positively regulated by neuronal calcium sensor-1 in a Ca**-dependent manner (Haynes et
al., 2005). Hence, the trafficking of vesicles that were budding off from the TGN is Ca?*
independent whereas the fusion of cargo vesicles with the plasma membrane is again a Ca**-
dependent process due to the Ca®* sensitivity of SNARE proteins (Hilfiker et al., 1999).
1.1.2.4 Synaptic plasticity

Synaptic plasticity is the mechanism of use-dependent change of synaptic strength and
it is postulated to be a basis for leaning and memory (Baudry, 1998). Long-term potentiation
(LTP) and long-term depression (LTD) are the best-studied examples of synaptic plasticity
processes. Both LTP and LTD can be generated by the same neuron via transient Ca*
signals that differ in their timing and amplitude. LTP is triggered by high frequency, short
lasting Ca’®* elevations when local Ca?* concentration can reach to micromolar levels in
spine synapses (Conti & Lisman, 2002), whereas LTD is generated by longer lasting
transients but a Ca?* concentration that is usually below the micromolar range (Holthoff &
Tsay, 2002). During LTP induction N-methyl D-aspartate receptors (NMDARs) as well as
L-type voltage-dependent calcium channel (VDCC), play a crucial role in local synaptic
Ca’* increase. High-resolution measurements of Ca?* in dendritic spines show how Ca”* can
encode the precise relative timing of presynaptic input and postsynaptic activity and
generate long-term synaptic modifications of opposite polarity (Hirsch & Crepel, 1992;
Holthoff & Tsay, 2002; Stosiek et al., 2003).
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1.1.2.5 Gene transcription

It is widely believed that synaptic plasticity is established at individual synaptic sites.
On the other hand, it is also a common belief that synapse-to-nucleus communication and
changes in gene expression are required for long-term memory formation and long-lasting
changes in synapto-dendritic cytoarchitecture. In this context the NMDARSs controlled gene
expression is of particular importance (Hardingham et al., 2001). However, it is essentially
unclear how the NMDAR Ca?* signal is transduced to the nucleus and how changes in gene
expression feed back to alter or sustain synaptic integrity and function.

There are number of ways by which the activated synapses then can subsequently
transfer information about the Ca** influx through NMDARs and L-type VDCC to the
nucleus. The classical view mainly considers the Ca** ion itself as the key regulator of
plasticity-related gene expression (Hardingham et al., 2001). Within this framework synaptic
NMDARs and L-type VDCC induce dendritic Ca?* waves that are integrated in the soma and
elicit by yet unknown mechanism, nuclear Ca?* waves that are in turn instrumental in the
control of gene expression (Bito & Takemoto-Kimura, 2003). An alternative non-competing
hypothesis suggests that synapto-nulclear protein messengers translocate to the nucleus in
response to synaptic Ca?* influx and are subsequently involved in transcriptional regulation.
Ca?* waves crucially involve the activity of the ER (Berridge, 1998). Thus, the initial influx
of Ca** via NMDARs and L-type VDCC in activated synapses or as the result of action
potential propagation induce secondary responses in the ER and the Golgi complex
generating Ca’* oscillations that can spread along the axon and dendrites and potentially
reach the nucleus where it initiates a cascade of signaling events that results in the
expression of genes that can promote dendritic growth, synapse development, and neuronal
plasticity (Yeckel et al., 2007).

NMDARs play an important role in transcriptional regulation of gene expression not
only because they provide the initial Ca** trigger but also due to their association with a
large number of signaling molecules like CaM, Calcium/calmodulin-dependent protein
kinase Il (CaMKII), Calcineurin, Tiaml, and proteins involved in Ras/MAP Kkinase
signaling, including H-Ras, c-RAF1, MEK1/2, and ERK1/2, each of which has been
implicated in the regulation of activity-dependent gene transcription (Hardingham et al.,
2001). An important target of the NMDAR regulated gene expression is the transcription
factor cyclic-AMP response element binding protein (CREB). CREB controls the expression
of a large number of genes (for example c-fos, BDNF, NGF, Arc/Argl.3, Homer, aCaMKII)
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implicated in cell differentiation, survival and plasticity (Impey & Goodman, 2001; Impey et
al., 2004). One of the pathways for CREB activation utilizes CaM. CaM is one of the most
abundant Ca?* binding proteins that is present in all cellular compartments including the
nucleus (Deisseroth et al., 1998). CaM interacts in the Ca®* bound state with CaMKIV and
CREB is one of the nuclear substrates of CaMKIV. CaMKIV phosphorylates CREB at a
crucial serine at position 133 and this phophorylation event renders CREB transcriptionally
active (Wu et al., 2001).

1.2 Calcium binding proteins
1.2.1 Types of calcium binding proteins

Principally Ca*'signals are transduced by specific Ca®*-binding proteins (CaBPs).
Numerous intracellular CaBPs belong to the EF-hand super-family. These proteins are
characterized by the presence of one or more EF-hand motifs which are high-affinity Ca?*
binding sites. Intracellular EF-hand bearing CaBPs are thought to serve two general
functions, i.e. they can have buffering functions to limit the intracellular free Ca?*
concentration and Ca*-sensing functions to modulate activities of enzymes, ion channels or
cell surface receptors (Sokalet al., 2000; Haeseleer et al., 2002, Lee et al., 2002; Haeseleer et
al., 2004; Haynes et al., 2004). In the latter case, CaBPs change their conformation upon
Ca®* binding triggering the target interaction. The prototype of a ubiquitously expressed
Ca’*-sensor protein is CaM. CaM is the ancestor of a large family of Ca®*-sensor proteins
and includes in the nervous system of vertebrates the Caldendrin/CaBP1-5 and neuronal
calcium sensor proteins (Seidenbecher et al., 1998; Haeseleer et al., 2002, Burgoyne, 2007).
These proteins usually exhibit a Ca®*-dependent conformational change which opens a target
binding site. The second group is represented by Calbindin D9k, Parvalbumin and
Calretinin. They usually have a lower Ca’* binding affinity and do not undergo Ca*
dependent conformational changes (Baimbridge et al., 1992; Camp & Wijesinghe, 2009).
EF-hand proteins can contain from two to twelve copies of the EF-hand motif (Krebs &
Michalak, 2007). The abbreviation comes from their structure: an a-helix - E, loop, and a
second a-helix — F (Fig. 2). Usually a Ca®* ion is bound in the loop under physiological
conditions; however, 30% of all known EF-hands do not bind Ca®* and are therefore cryptic
(Krebs & Michalak, 2007). Usually the complete EF-hand domain is 29-34 amino acids long
(Myosin, CaM). In the canonical Ca** binding loop of the EF-hand (12 amino acids) the Ca?*
ion is coordinated by seven oxygens in a pentagonal bipyramidal configuration (Fig. 2).
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Figure 2. EF-hand. The consensus sequence for the EF-hands: E = glutamate; n = hydrophobic residue; * = any
residue; X = first calcium ligand; Y = second calcium ligand; Z = third calcium ligand; G = glycine; # = fourth
calcium ligand, provided by a backbone carbonyl; | = isoleucine (although other aliphatic residues are also
found at this position); -X = fifth calcium ligand; -Z = sixth and seventh calcium ligands, provided by a
bidentate glutamate or aspartate residue. Modified from http://structbio.vanderbilt.edu

The six residues involved in the binding are in position 1, 3, 5, 7, 9 and 12; these
residues are denoted by X, Y, Z, -Y, -X and -Z (Kretsinger & Nockolds, 1973). The
invariant Glu or Asp at position 12 provides two oxygens for binding Ca®* (bidentate
ligand). Usually Asp or Asn are found at X and Y; Asp, Asn, or Ser at Z; the carbonyl
oxygen of a variety of residues is a -Y; -X is more variable but usually Asp, Asn, or Ser.
Despite their similar structure EF-hands might be very different in their Ca** binding affinity
and extent of Ca?* dependent conformational change (Krebs & Michalak, 2007). Another
distinction that can be applied to EF-hands is their on-off rate of Ca”* binding. A fast on-rate
might be limited only by the speed of ion diffusion whereas the equilibrium dissociation
constant might be variable due to the off-rate of different EF-hands, which largely depends
on the amino acid at position 9 (Krebs & Michalak, 2007). In recent years, it was also shown
that many Ca?* binding proteins can bind magnesium cation (Mg?*) with an affinity much
lower then the affinity of these proteins for Ca**. Mg®" is hexagonally coordinated in the EF-
hand loop but the conformation changes induced by binding are relatively small compared to
Ca®*. Due to high concentration of free Mg®" in the cell (up to 2 mM) as compared to Ca*,
most of those Ca”*-binding proteins that show considerable affinity for Mg?* will always be

in Mg*—bound form (Aravind et al., 2008). Therefore this binding is termed structural,
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indicating that it is essential for the physiological function of the protein. Thus, EF-hands
that are specific for Ca** are called regulatory sites whereas those that are able to bind both
Ca®"and Mg*" - are called structural sites.

1.2.2  Neuronal calcium sensor proteins

Neurons are excitatory cells that exhibit a highly dynamic range of free intracellular
Ca®* concentrations. At resting state free neuronal intracellular Ca?* concentrations are
estimated to to be between 40-100 nM. Upon Ca”" influx via L-type VDCCs or NMDARSs or
from intacellular stores local Ca?* concentrations in postsynaptic microdomains can reach up
to 15-30 umol (Hardingham et al., 2001; Bengtson et al., 2009; Franks & Sejnowski, 2002;
Sabatini et al., 2002) and in presynaptic compartments via N- and P/Q-type VDCCs even up
to hundred umol (Llinas et al., 1996). This observation serves as the basis for the concept of
Ca’* nano- and microdomains suggested by Augustine et al. (2003). At presynaptic terminals
this local evaluation of Ca®" is for example involved in vesicle exocytosis and fast
neurotransmitter release (Oheim et al., 2006). Postsynaptic Ca** concentrations in spine-
synapses can easily reach the micromolar range without accompanying changes in the
adjacent dendrite. This is due to the shape of the very narrow spine neck that serves as a
diffusion barrier (Augustin et al., 2003). Thus, different types of Ca* signals in neurons are
covering the wide range of physiological functions. This broad spectrum is mediated by the
characteristics and properties of the different neuronal Ca** binding proteins.

Neuronal calcium sensor (NCS) proteins play multiple and divergent roles in neuronal
signaling. Members of this family closely resemble the structure of their common ancestor
Calmodulin with four EF-hand Ca?*-binding motifs (Fig. 3). Despite their relatively high
degree of similarity NCS proteins are thought to serve highly specialized functions in
neurons. It is generally believed that the specificity with respect to their target interactions is
brought about by either a restricted subcellular localization, differences in Ca**-binding
affinities or modifications of their EF-hand structure that might provide a unique interface
for protein interactions (Lewit-Bentley & Réty, 2000). The ancestral Ca®* sensor CaM has
four functional EF-hands with a global Ca®* binding affinity of 5-10 uM (Burgoyne, 2007).
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Figure 3. Schematic diagram depicting the EF-hand organization of different calcium sensor proteins that are
abundantly expressed in brain and retina. N-terminal myristoylation is depicted as a round circle, nonfunctional
EF-hand motif as a filled box, and N- or C-terminal extensions are represented in the appropriate proteins.
CaM, VILIP1-3, GKAPs and NCS-1 represent for Calmodulin, Visinin-like proteins 1-3, Guanylate Kinase
Associated Protein and Neuronal Calcium Sensor-1 respectively.

NCS proteins have like all members of the CaM superfamily a similar EF-hand organization
with 4 EF-hands from wich one or two of them are however non-functional in all other
members apart from CaM. According to their EF-hand organization and sequence similarity,
NCS proteins can be divided in different families including NCSs, Caldendrin S1-
S2/CaBB1-5, VILIPs, GCAPs and Recoverin/KChlPs.
1.2.2.1 NCS-1/Frequenin: It’s role for regulation of PI-4Kg activity and Golgi trafficking
NCS-1 was cloned as Frequenin (Frql) from D. melanogaster T(X:Y) V7 mutants.
The phenotype of these mutants is associated with an enhancement of activity-dependent
facilitation of neurotransmission implicating a function of the protein in the regulation of
neurotransmitter release (Rivosecchi et al., 1994). Frql/NCS-1 can be N-myristoylated and
thereby attached to membranes. However the protein does not exhibit a Ca’*-myristoyl
switch, a process first described for Recoverin and then other myristoylated NCS proteins
(Ames et al., 1997). In the absence of Ca**, the myristoyl group is buried in the N-terminal
protein domain, surrounded on all sides by alpha helices that form a hydrophobic pocket.
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The binding of Ca®* induces a conformational change that extrudes the myristoyl and
exposes some hydrophobic amino acids on the surface. This enables the molecule to bind to
the lipid bilayers of intracellular membranes (Tanaka et al., 1995; Ames et al., 1997). NCS-1
contains 4 EF-hands while the first EF-hand is cryptic (Fig. 2). NCS-1 is a high affinity
calcium sensor (global calcium affinity around 100 nM / Aravind et al 2008) and NCS-1 was
shown to regulate numerous cellular processes (Fig. 3). Knock down of NCS-1a, one of the
two closely related NCS-1 genes in zebrafish, abolishes formation of the semicircular canals
of the inner ear (Blasiole et al., 2005). Changes in neuronal function are seen in D.
melanogaster, in which overexpression of the NCS-1 orthologue Frqgl resulted in increased
facilitation of neurotransmission (Fig. 4 / Pongs et al., 1993). In C. elegans, a knockout of
NCS-1 impaired learning and memory (Gomez et al., 2001). NCS-1 is expressed highly in
all brain regions and also in many non-neuronal cell types (Burgoyne, 2007).

Synaptic
Activates facilitation
PI-4KB

Facilitates
lcaria

Actggtes Down-regulates
NCS-1/ Ican expression
Frequenin/
Frq1
Activates Expresses/
NOS Activates lcan
Activates v Desensitizes
cAMP PDE Activates D2 receptor
Calcineurin

Figure 4. Overview reported/proposed functions of Frql/NCS-1 proteins. GC — Guanylyl Cyclase; NOS —
Nitric oxide syntase; cCAMP PDE — cAMP phosphodiesterase, 1Ca — Ca* current (P/Q or N-type). Modified
from Stockebrand&Pongs, 2006.

An important advance in the understanding of NCS-1 function was the discovery that
Frgl is essential for survival in yeast due to its ability to activate Pik1, one of the two
phosphatidylinositol-4-OH kinases (Hendricks et al., 1999). It was subsequently shown that

the vertebrate orthologue NCS-1 can activate the closely related mammalian enzyme PI-4Kf

(Fig. 4), and thereby increase the production of PI(4)P and facilitate Golgi to plasma
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membrane trafficking (Balla & Balla, 2005). The lab of Robert D. Burgoyne has shown that
NCS-1 localizes, in a Ca?*-independent manner, at the Golgi whereas it interacts in a Ca?*-
dependent manner with the GTPase ADP-ribosylation factor 1 (ARF1), leading to the
recruitment of P1-4Kp to the Golgi and the modification of membrane trafficking (Haynes et
al., 2005; Haynes et al., 2007). On the other hand, data from the lab of Tamas Balla suggest
that the activation of PI-4Kp by NCS-1 is Ca’*-independent (Zhao et al., 2001). To date,
NCS-1 is the only NCS protein known to interact with PI-4Kp whereas other members of
this family, like Recoverin (Hendricks et al., 1999) apparently do not modulate PI-4Kf
activity.
1.2.2.2 The Caldendrin/CaBP1-5 gene family

The postsynaptic density (PSD) of spinous excitatory synapses is characterized by an
electron-dense filamentous meshwork of cytoskeletal proteins that are thought to be
crucially involved in the topological organization of synaptic signaling pathways (Kennedy
et al., 2005). In a search for protein components of the PSD a Ca’* sensor protein
subsequently called Caldendrin was identified, that was highly abundant in the somato-
dendritic compartment of mainly principal neurons in brain regions with a laminar
organization like cortex or hippocampus (Seidenbecher et al., 1998). Caldendrin harbors a
bipartite structure with an N-terminus not related to entries in public databases that is highly
basic, and a C-terminal part that resembles the EF-hand-structure of CaM with four EF-
hands from which the second one is cryptic (Fig. 3 / Seidenbecher et al., 1998; Laube et al.,
2002). With respect to its C-terminal part Caldendrin is the closest homologue of CaM
expressed in brain, and it turned out to be the founding member of an entire gene family
termed CaBPs by Haeseleer and colleagues (Haeseleer et al., 2000; Haeseleer et al., 2002).
The family derives from five different genes that give rise to a number of differently spliced
isoforms. In case of Caldendrin two shorter isoforms were identified termed Caldendrin S1
and S2 (Laube et al., 2002) or L-CaBP1 or S-CaBP1 (Haeseleer et al., 2000). These isoforms
arise by usage of an alternative exon downstream of exon 1 of the Caldendrin gene, which
harbors an alternative start codon and thereby generates an N-terminus that is shorter than
that of the long form. Another splice variant derives from the insertion of a third exon
located further downstream of exon 2 (Laube et al., 2002). All Caldendrin / CaBP family
members share the same EF-hand organization while their N-termini vary considerably in
length and structure (Fig. 3). The functional implication of this variability is at present
unclear, but it is conceivable that the different N-termini might be important for the
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subcellular distribution of the proteins. It should also be noted in this regard that CaBPs, but
not Caldendrin, can be N-terminal myristoylated, which could provide a lipid anchor to
cellular membranes (Fig. 3).

Surprisingly, apart from Caldendrin all other family members are very low abundant in
the brain, although they could be localized to neuronal cells in retina (Haeseleer et al., 2000,
Sokalet al., 2000; Haeseleer et al., 2004). Thus, it seems that the Caldendrin promoter is
unique within the gene family driving expression in mainly principal neurons like pyramidal
cells. During the primary characterization of the protein a number of other interesting
features could be revealed. In brain, Caldendrin is highly enriched in the PSD fraction and
immunolocalized to dendritic spines and the dendritic shaft (Seidenbecher et al., 1998;
Laube et al., 2002; Bernstein et al., 2003). The protein occurs as two protein isoforms of 33
kDa and 36 kDa, which derive from the same primary translation product. Upon subcellular
fractionation of rat brain proteins, a significant amount of the 33 kDa isoform is found in
both, the soluble as well as the detergent-insoluble particulate fraction. In contrast, the 36
kDa protein isoform is tightly associated with the cortical cytoskeleton and extraction
conditions for the 36 kDa isoform from the particulate fraction are similar to those of core
components of the PSD (Seidenbecher et al., 1998; Laube et al., 2002). Both its unique
bipartite structure and the differential association with subcellular compartments suggest that
Caldendrin serves functions different from those of known NCS proteins. Previous work
suggests that this function might be related to the organization of the postsynaptic scaffold
(Seidenbecher et al., 1998; Laube et al., 2002; Smalla et al., 2003) as well as the control of
NMDAR-activated morphogenetic signaling to the nucleus (Dieterich et al., 2008). Of
particular interest is also the observation that the association of Caldendrin with the PSD is
stimulus-dependent and that enhanced synaptic activity leads to higher Caldendrin-levels in
the PSD and a recruitment to the postsynapse in vivo and in vitro (Smalla et al., 2003,
Schultz et al., 2004; Dieterich et al., 2008).

During the course of its functional characterization a number of potential interaction
partners for Caldendrin and its shorter splice isoforms were identified that constitute Ca**
channels and it has been therefore hypothesized that Caldendrin might be a multifunctional
regulator of intracellular Ca** levels (Seidenbecher et al., 2002). Interactions of Caldendrin /
CaBP1 have been reported with transient receptor potential channels (TRPC / Kinoshita-
Kavada et al., 2005; Kreutz et al., 2006), Cay2.1, Cay1.2 Ca** channels (Zhou et al., 2004;
Lee et al., 2005) as well as with the IP3Rs (Haynes et al., 2004; Zhou et al., 2005). The
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functional consequences of Caldendrin binding to these channels range from a facilitation of
presumably postsynaptic L-type- Cay1.2 channels (Lee et al., 2002) and thereby increased
synaptic Ca®* influx to an inhibition of IP3-induced Ca* release through IP3Rs (Haynes et
al., 2004; Zhou et al., 2005). Interestingly the interaction of Caldendrin with Ca?* channels
in most cases is Ca**-independent (i.e. IP3Rs, Cay2.1 and presumably Cay1.2 channels).
Based on these findings, it was proposed that Caldendrin depending upon its activity-
dependent localization to different subcellular microdomains like the synapse might trigger
different target interactions. Binding to L-type VDCC at the synapse will probably lead to
increased Ca”* currents following synaptic activation and thereby can indirectly promote
Caldendrin’s association with the PSD. In contrast, low synaptic activity and in consequence
low dendritic Ca** levels might shift the balance of caldendrin binding to a preferential
interaction with the IP3Rs, which is more prominently localized to the smooth ER in
dendrites than in spine synapses. Binding to the IP3Rs will thereafter further reduce
intracellular Ca?* levels. Thus, Caldendrin will potentially trigger different target
interactions in a manner that is controlled by synaptic activity and its subcellular localization
and in consequence could even amplify existing differences in synapto-dendritic Ca?*
signaling within a neuron. Interestingly, this in turn could possibly also feed back to
Caldendrin’s own Ca?*-dependent target interactions in the synapse and to its suggested role
in synapse-to-nucleus communication.
1.2.2.3 Jacob is a Caldendrin interaction partner in the synapse

In a search for other interaction partners of the C-terminal half of Caldendrin with
particular interest to find synaptic proteins, a yeast two hybrid (Y2H) screen from rat brain
cDNA library was performed. One of the specific Caldendrin-binding partners was a novel
protein termed Jacob. During its primary characterization we have found that Jacob is
prominently present in cortical and limbic brain regions and displays considerable overlap
with the distribution of Caldendrin. Jacob is present in the PSD as well as associated with
highly purified nuclear fractions. The Jacob gene contains 16 exons and can be alternatively
spliced to form up to 12 different isoforms. The longest and most abundant one is 532 amino
acids long (Fig. 5). Analysis of the primary structure of Jacob revealed a putative N-terminal
myristoylation site (confirmed later by experiments) and several potential phosphorylation
sites for a variety of protein kinases including ERK1/2 kinases, cdk5, protein kinase C
(PKC), cAMP-/cGMP-dependent protein kinases and protein tyrosine kinases (Fig. 5). In
addition, Jacob harbors a well-conserved bipartite nuclear localization signal (NLS). The
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NLS of Jacob is functional and responsible for NMDAR-dependent nuclear translocation of
Jacob (Dieterich et al., 2008). Interestingly, this NLS is part of an incomplete 1Q motif - a
protein—protein interaction region characteristic for CaM binding (Dieterich et al., 2008).
The 1Q motif was first characterized in myosins by Cheney and Mooseker (1992). Proteins
that contain 1Q motifs typically bind CaM in the absence of Ca®*, although there are some
exceptions. The 1Q domain is approximately 25 amino acids in length and is widely
distributed in  nature. The motif consists of the consensus sequence
[I,.L,V]QxxxRGxxx[R,K], which forms an amphiphilic seven-turn a-helix capable of
binding CaM. Proteins found to contain at least one 1Q domain include myosins, voltage-
operated channels, several neuronal growth proteins, phosphatases, sperm surface proteins,
Ras exchange proteins, spindle-associated proteins and a RasGAP-like protein (Krebs &
Michalak, 2007). In previous work the interaction region between Caldendrin and Jacob was
mapped using a Y2H approach. It turned out that indeed the first two EF-hands of
Caldendrin and the NLS in Jacob are essential for the interaction to happen. In further
experiments it was shown that the Caldendrin-Jacob interaction is Ca”*-dependent and
deletion of the first six basic residues of the NLS led to significantly reduced Caldendrin
binding in pull down assays (Dieterich et al., 2008).
1.2.2.4 The identification of Calneurons

Taken together the evidence so far points to an important role of Caldendrin in many
aspects of neuronal Ca”* signaling and it was therefore rather surprising that the shorter
Caldendrin splice isoforms and the other CaBP family members that share the same EF-hand
organization and show a high degree of homology are only prominent in retina. A search in
public databases, however, revealed several EST- and cDNA clones from brain tissue that
show significant similarity to the first two EF-hands of Caldendrin / CaBPs and CaM.
Further analysis of these clones disclosed the existence of two highly homologues proteins,
the sequence of one of which has been published previously under the name of Calneuron
(Wu et al., 2001). Based on our initial characterization we decided to introduce the name
Calneuron for both proteins to indicate that they are CaBPs prominently present in neurons
and constitute a new subfamily of CaM-like calcium sensors closely related to but distant
from Caldendrin/CaBPs.
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1.2.3 Aims of the study

(i) To extend the characterization of Caldendrin — one of the most unique neuronal
calcium sensors and its interaction partner Jacob in terms of the cellular function of this
interaction.

(i) To provide a functional characterization of the novel subfamily of neuronal
calcium sensor proteins of Calneurons, and to learn more about their role in neuronal Ca?*

signaling.
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2 Materials and methods

2.1  Materials and production of materials
2.1.1 Chemicals

All chemicals were obtained from Roche, Calbiochem, Clontech, Gibco Life

Technologies, Invitrogen, Merck, Roth, Serva and Sigma-Aldrich.

2.1.2 Enzymes and kits
Table 1. Enzymes and kits.

Name Supplier

Restriction enzymes New England Biolab
Taq DNA polymerase Fermentas
Pfu-Turbo DNA polymerase Startagene

Klenov DNA polymerase Amersham

Alcaline phosphotase from calf intestin Roche

T4 ligase Invitrogene

RNase H New England Biolab
a-Chymotrypsin Sigma-Aldrich
Aprotinin Sigma-Aldrich
dNTPs Invitrogene
Primers/Oligomers Invitrogene
Nucleospin PCR cleanup gel extraction Kit Macherey-Nagel
Quik mutagenesis Kit Stratagene
pGEM®-T Easy Vector System Promega
Champion™ pET-SUMO TA Cloning kit Invitrogene
MMESSAGE mMACHINE® High Yield Capped RNA Transcription Kit Ambion
hGH-Sensitiv ELISA Mediagnost

P1(4)P mass strip Kit MoBiTec

Thrombin Cleavage Capture Kit Novagene

2.1.3 cDNA constructs

cDNA constructs and vector systems used in this study are described in the
supplementary Table 1 and 2. The novel calcium binding proteins Calneuron-1/CaBP8
(accession number XM344102) and Calneuron-2/CaBP7 (accession number AY841152)
were cloned in our lab from a rat brain cDNA (produced by Dr. P. Landgraf) into pGEM-
Teasy plasmid and subsequently subcloned into the other vectors either directly or by a PCR
approach. The new Caldendrin constructs were subcloned by cutting out the insert with
compatible restriction sites from existing vectors or by PCR with Caldendrin full length in
PRC as the template. NCS-1 was subcloned into pEGFP-N1 vector from a pEYFP-N1
construct obtained from Dr. A. Jeromin.

For RNAI treatment, oligonucleotides with the sense/antisense sequence (19-21 bp)
linked by a 9- or 10-bp-long stemloop sequence were obtained from Biomers. Caldendrin
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SRNAI (5" TCC TGG CGG AGA CAG CAG ATA 3'/bp 665-685 of Caldendrin cDNA) and
Caldendrin scrambled (5" AGA ATC CTA AGA CAA GTG CAG 3'). Forward and reverse
oligos were annealed, phosphorylated, and cloned using the BamHI and Hindlll restriction
sites into the pPRNAT-H1.1/Neo vector (Genscript) for plasmid-based RNAi knockdown. 29-
mer shRNA constructs against Calneuron-1 in pRS-GFP and scrambled controls were
generated by Origene (ams Biotechnology, Abingdon, UK). After RNAI construct validation
(by immunostaining and immunoblots) the most efficient sequence (5’-GCA-GCC-AAC-
CAG-ATC-CTG-CGG-AGC-GGC-AT-3’) and scrambled control (non-effective GFP
SshRNA) were selected for further experiments.

2.1.4 Cloning of Jacob constructs into a Semliki Forest Virus vector and production of
viral particles

For transfection of adult neurons in primary culture with Jacob constructs a Semliki
Forest Virus (SFV / Invitrogene, Karlsruhe, Germany) was used. Jacob was cloned into
pSFV1 using Smal site of pSFV and blunt ligation. pSFV1 was digested with Smal at 25 C
overnight and dephosphorylated by Alkaline Phosphotase for 1 h at 37°C. A Jacob-GFP
insert was cut out from a pEGFP-N1 vector with EcoRI/Notl and blunt ends were created by
a filling in reaction with nucleotides using dNTPs and Klenow polymerase. The plasmid was
ligated with the insert overnight. After transformation of bacteria single colonies were
isolated and plasmid DNA was purified by a standard miniprep method. The orientation of
the insert was checked by restriction with BamHI (this site is present in front of the insert in
pSFV1 and also between Jacob and GFP), positive clones were sequenced and amplified by
a maxiprep. pSFV-A-Myr-Jacob-GFP or pSFV-GFP and pSFV-Helper constructs were
linerized with at Spel site and in vitro transcribed with mMMESSAGE mMACHINE® High
Yield Capped RNA Transcription Kit according to the manufacturers manual. RNA was
checked by agarose gel and co-transfected with Lipofectamine 2000 (Invitrogene, Karlsruhe,
Germany) into packaging CHO-K1 cells. Media was collected 24, 48 and 72 hrs after
transfection and particles were concentrated by ultracentrifugation in a 10% sucrose
gradient. Aliquots of inactive virus were stored at -80°C. Shortly before infection SFV
particles were activated with a-Chymotrypsin (10 mg/ml) for 45 min at room temperature,
then the reaction was terminated with the trypsin inhibitor Aprotinin (0,5 mg/ml) and the
virus could then be used for infection of primary neuronal cultures within the next 3 days.
The efficiency of infection was optimized on CHO-K1 cells or cortical primary neurons by
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titration of virus and counting the number of cells expressing GFP for each construct

individually.

2.1.5 In situ hybridization (oligonucleotides)

In situ hybridization was performed exactly as described previously (Laube et al.,
2002). Oligonucleotide sequences for Calneurons were as follows: Calneuron-1 [antisense:
5’-gcc aac tgc tea ctg teg ctg cctg cag aca gag atc gg-3’ / sense control: 5°-ccg atc tct gtc tgc
agg cag cga cag tga gca gtt ggc-3’]; Calneuron-2: [antisense: 5’-gcg ctg ctc cga cag cag gtt
ggg cac ggt gta ga-3’ / sense control: 5’-tct aca ccg tgc cca acc tge tgt cgg age age ge-3’]. In
control experiments adult rat brain sections were either treated prior to hybridization with
RNase H or hybridized with the corresponding sense controls.

2.1.6 Generation of Calneuron-specific antibodies

Full length recombinant MBP-Calneuron-1 and MBP-Calneuron-2 were produced and
purified from bacteria using amylose resin (a purification procedure is described below) and
sent to Biogenes (Berlin, Germany) for the production of polyclonal antibody. Each protein
was injected 3 times (1%, 4™ and 14™ days) to 2 different rabbits. Over a 6-month period
serum samples were collected and analyzed for the presence of Calneuron-specific
antibodies by immunoblot with injected antigene and brain homogenates. Both rabbits
produced antibodies recognizing the recombinant protein but only one of them for
Calneuron-1 as well as for Calneuron-2 was detecting the endogenous protein. After 6
month immunoserum was collected and stored at -80'C. For the western blot experiments
and immunostaining the antiserum was additionally purified with his-SUMO-Calneuron-1 or
preincubated with MBP to remove the antibody against MBP. 300 ug of recombinant his-
SUMO-Caln-1 were loaded on a SDS-PAGE. After electrophoresis and blotting the
nitrocellulose membrane was stained with ponceau and dried. The bands corresponding to
Calneuron were cut out, blocked with blocking buffer for 1.5 hrs at RT and incubated with 1
ml of antiserum overnight at 4 C. On the next day the pieces of membrane were extensively
washed with wash buffer and antibody were eluted with glycin elution buffer. The low pH of
eluted probes was immediately adjusted to 7.4, mixed with 50% Glycerol and the recovered
antibodies were finally stored stored at -20 C.
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2.1.7 Antibodies used for IB, IF and IPs

The

primary  and

secondary

antibodies

used for

immunoblots

(1B),

immunofluorescence (IF) and immunoprecipitations (IP) are presented in the tables below.

Table 2. List of the primary antibodies with the dilutions used.

Antibody Supplier Species Applications and | Remarks
Dilutions tested
Calneuron-1 Generated in  the | rabbit IB 1:500
lab/Biomers polyclonal IF 1:100
IP
Calneuron-2 Generated in  the | rabbit IB 1:500
lab/Biomers polyclonal IF 1:100
IP
Calneuron-1 Abnova, Tebu-bio, | mouse IB 1:1000-2000 Good for IF
Taiwan polyclonal IF 1:500
Calneuron- Abnova, Tebu-bio, | MaxPab IB 1:1000 Does not work for IF
2/CABP7 Taiwan mouse
polyclonal
antibody
Caldendrin Generated in the lab/ | guinea pig 1B 1:2000
Dr. Pineda Antibody- IF 1:200
Service
Caldendrin Generated in the lab/ | rabbit IB 1:2000
Dr. Pineda Antibody- | (Farlchen) IF 1:200
Service IP
NCS-1 Santa Cruz | rabbit IB 1:1000
Biotechnology Inc., | polyclonal IF 1:100
Santa Cruz, California, IP
USA
PI-4KpB Transduction mouse IB 1:5000
Laboratories, monoclonal IF 1:500
Heidelberg, Germany
SNAP25 Transduction mouse IF 1:100
Laboratories, monoclonal
Heidelberg, Germany
Syntaxin-6 Synaptic Systems, | rabbit IB 1:1000
Goettingen, Germany polyclonal IF 1:500
TGN38 Novus Biologicals; | mouse IF 1:100-1:500 Very good for IF
Littleton, UK monoclonal
GM130 Abcam,  Cambridge, | rabbit IF 1:500 A very good golgi
UK polyclonal marker
Calreticulin Upstate biotechnology, | rabbit IF 1:200 Fuzzy staining
Lake Placid, NY, USA | polyclonal
Piccolo Obtained from Dr. A. | Guinea pig IF 1:800 Very good for IF
Fejtova
GFP BabCO/Covance, mouse IB 1:2000 Only IB
Berkeley, California, | monoclonal
USA
GFP Abcam rabbit IB 1:2000
polyclonal
Synaptophysin Stressgene, Hines | Mouse IF 1:100
Drive, USA monoclonal
-Cop Sigma, Saint Louis, | mouse IF 1:200
Missouri, USA monoclonal
B-Actin Sigma, Saint Louis, | mouse 1B 1:4000 Antibody also work at
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Missouri, USA monoclonal RT — 3 hrs incubation
MAP2 Sigma, Saint Louis, | Mouse IF 1:800 Antibody also work at
Missouri, USA monoclonal RT -3 hrs incubation
CREB Zymed (Invitrogene), | Mouse IB 1:2000
Carlsbad, CA, USA monoclonal
pCREB Upstate biotechnology, | rabbit IB 1.1000 Very good for IF,
Lake Placid, NY, USA | polyclonal IF 1:100 require BSA blocking
for IB
Jacob (jac2gp2) | Generated in the lab guinea pig IB 1:2000 Recognize low MW
isoforms
JB150 Generated in the lab/ | rabbit IB 1:2000 Recognize high MW
Dr. Pineda Antibody- | polyclonal IF 1:250 isoforms, very good for
Service IP IF
Karyopherin BD Biosciences, | mouse IB 1:1000
a/Rch-1 Heidelberg, Germany monoclonal IF 1:100
(Importin 1)
6x-his Cell Signaling, | mouse IB 1:2000 Gives high backround
Frankfurt am Main, | monoclonal staining
Germany

Table 3. List of the secondary antibodies with dilutions used.

Antibody Supplier Species Applications and
Dilutions tested

immunoglobulins-HRP DakoCytomation, Denmark mouse IB 1:5000

linked secondary

antibody

immunoglobulins-HRP DakoCytomation, Denmark Guinea pig | 1B 1:5000

linked secondary

antibody

immunoglobulins-HRP Cell Signaling, NEB, Frankfurt am Main rabbit IB 1:5000

linked secondary

antibody

Alexa Fluor 488 Molecular Probes Europe BV, Leiden, The | rabbit IF 1:1000
Netherlands

Alexa Fluor 568 Molecular Probes Europe BV, Leiden, The | mouse IF 1:1000
Netherlands

Alexa Fluor 488 Molecular Probes Europe BV, Leiden, The | Guinea pig | IF 1:1000
Netherlands

Cy™5-conjugated Dianova, Hamburg, Germany rabbit IF 1:1500

AffiniPure goat

Cy™5-conjugated Dianova, Hamburg, Germany mouse IF 1:1500

AffiniPure goat

2.1.8 Common buffers and cell culture media
Common buffers and cell culture media used in the study are listed in Supplementary

Table 3 and 4. Some specific buffers are described directly in the methods.

1.2.9 Prokaryotic and eukaryotic cell lines.

Cell line Supplier Application

E.coli XL1-BlueMRF Stratagene Electrocompetent bacteria; pPDNA amplification

E.coli BL21(DE3) Invitrogene Chemically ~ competent  bacteria;  protein
production
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COS-7 cells Eukaryotic protein production, transfections and
immunocytochemiystry

CHO-K1 Invitrogene Packaging cell line for Semliki Forest Voris
PC12 hGH release assay
1.2.10 Animals

In this work Wistar rats from the Leibniz Institute for Neurobiology (Magdeburg,
Germany) animal facilities were used. All animal housing and experimental procedures were
authorized and approved by the Institutional State and Federal Government regulations
(Land Sachsen-Anhalt, Germany).

2.2 Methods
2.2.1 Cell culture, transfections and immunochemistry

Hippocampal and cortical neurons were isolated at embryonic day 18, plated and
cultured as described previously (Dieterich et at., 2008). For overexpression and knock
down studies neurons were transfected with 1 pg of total pPDNA and 1 pl of Lipofectamine
2000 per 12 mm coverslip according to the manufacturers protocol. At the proper stage
depending upon the experiment neurons were fixed with 4% paraformaldehyde (PFA) for 10
min, washed 3 times with phosphate buffered saline (PBS), permeabilazed with 0,25%
TritonX-100 in PBS for 10 min, washed again and blocked for 1 hour in blocking buffer
containing 2% Glycine, 2% BSA, 0,2% Gelatine, 50 mM NH5CI (pH 7,4). Primary antibody
were diluted in the blocking buffer and incubated overnight at 4°C. After extensive wash the
secondary antibody (also in blocking buffer) were applied for 1.5 hours at RT in darkness.
Coverslips were washed then again with PBS 3 times for 10 min and 1 time with water and
fixed on the slides with Mowiol (Merck, Darmstadt, Germany). COS-7 cells were grown on
coverslips for immunocytochemitry or in cell culture flasks (75 cm?) for protein production
in DMEM medium for 24 hours after seeding. Transfection was done using 0,7 ug of pDNA
and 2 ul of PolyFect reagent per 12 mm coverslip or 12 png of pDNA and 40 pl of Polyfect
according to the manufacturers protocol (Qiagen, Hilden, Germany). Cells were harvested or
fixed 48 hours after transfection. Immunofluorescence stainings of COS-7 were done with
the same protocol as described for the primary neurons. CHO-K1 cells were cultured in F12
media and used for the production of SFV particles.
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2.2.2 Stimulation of primary hippocampal neurons

Synaptic or extrasynaptic stimulation primary hippocampal neurons were done at
DIV16-18 according to the protocol from Hardingham et al. (2002). Following
concentrations of agonists and antagonists were used: NMDA (50 uM), Ifenprodil (10 uM),
Biccuculine (50 uM), 4-AP (2,5 mM), MK-801 (10 uM), Anysomycin (7,5 uM). For the
pCREB stainings after different types of stimulation 1 uM of tetrodotoxin (TTX) was added
to cultures 12 hours before stimulation to reduce endogenous synaptic activity and “set” the
pCREB at the same level in all neurons. All of the drugs were added directly to the medium,

and during the incubation the neurons were kept in the 5% CO2 incubator.

2.2.3 Confocal laserscan microscopy

Images were taken with 63x oil objective as z-stacks (300 nm z step for COS-7 cells
and 126 nm for high resolution images of neurons used for quantifications) using a Leica
DMRXE microscope (Wetzlar, Germany) equipped with a Krypton-Argon-lon laser
(488/568/647 nm) and an acousto-optic-tunable filter (AOTF) for selection and intensity
adaptation of laser lines. Maximum intensity projections were calculated from each
fluorescence channel of the image-stack and analyzed with ImageJ software

(http://rsb.info.nih.gov/ij). For 3D reconstruction and volume rendering Imaris software

(Version 6.2, Bitplane) was applied.

2.2.4 Immunoblotting

For protein detection standard western blot protocols were applied (Seidenbecher et
al., 2004). Briefly, protein samples were solubilised in SDS-loading dye, denaturated for 5
minutes at 95°C and loaded on a SDS-PAGE. The protein amount loaded varied from 10 to
40 pg of protein depending upon the experiment. Gels were blotted on a nitrocellulose
membrane, stained with ponceau for 10 min and then blocked for 1.5 hrs at room
temperature (RT) with 5% low fat milk in TBS-T buffer. When using Calneuron-1, -2 or
Caldendrin antibodies 5% BSA fraction V in TBS-T buffer was used for blocking in order to
reduce background. After blocking primary antibody diluted in TBS-A buffer were applied
and the membrane was incubated overnight at 4 C on a shaker. After extensive washing with
TBS and TBS-T buffers secondary antibody diluted in 5% milk in TBS-T buffer were added
for 1.5 hrs at the RT. Protein bands were detected by chemiluminiscence with standard ECL

solution (Pierce).
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2.2.5 Subcellular fractionation and microsomal preparation

Subcellular fractionation was performed as described earlier (Smalla et al., 2003).
The detail scheme of this preparation with the buffers used can be found in Supplementary
Scheme 1 and Supplementary Table 6. For immunoblot analysis of subcellular fractions 25
ug protein were loaded per lane, equal protein loading was ensured by measuring the protein
concentration with Amidoblack and by densitometric measurements of equivalent lanes on a
Coomassie brilliant-blue stained SDS-PAGE using a GS-800 gel-scanner and Quantity-One
software (Bio-Rad; Hercules, USA). The microsomal fraction obtained during subcellular
fractionation was further extracted with lysis buffer (10 mM Tris—HCI, 150 mM NaCl, 1%
Triton X-100, 2 mM dithiothreitol (DTT), protease inhibitor cocktail Complete™ (Roche);
pH 7,5). The complexes from the microsomal extract were analyzed on a gel filtration
column. The first preparation was done at low Ca?* conditions due to the presence of 1 mM
of EDTA in the homogenization buffer in order to check whether calcium might play a role
in the association of NCS-1 and Calneurons with PI-4Kf in vivo. The microsomal
preparation was subsequently repeated using Ca** and also under Ca?*-free conditions.
Briefly, rat brains were homogenized in cold TBS buffer (10 mM Tris—HCI, 150 mM NaCl,
pH 7.5) containing 2 mM of CaCl, and 1 mM of MgCl; or 2 mM of EGTA and 1 mM of
MgCl; in a ratio 1 g of tissue in 15 ml of buffer. After 10 min centrifugation at 1000xg the
supernatant was collected. The pellet (P1; nuclei and cell debris) was re-suspended in the
corresponding buffers and centrifuged second time for 10 min at 1000xg. Supernatant
fractions from the first and second centrifugation step (S2) were mixed and centrifuged for
15 min at 12.000xg (also see Suppl. Scheme 1). Supernatants were removed and the pellet
washed with the same homogenization buffers. The P2 (crude membrane) fraction was re-
homogenized in extraction buffer containing additionally 1% TritonX-100, incubated on ice
for one hour and then centrifuged at 100.000xg for 1h. The pellets (P3) obtained after this
step which represent the microsomal fraction were re-suspended in a double volume of the
Ca’* or Ca®*-free TBS buffer and stored at -80°C.

2.2.6 Gel filtration

For the separation of microsomal complexes by molecular weight gel filtration
experiments were performed. 500 ul of microsomes containing approximately 6 mg of
protein were re-suspended in 5 ml of lysis buffer, incubated for 30 min on ice and
subsequently centrifuged at 100.000xg for lhour. From the remaining supernatant 2 ml
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(about 2.5 mg of protein) were separated on a HR16/60 HiLoad Superdex200 gel filtration
column (Amersham Biosciences/GE Healthcare) implemented in a FPLC system
(Amersham Biosciences/GE HEalthcare) and calibrated according to manufacturers
instructions using a gel filtration calibration kit (Gel Filtration HMW Calibration Kit,
Amersham Biosciences/GE Healthcare). For further analysis 1.5 ml fractions were collected.
The first 20 fractions represented the void volume of the column and were discarded.
Fractions from number 20 to 80 were precipitated with acetone overnight at -20°C, washed
with ice-cold 70% ethanol and lyophilized. Dry pellets were solubilized in 50 ul SDS-PAGE
loading buffer and analyzed by western blot analysis using different antibodies. In the first
preparation 7 ul of every second fraction were loaded on the gel and checked with PI-4Kf,
Calneuron-1 and 2, NCS-1 and Syntaxin 6 antibodies (the latter one was applied as the proof
for an enrichment of Golgi proteins). On the second run the gel filtration was performed in
the same manner but all buffers contained 2 mM of CaCl, and 1 mM of MgCl, or 2 mM of

EGTA and 1 mM of MgCl,. The same blots were processed with different antibodies.

2.2.7 Co-immunoprecipitation

COS-7 cells transfected with Calneuron-1-GFP, Calneuron-2-GFP, NCS-1-GFP or
GFP were harvested and washed with ice-cold 1xTBS buffer. 500 pul of lysis buffer was
added to the pellet from each flask and samples were incubated for 30 min on ice. After
centrifugation for 20 min at 100.000xg the supernatant was collected and incubated with 5
ug of rabbit Calneuron-1, Calneuron-2, Caldendrin, NCS-1 antiserum or control rabbit 1gG
at 4°C for 2 hrs. 50 ul of protein A-sepharose beads were added to the reaction tube and
incubated further overnight at 4°C. Then the beads were washed 3 times with 1 ml of the
same buffer following centrifugation at 500xg, and were then finally eluted with 30 pl of
2xSDS sample buffer and immunobloted using mouse GFP and P1-4Kf antibodies. For co-
immunoprecipitation of endogenous proteins 1g of total brain tissue from adult rats was
homogenized in 10 ml of cold lysis buffer, incubated for 30 min on ice and then centrifuged
at 100.000xg for 1h. All proteins of interest were detectable in the soluble fraction. Co-

immunoprecipitation was done as described above from 500 pl of this supernatant.
2.2.8 Bacterial expression and purification of recombinant proteins

Glutathione S-transferase (GST) alone or fusion proteins of Caldendrin-C-terminus-
GST, GST-PI-4KB were expressed in BL21(DE3) bacteria. 4-8 hrs after induction the

33



recombinant fusion proteins were isolated from the bacterial lysates. After French press and
sonication in 1x TBS buffer containing 1% TritonX-100 the proteins were purified from the
soluble fraction by glutathione agarose chromatography. Columns with sepharose bound
Caldendrin-C-terminus-GST, GST-PI-4Kp or GST were extensively washed with Ca?* -free
(treated with Chelex100, Bio-Rad) TBS buffer and aliquots of these beads were used for pull
down assays. For PI-4Kp activity the enzyme was cleaved from the GST tag with thrombin
according to the manufacturers manual.

Untagged Caldendrin, Calneuron-1 and myristoylated NCS-1 (myr-NCS-1) were
purified from the BL21 bacterial strain after expression with pET21 vectors (for NCS-1 and
Caldendrin) and pTrcHis2B (for Calneuron-1) using hydrophobic columns (Aravind at al.,
2008). The expression yield of Calneuron-2 in both of these vectors was not sufficient for its
purification by this technique. Myristoylated NCS-1 was prepared by co-transformation of
N-myristoyl transferase in a pBB131 vector. After induction of protein expression with 0,5
mM IPTG, bacteria were incubated at 37°C overnight in the presence of myristic acid (10
mg/l) and sodium myristate (30 mg/l). NCS-1 was purified using a phenyl-sepharose fast
flow matrix (Pharmacia, Munich, Germany) by binding of bacterial extract to the column in
the presence of 2 mM Ca”* and 1 mM Mg*" in TBS buffer and eluting the protein with the 2-
5 mM EGTA buffer. After elution from the column the EGTA containing buffer was
exchanged by Chelex100 treated 1xTBS buffer (10 mM Tris—HCI, 150 mM NacCl, 2 mM
DTT and protease inhibitor; pH 7,5) and proteins were concentrated by centrifugation on
Amicon Ultra columns (10 kDa pore size, Millipore, Schwalbach, Germany). Further
purification steps included gel filtration with UV-detection and purity was finally cross-
checked using SDS-PAGE electrophoresis with subsequent Coomassie staining and
immunoblotting. Then samples were concentrated up to 1pg/ul, aliquoted and stored at -
80°C. Calneuron-1 and -2 were expressed with a maltose binding protein (MBP) tag using
PMAL-c2X vector according to the manual (NEB, Frankfurt am Main, Germany) and
purified with amylose resin (NEB, Frankfurt am Main, Germany). Cleavage of the tag was
not successful due to instability of the proteins. His-SUMO-Calneuron-1 and —Caldendrin
were expressed in the BL21(DE3) bacterial strain and purified with ProBond resin according
to the manual. Proteins were eluted with a 250-700 mM gradient of imidazole and then
undergone buffer exchange (buffers were selected depending upon the experiment) and the
subsequent decalcification procedure. Information regarding expression and purification of
bacterial proteins is summarized in Table 4.
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Table 4. Bacterially expressed recombinant proteins and conditions for induction and

purification.
Protein Plasmid Resis | Tag Induction | Induc | Purification | Detergents Expre
-tance temp.C°® | tion method ssion
time, yeld
hrs
Calneuron-1 | pMAL- Amp | MBP 37 4-6 Amylose none middl
Cc2X resin e
Calneuron-1 | pTrcHis2B | Amp | none 25-37 8 Phenyl Sodium low
sepharose Sarcosyl
Calneuron-1 | pET- Kana | His- 37 4-6 ProBond None, 0,5% | high
SUMO SUMO resin TritonX-100
can be used
Calneuron-2 | pMAL- Amp | MBP 37 4-6 Amylose none high
C2X resin
Calneuron-2 | pTrcHis2B | Amp | none 20-37 6-8 Phenyl Sodium low
sepharose Sarcosyl,
goes to
inclusion
bodies
Caldendrin pGHEB Amp | GST 37 4 Glutathione | 1% Triton- | high
sepharose X-100
Caldendrin- | pET21 Amp | none 18 ON Phenyl 8 M Urea middl
C-terminus sepharose e
Caldendrin- | pET- Kana | His- 37 4-6 Probond none high
N-terminus | SUMO SUMO resin
Caldendrin pET- Kana | His- 37 4-6 Probond none high
full length SUMO SUMO resin
Myr-NCS-1 | pET21 and | Amp | none 37 ON Phenyl none high
co-expressed | pBB131 sepharose
with N-
myristoyl
transferase
PI-4K 11l b pGEX Amp | GST 25-37 6-8 Glutathione | 1% Triton- | low
sepharose X-100
GST pGEX Amp | GST 37 4 Glutathione | 1% Triton- | high
sepharose X-100
MBP pMAL- Amp | MBP 37 4 Amylose none high
C2X resin
Amp- ampicillin; Kana-kanamycin, ON-overnight
2.2.9 Isothermal titration calorimetry (ITC)

ITC measurements with Caldendrin, Calneurons and myr-NCS-1 were performed
using a Microcal Omega Titration Calorimeter (VP-ITC). Samples were centrifuged and
degassed prior to titration. All titrations were carried out at 30°C in 50 mM Tris-HCI buffer,
pH 7.2 containing 100 mM KCI. Proteins samples were prepared in Chelex-treated 50 mM
Tris pH 7.4, 100 mM KCI and 0.5 mM DTT buffer. Protein solutions were exchanged with
the above buffer using Millipore ultrafiltration columns (3 and 10 kDa). In case of titration
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of proteins with Ca®", the protein samples were titrated until saturation. Stock solutions of
CaCl2 or MgCl2 were prepared in the same buffer. A typical titration consisted of injecting
1.5 pl aliquots of 2 mM CaClz solution into 1.45 ml of the protein solution at a concentration
of 20-50 uM. In a separate run, aliquots of ligand solution were injected into the buffer
solution (without the protein), in order to subtract the heat of dilution. All experiments were
repeated two or three times with different protein preparations and curve fitting was

performed using the software Origin (version 7) supplied by Microcal.

2.2.10 Steady-state fluorescence studies

Intrinsic fluorescence spectra were recorded on a Hitachi F-4500 fluorescence
spectrophotometer with proteins in the concentration range of 0.1 mg/ml. Fluorescence
measurements were made in the correct spectrum mode of the instrument using excitation
and emission slit widths of 5 nm each. Titrations were performed by adding increasing
concentrations of the ligand till saturation was attained. Tryptophan fluorescence was

recorded between 300-450 nm with the excitation wavelength set at 295 nm.

2.2.11 8-Anilino-1-naphthalene sulfonic acid binding

ANS-binding experiments were performed by mixing the protein solution with 1-
anilinonaphthalene-8-sulfonate (ANS; 100 pM / Sigma-Aldrich, Munich, Germany).
Fluorescence spectra were recorded by excitation at 365 nm in the correct spectrum mode on
a fluorescence spectrofluorometer (model F-4500, Hitachi; see above). Ca*" was
successively added to the protein ANS complex and the fluorescence was recorded. The

spectra were corrected for ANS fluorescence in buffer without protein.

2.2.12 Pull-down assays

To prove the protein interactions recombinant GST-CDD, GST-PI-4K and GST were
produced in bacteria as described above. GST-Importin-o.l was obtained from Biotech
(Jena, Germany). GFP- or myc-tagged Jacob constructs were heterologously overexpressed
in COS-7 cells and proteins were extracted with lysis buffer (see above) 48 hrs after.
Calneuron-1-GFP, Calneuron-2-GFP, NCS-1-GFP, CDD-GFP, or GFP overexpressed in
COS-7 cells were extracted with lysis buffer in the presence of 2 mM CaCl, and 1 mM
MgCl, (Ca®*-buffer) or 2 mM EGTA and 1 mM MgCl, (Ca*"-free buffer). Bacterially

produced recombinant proteins were immobilized on sepharose beads (for each experiment
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not more than 10 pg depending upon the molecular weight) were washed with the
corresponding buffers and incubated overnight at 4'C with 500 pl of the COS-7 cell extract.
After triple washing with the same buffers protein complexes were eluted with 30 pul of
2xSDS sample buffer and detected on western blots with a mouse monoclonal GFP
antibody.

2.2.13 Competition pull-down assays

Competition pull-down assays for the in vitro binding to PI-4K(-GST were performed
with untagged Calneuron-1 (or his-SUMO-Calneuron-1 in another set of experiments) and
myristolated NCS-1. All proteins were decalcified with Chelex100 and used in equimolar
amounts. The experiments we repeated 3-5 times for each protein combination (PI-4Kf3-
GST + Calneuron-1, PI-4Kp-GST + NCS-1 and PI-4KB-GST + Calneuron-1 + NCS-1) in
the presence of either 2 mM EGTA (no Ca*"), or 200 nM, 500 nM and 1 uM CacCl; in the
pulldown buffer (1 mM MgCl;, 10 mM Tris—HCI, 150 mM NaCl, 2 mM DTT and protease
inhibitor cocktail; pH 7,5.). Incubation was done either overnight at 4'C (for the experiment
with untagged Calneuron-1; unspecific binding to GST control was subtracted for
quantification) or for 1 h at RT (for his-SUMO-Calneuron-1; unspecific binding was also
subtracted for quantification). After incubation and washing probes were eluted with 20ul of
2x SDS sample buffer and loaded on SDS-PAGE gels. On every gel the different amounts of
recombinant Calneuron-1 or NCS-1 up to the level used in the assay were loaded in separate
lanes to quantify the efficiency of binding using the rabbit Calneuron-1 or rabbit NCS-1
antibody. To further analyse the dynamic of these complexes the triple amount of
myristoylated NCS-1 was added to the reaction with equimolar amounts of PI-4KR and
Calneuron-1 (NCS-1:Calneuron-1 is 3:1) in the presence of 2 mM EGTA or 1 uM CaCl..
Other buffer components were constant as in the previous reactions. The experiment was
repeated three times and intensity of the bands on immunoblots were analyzed by ImagelJ
(NIH).

2.2.14 Surface plasmon resonance analysis

Binding studies for Calneuron-1, PI-4KR and myr-NCS-1 were carried out using the
Biacore 2000 instrument and sensor chip CM5 (Biacore AB, GE Healthcare, Uppsala,
Sweden) at 25°C. His-SUMO-Calneuron-1 was coupled to the carboxymethylated dextran

matrix of a sensor chip cell according to the manufacturers instructions. After equilibrating
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the sensor chip with flow buffer HBS-P (10 mM Hepes pH 7.4, 150 mM NaCl, 0.005%
Surfactant P20) at a flow rate of 5ul/min, the Dextran matrix was activated with a 7-minute
pulse of 50 mM N-hydroxysuccinimide/200 mM N-ethyl-N"-(dimethylaminopropyl)-
carbodiimide at a flow rate of 5 ul/min. Subsequently his-SUMO-Calneuron-I was
immobilized at the surface of the sensor chip cell by injecting a 7-minute pulse of ligand
solution (20 pg/ml of His-SUMO-Calneuron-1 in 10 mM Sodium acetate pH 4.5). Finally
the excess of reactive groups on the chip surface was deactivated with a 7-minute pulse of 1
M ethanolamine hydrochloride pH 8.5, at a flow rate of 5 pl/min. For binding studies
including GST-PI-4Kp (or GST control) and myr-NCS-1 the purified proteins were diluted
at the indicated concentrations in the continuous flow buffer HBS-P containing various Ca**
and/or Mg”*-concentrations. Each analytic run was performed at 20 pl/min flow rate under
the following conditions: 1 min equilibration of the chip with the indicated analysis buffer.
Afterwards the analyte was injected in a 3-min pulse (association time) followed by a 3-min
pulse with analysis buffer alone (dissociation time). Individual runs were finished with the
regeneration of the chip matrix using a 2-min pulse of 50 mM NaOH at a flow rate of 5
pl/min and a terminating 5-minutes pulse with flow buffer in order to equilibrate the chip
surface again. For the final graph the binding of GST control alone of with NCS-1 was
subtracted from the corresponding GST-PI-4Kf3 values. For estimation of binding of NCS-1
to GST-PI-4Kp in presence or absence of Mg®* and different Ca®* concentrations myr-NCS-
1 was directly coupled to the sensor chip and GST-PI-4Kf was injected as described above.
The molar binding activities were calculated based on the equation from Catimel et al.
(1997).

2.2.15 PI-4KR activity assays

The PI-4Kp activity assay was carried out in a final volume of 120 pl containing 50
mM Tris (pH 7.5), 20 mM MgCl;, 1mM EGTA, 0.5 mg/ml BSA, 80 ug of substrate (PI) in
micelles containing 0.4% Triton X-100 and ATP (mixture of 500 uM cold ATP and 2 uCi
ATP-P*). The reactions were carried out in Ca**-free conditions (2 mM EGTA) or in the
presence of 2 mM CaCl,. 8 uM of wortmanine was used to inhibit the kinase activity in
control experiments. Reactions were initiated by adding the ATP mixture, the reaction mix
was incubated at room temperature for 30 min and terminated by adding 3 ml of a
chloroform/methanol/0.6N HCI (200:100:0.75 v/v%) mixture. The labeled phospholipids
were extracted with 1.5 ml of chloroform/methanol/0.6 N HCI (3:48:47, v/viv%). The
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organic phase was transferred into a scintillation vial. After evaporation, 5 ml of the
scintillation fluid containing 1.3 mM POPOP and 22 mM PPO in Toluene were added and
radioactivity was measured by a liquid scintillation counter. The blank value was subtracted
and data were represented as the percentage of basal kinase activity (100%) with or without

Ca?"

2.2.16 PI(4)P assay

The PI(4)P assay was carried out with a P1(4)P mass strip kit (MoBiTec, Goettingen,
Germany) in COS-7 cells. 75 cm? flasks were transfected and after 48 hrs cells were
harvested with cold 1xXTBS buffer, homogenized and centrifuged at 1000xg for 10 min at
4°C. The pellet faction was resuspended in 150 pl of TBS and 5 pl were taken for
immunoblotting with anti-pB-Actin (loading control) and anti-Syntaxin 6 (Golgi marker
control). The remaining pellet was used for PI1(4)P extraction according to the protocol from
the manufacturer. Briefly the pellet was washed twice with cold 5% TCA /1 mM EDTA
buffer by centrifugation and then neutral lipids were extracted by MeOH:CHCl; (2:1). The
obtained pellet was homogenized in CHCIl3:MeOH:12 N HCI (40:80:1) for the acetic lipid
extraction. The supernatant was collected, then organic and aqueous phases were separated
by adding CHCIs and 0,1 N HCI. The organic phase was transferred into a fresh tube and
lyophylized. Dry lipids were reconstituted with 10 ul of CHCl;. MeOH:H,0 (1:2:0,8) and 2
ul were spotted onto a PI(4)P Strip. Strips were dried, blocked with 3% BSA and incubated
with PI(4)P detector solution for 1 h at RT. After extensive wash with 1xXPBS the strip was
incubated for 45 min with Secondary detector solution supplied with a kit, washed again and
incubated with Tertiary Detector solution for another 45 min. After the final wash the
signals on the membrane were detected by chemiluminescence. Films were scanned and the

optical density of the spots was analyzed by ImageJ.

2.2.17 hGH release assay

PC12 cells were plated on collagen-coated 6 well plates and co-transfected 24 hrs later
with pXGH5 (2 pg/well) encoding human Growth Hormone (hGH) and pEGFP-Calneuron-
1 (2.5 pg/well), pEGFP-Calneuron-2 (2 ug/well) or pEGFP control vector (1.5 pg/well)
using Lipofectamine (Invitrogen, Karlsruhe, Germany). hGH release was determined 48 hrs
after transfection. PC12 cells were washed twice with stimulation buffer, incubated for 10
min in 1 ml of Ca®*-free stimulation buffer (containing 2 mM EGTA) to measure the basal
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release or with 1 ml of stimulation buffer containing 30 uM ATP. The supernatant was
collected, and the cells were harvested in the same volume of stimulation buffer. The
amount of hGH secreted into the buffer or the total amount present in the cells was measured
using hGH Elisa kit from Meddiagnost (Reutlingen, Germany). The basal release in control
pXGHS5 - pEGFP-C1 transfected cells was taken as 100% and the amount of secreted hGH

was normalized to its total level and expressed as a percentage of control.

2.2.18 VSV-G trafficking assay

To test the role of Calneurons in Golgi trafficking COS-7 cells were transfected with
GFP-tagged vesicular stomatitis virus glycoprotein (VSV-G) alone or co-transfected with
VSVG-GFP and untagged Calneurons in pcDNA3.1 and grown for 24 hrs. 7.5 um of
Anisomycin (Sigma-Aldrich, Munich, Germany) was added to stop new protein synthesis
when the experiment was started. Then temperature was shifted to 40°C for 30 minutes. This
time point was chosen because in the case of co-transfection with Calneuron constructs
already at the basal level majority of VSVG-GFP were observed at the Golgi. Thereafter the
temperature was reduced to 32°C and cells were subsequently fixed after 0, 60, 90 and 120
min, stained with rabbit Calneuron-1 or Calneuron-2 antibodies to confirm the double
transfection and processed for confocal laser scanning microscopy. Images were taken as the
300 nm z-stack using 63x-objective and 1.5 confocal zoom and constant data acquisition
settings. The maximal projection of each stack was analyzed in ImageJ. A region of interest
corresponding to plasma membrane was selected and intensity of fluorescence was
calculated as a mean grey value (represented as 255 different gray values). An average

background signal measured on empty areas close to the transfected cells was subtracted.

2.2.19 Ca*" imaging

To control whether the change of temperature in the VSV-G trafficking assay affects
the Ca”*- levels in the cell as it was reported previously we performed Ca®*-imaging
experiments. COS-7 cells, cultured on glass coverslips were loaded 24 hrs after plating with
Fura-2 by incubation at 35°C for 30-60 min with Fura-2 acetoxymethyl ester (5 pM)
dissolved in HPPS (120 mM NacCl, 5.3 mM KCI, 0.8 mM MgS04, 1.8 mM CaCl;, 11.1 mM
glucose, 20 mM Hepes, pH7.4). After washing with fresh HPPS, coverslips were transferred
to a small experimental chamber on the stage of an upright microscope (Axioskop FS, Zeiss,
Oberkochen, Germany) and continuously superfused with HPPS at 35°C for 10-20 min to
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allow de-esterification of the dye. The temperature of the bath solution was controlled with a
solution in-line heater (Warner Instruments, Hamden, CT, USA). A monochromator
(VisiChrome, Visitron Systems, Puchheim, Germany) was used to excite Fura-2
fluorescence at 358 and 380 nm. Fluorescence light was collected by a water-immersion
objective (LUMPLFL 40x W, Olympus, Hamburg, Germany) and images were acquired
with a cooled CCD camera (Pentamax, Princeton Instruments, Trenton, NJ, USA) after
passing a 400 nm dicroic and a 510 — 560 nm long-pass filter (Zeiss). Acquisition rate was
0.3 — 1 Hz in order to minimize photobleaching of Fura-2. Data acquisition was performed
by Metafluor software (Universal Imaging, Downington, PA, USA). For off-line analysis

and processing of fluorescence images the Image J software (NIH) was used.

2.2.20 FRAP experiments

Fluorescence recovery after photobleaching (FRAP) experiments were carried out
using a confocal laser scanning microscope (Leica DMRXE confocal microscope; Wetzlar,
Germany). 5-7 DIV cortical neurons were transferred 24 hrs after transfection with
mCherry-Synaptophysin and GFP or Calneuron-1-GFP and 72 hrs after transfection for the
Calneuron 1 shRNA into a recording chamber with ACSF (125 mM NacCl, 2,5 mM KCI, 2
mM MgSO4, 2 mM Ca?*, 10 mM glucose, 30 mM Hepes, pH 7.3) at 37°C. A 488-nm laser
line was used to monitor the GFP channel and a 568-nm line for both imaging of mCherry
and photobleaching. A 63x oil objective and 2x confocal zoom were used. Pictures were
taken every 5 min as a z-stack (300 nm z-step) with a resolution of 524x524 pixels. The first
five images were recorded before bleaching to establish a baseline and to ensure that the
neurons on the coverslip coverslip have stabilized responses in the recording chamber. Then,
the first 15-20 um segment of the longest neurite (axon) was bleached with the maximal
laser power for 5-8 min (12x zoom) due to the high photo-stability of mCherry, followed by
1 h of post-bleach recordings at the same conditions as for the baseline. After the bleaching
100 pM ATP was added for 3 min to increase intracellular Ca** levels and to stimulate Golgi
trafficking in the case of Caln-1-GFP or GFP transfection. For the BAPTA experiments cells
were pre-incubated with 10 uM of BAPTA-AM for 1 h at 37°C in serum free medium.
Images were analyzed with ImageJ (NIH). Z-stacks were processed as maximal projections
and a 10 pm initial segment of the bleached neurite was selected as the region of interest
(ROLI). In each experiment, the ROl was analyzed at all time points and the mean grey value
(represented as 255 different gray values) was calculated. Data were normalized to the
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photo-bleaching during the image acquisition by introducing the “bleaching coefficient”
(unrelated area with the background fluorescence monitored during the experiment after the
neurite was bleached, initial fluorescence intensity was taken as 1 and each change of the
intensity was calculated as the proportion). For the evaluation of % of FRAP the initial
fluorescence was taken as 100% and data were graphically plotted. The differences between
fluorescence intensity after bleaching at time point 0 min and time point 60 min were taken

as % of recovery.

2.2.21 Life imaging experiments

For the line analysis of vesicle trafficking the same groups as described above were
studied. For the BAPTA-AM experiments cells were preincubated for 1 h at 37°C.
Coverslips were transferred to an experimental chamber on the stage of an upright
microscope (Zeiss Axioscope FS, Oberkochen, Germany). Cells were continuously
superfused with HEPES-buffered ACSF at 35°C. mCherry fluorescence was excited at 575
nm. Excitation light was directed onto the specimen via a 60x objective and a 580 nm
dichroic. Emission was filtered with a 590 nm long-pass filter. Images were acquired every
30s (exposure times 200-500 ms) via a water-immersion objective (LUMPLFL 60x W,
Olympus, Hamburg, Germany) and a cooled CCD camera (Pentamax, Princeton
Instruments, Trenton, NJ, USA). Data acquisition was performed by Metafluor software
(Universal Imaging, Downington, PA, USA). For off-line analysis and processing of

fluorescence images the ImageJ software was used.

2.2.22 Analysis of Golgi complexes and PTVs in primary neurons

Transfected primary cortical neurons were fixed at DIV5 and stained with trans-Golgi
network markers (Syntaxin-6, TGN38), the endosomal/Golgi marker 3-Cop or the cis-Golgi
marker GM150 in combination with PI-4Kp or different presynaptic markers (SNAP25,
Piccolo, Synaptophysin). For analysis of co-localization images were scanned with a
confocal microscope (see above) as 300 nm z-stacks (63x oil objective) and calculated as
maximum intensity projections using the ImageJ software (see above). The size of the Golgi
complex was analyzed 24 hrs after transfection with Calneuron-1-GFP and GFP-Calneuron-
2, NCS-1-GFP or GFP constructs and 72 hrs after introduction of the Calneuron-1 shRNA.
Images were scanned as 126 nm z-stacks (63x oil objective and 4x confocal zoom) and
analyzed using Imaris image analysis software. The Syntaxin-6 channel was reconstructed as
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3D with the same parameters for all groups and then the volume, total surface area and the
number of TGN clusters was measured. For the analysis of Piccolo Bassoon transport
vesicles (PTVs) number MAP2 was used as a dendritic marker and Piccolo as a marker of
PTVs. The longest MAP2 negative neurite was identified as the axon. For quantitative
analysis 50 um stretches were taken 30 um away from the cell body to exclude the axon
initial segment, scanned as z-stack (63x oil objective, 2x zoom) and then transferred to the
maximal projection as described above. The GFP cannel was adjusted to saturation level and
inverted to a binary image, which was then used to calculate the total area of the axonal
segment. Subsequently the Piccolo-immunofluorescence was also converted to a binary
image with the same threshold for all groups. Only the area overlapping with the GFP image
was analyzed. Data are presented as the ratio between the area covered by PTVs (Piccolo
positive) and the total area of the axon (GFP positive). GFP transfected neurons were taken
as control (set to 100%) and percentage deviations were calculated. For analysis of PTVs
size and intensity of fluorescence for Piccolo on PTVs, the mask created from the binary
Piccolo image was applied to the original not modified Piccolo channel. The size and
fluorescence intensity of ROI was measured.

2.2.23 Structural Modeling

The 3D structures were generated using automated homology modeling on Swiss
Modeller  Server (http://swissmodel.expasy.org/SWISS-MODEL.html) with a high
confidence score. The model generated was visualized and corrected using the SETOR
program (Evans, 1993) on a Silicon Graphics machine. The structure is generated with
suitable targets and energy minimization was performed on the developed model. The
quality of the model and robustness was evaluated by performing molecular dynamics using
the Insightll program. EF-hand structures of Calneurons and Caldendrin have been modeled
using coordinates from the calcium saturated structure of human CaM (protein data bank,
pdb entry: 1cll (Chattopadhyaya et al., 1992) and the Ca** free CaM-like skin protein CLSP
(Babiniet al., 2006).

2.2.24 Statistical Analysis

Statistical analyses were performed with the paired Student’s t test and the Mann-
Whitney U-test when applicable using Excel or Prism software (Prism Computational
Sciences, Inc. Madison. USA).
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3 Results
3.1 Jacob is a Caldendrin binding partner in brain and competes with Importin-a
for an overlapping binding site

Based on its EF-hand organization, a unique bipartite structure with a highly basic N-
terminal part that doesn’t share homology with any other protein and its restricted
subcellular localization, it can be expected that Caldendrin has a function in neurons that is
associated with specific binding partners that are different than those of CaM. To test this
hypothesis a number of screens for interaction partners were initiated some years ago in our
lab. Part of these efforts was a Y2H screen using the C-terminal part of Caldendrin
containing the four EF-hands as bait (Doctoral thesis of Dieterich DC, 2003; Dieterich et al.,
2008). Among the proteins that came out of this screen were eight independent clones that
contained the sequence of an uncharacterized gene product that was subsequently named
Jacob (see above).
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Figure 5. Primary structure of Jacob (upper) and Caldendrin (lower). The main features cDNAs are depicted:
N-myristoylation, PXXP motif, bipartite NLS, central a-helical region, number of predicted phosphorylation
sites and EF-hands.

The interaction regions of Jacob and Caldendrin were mapped in detail in Y2H studies and
confirmed by pull-down assays and analysis of deletion mutants. According to these
experiments the EF-hands 1 and 2 of Caldendrin are critical for an interation with Jacob.
Strikingly, in Jacob, we could map the Caldendrin binding region to the central a-helical
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region that harbors the bipartite NLS (Fig. 5). Deletion of the first six basic residues of the
NLS led to significantly reduced Caldendrin binding (Dieterich et al., 2008). In pull-down
assays using recombinant proteins Caldendrin binds Jacob only in the presence of Ca®*. To
check if this Ca** dependency also holds true under in vivo conditions co-
immunoprecipitaion experiments were performed with extracts of rat brain proteins either in
the in presence of 100 uM Ca®* or 5 mM EGTA (Ca*" - free conditions / Fig. 5A).
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Figure 6. (A) Caldendrin co-immunoprecipitates with Jacob from a rat brain extract in a Ca?" -dependent
manner. Rabbit anti-Jacob bound to protein A sepharose specifically precipitates Jacob independent from the
conditions used (5 mM of EGTA or 100 uM Ca®* in the precipitation buffer). Rabbit 1gG was used as a
negative control (upper panel). Caldendrin was only detected in the precipitate in the presence of Ca’* (lower
panel). (B) WT-Jacob-GFP does not bind to CaM in a pull-down assay. Jacob binding to CaM or Caldendrin-
GST sepharose was tested in the presence of 100 puM Ca®* or 2 mM EGTA. GST sepharose was used as the
control. WT-Jacob-GFP was detected by western blotting with a GFP antibody. (C) Immunoprecipitation of
Importin-al from a soluble rat brain protein fraction with a Protein-A sepharose-coupled Jacob antibody (JB-
150). Importin-al was only found in the immunoprecipitate (IP) of the Protein-A sepharose coupled Jacob-
antibody, whereas it remained in the unbound fraction in the 1gG and Protein-A sepharose control. (D) GST-
Importin-al pull-down of myc/his-tagged wt- and ANLS-Jacob extracted from transfected COS-7 cells. Only
wt-Jacob, but not ANLS-Jacob, is found in the pull-down, indicating that the presence of the NLS is essential
for the Importin-al/Jacob interaction. (E) GST-Importin-al pull-down of myc/his-tagged WT Jacob in the
presence of equimolar amounts of recombinant Caldendrin C-terminus. Pull-down of Jacob is attenuated in the
presence of 2 mM Ca®*, but not in the presence of 2 mM EGTA. PD, pull-down fraction; UB, unbound
material; Cald — Caldendrin; CaM — Calmodulin; rb. rabbit; gp, guinea pig; ms, mouse.

In agreement with the pull-down assay data Caldendrin was eluted only from the Jacob
antibody beads treated with Ca®* whereas the amount of Jacob protein precipitated by the
antibody was not significantly affected by Ca?* (Fig. 6A). Proteins that contain 1Q motifs

45



typically bind CaM that in turn is much more abundant than Caldendrin. To exclude that
Jacob’s 1Q motif might be a CaM binding site for Jacob expressed in eukaryotic cells, GST-
pull-down assays were performed with Jacob expressed in COS-7 cells. Strikingly, there was
almost no binding of Jacob-GFP to CaM observed at any Ca?* concentration tested (Fig. 6B)
and CaM also could not compete with Caldendrin for binding to Jacob (Dieterich et al.,
2008). Thus, the interaction of the 1Q motif in Jacob is Caldendrin specific and Ca*
dependent in vitro and in vivo.

The transport of proteins from the cytosol through the nuclear pore complex into the
nucleus depends on the binding of Importins to a specific NLS within the cargo. Within this
scheme Importin-a. functions as an adapter molecule by binding both the NLS-bearing
protein and Importin-p. Since structural modelling suggested that Caldendrin-binding will
potentially mask Jacob’s NLS we therefore decided to address this prediction more directly
by first confirming an interaction of Jacob with Importin-o.. Co-immunopreicpitation
experiments from brain extract have shown that Jacob might interact with Importin-al (Fig.
6C). In further pull-down experiments we found specific binding of myc-his tagged wt-
Jacob but not of the ANLS Jacob mutant to GST-Importin-al (Fig. 6D). The binding of
GST-Importin-a 1 was not affected by the presence or absence of Ca®* (data not shown). We
next investigated whether the binding of Importin-a can be competed by equimolar amounts
of recombinant Caldendrin. Indeed, these studies revealed a competition between Caldendrin
and Importin-a1 for binding to Jacob in the presence of Ca*. Interestingly, no competition
was seen in the presence of EGTA suggesting that elevated Ca’*-levels are needed for
Caldendrin to mask the NLS in Jacob (Fig. 6E).

3.2 Importin-bound Jacob translocates to the nucleus after stimulation of NR2B-
containg NMDARs

An elegant recent study from Kelsey Martin’s lab (Thompson et al., 2004) established
a role of the classical Importin-mediated nuclear import for synapse-to-nucleus
communication. In this study an NMDA receptor-dependent translocation of Importin-ol
and -a2 from distal dendrites to the nucleus was observed. Under resting conditions,
however, dendritic importins are largely immobile. Potential cargos associated with this
translocation are at present unknown. Jacob is found to be localized both at synapses and the
nucleus and harbors a bipartite NLS, which is bound by Importin-a. and masked in a Ca**-
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dependent manner by Caldendrin. We therefore tested whether increased NMDA receptor
activity will alter the intracellular localization of Jacob. For this purpose we stimulated
hippocampal primary cultures with NMDA for 3 min and quantified the Jacob
immunoreactivity (IR) fluorescence signal intensity of 4'-6-Diamidino-2-phenylindole
(DAPI) counterstained neuronal nuclei. Jacob IR increased significantly in neuronal nuclei
within 30 min after NMDA receptor activation (Fig. 7A and B) with highest levels after 2
hrs. Nuclear Jacob IR returned to control levels within 4 hrs (Dieterich et al., 2008). As
previously reported (Thompson et al., 2004) Importin-al accumulated in the nucleus in a
similar time frame. Interestingly, no recruitment of Caldendrin to the nucleus was observed

(data not shown).
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Figure 7. Jacob and Importin-al translocate into the nucleus upon NR2B-containing NMDARs stimulation.
(A-B) Blockage of nuclear Jacob and Importin-1 trafficking after bath application of NMDA (100 uM for 3
min) in the presence of the NR2B antagonist ifenprodil (5 pM). Cultures were fixed 30 min after NMDA
stimulation. ***, p<0.001. (C) NR2BRs co-immunoprecipitates with Jacob from a Triton-X-100 soluble rat
brain fraction. There is only minor amount of NR2A containing NMDARs can be observes in

immunoprecipitate. Protein-A sepharose-coupled Jacob antibody (JB-150) or rabbit IgG contol were used.
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Using quantitative fluorescence time-lapse microscopy of hippocampal primary
neurons transfected with wt-Jacob-GFP or the ANLS-mutant we found that the presence of
the NLS is essential for the nuclear translocation of Jacob. Glutamate stimulation of wt-
Jacob-GFP transfected cultures kept in the presence of anisomycin resulted in an increase of
somatic and nuclear GFP-fluorescence with a time-course comparable to that of the
endogenous protein. The nuclear accumulation of Jacob-GFP, however, was not seen in
neurons transfected with the ANLS-mutant Jacob-GFP construct (Dieterich et al., 2008)
suggesting that the presence of the binding site for Importin-a is a prerequisite for Jacob’s
nuclear accumulation. Importantly, concomitant to the nuclear accumulation of wt-Jacob the
GFP-fluorescence decreased in proximal and distal dendrites, an effect, which was absent in
ANLS-mutant Jacob-GFP transfected neurons. This indicates that the presence of the NLS
and the interaction with Importin-o. are not only important for the nuclear import but are
already crucial for Jacob’s transport from dendrites to the nucleus (Dieterich et al., 2008).

To learn more about the role of Caldendrin for the extra-nuclear retention of Jacob and
to understand the apparently contradictory findings (i.e. NMDAR activation with subsequent
Ca’*-influx leading to Jacob’s nuclear import and concomitantly Caldendrin binding
preventing this process at high synapto-dendritic Ca?*-levels) we analyzed the transport
process of Jacob in more detail using confocal laserscan microscopy. NMDA receptors are
situated both at synaptic and extrasynaptic sites (Rumbaugh&Vicini, 1999;
Tovar&Westbrook, 1999). Bath application of NMDA is considered to affect preferentially
but not exclusively extrasynaptic NMDARs (Hardingham et al., 2001; Hardingham et al.,
2002). The latter ones are less efficiently coupled to steep intracellular Ca**-release than
their synaptic counterparts (Sala et al., 2000; Kohr, 2006).

To differentiate between these two populations we indirectly stimulated hippocampal
cultures by incubation with the A-type of gamma-amino butyric acid receptor (GABAa-
receptor) antagonist bicuculline. The blockade of inhibitory synapses leads to an increased
release of glutamate at synaptic sites, and as expected an increased accumulation of Jacob
and Importin-o in the nucleus (Dieterich et al., 2008). This effect, however, was much less
distinct as compared to the bath application of glutamate.

A co-incubation with the non-competitive NMDAR antagonist MK-801 attenuated the
nuclear accumulation of Jacob and Importin-al to levels indistinguishable from control
conditions (Dieterich et al., 2008). Since MK-801 is an irreversible open channel blocker we

took advantage of this fact to differentiate between synaptic and extrasynaptic NMDARs.
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After removal of the drug following stimulation of synaptic glutamate receptors we applied
NMDA to the bath solution to exclusively activate extrasynaptic NMDARSs. Interestingly,
this regimen induced a marked nuclear translocation of Jacob and Importin-al that was
more prominent than the accumulation after stimulation of synaptic NMDARs (Dieterich et
al., 2008).

Synaptic NMDARs contain predominantly the NR2A-subunit while their
extrasynaptic counterparts contain mainly the NR2B-subunit (Halpain et al., 1998). To prove
the hypothesis that the nuclear translocation of Jacob and Importin-a.1 requires activation of
NR2B-containing NMDARs we repeated the experiments outlined above in the presence of
the NR2B specific antagonist ifenprodil. Intriguingly, we found that after bath application of
NMDA, Jacob’s and Importin-al nuclear import could be completely blocked in the
presence of ifenprodil (Fig. 7A and B). These results show that the nuclear import of Jacob
and Importin-al requires signaling via the largely extrasynaptically localized NR2B-
containing NMDARs. Finally, in support of the notion that largely NR2B containing
NMDARs are associated with Jacob we found in co-immunoprecipitation experiments using
a Jacob antibody NR2B immunoreactivity from a Triton-X-100 soluble rat brain extract.
There was only a minor amount of NR2A containing NMDARs in this precipitate probably
due to the existence of hetero-trimeric NMDARs (Fig. 7C).

3.3  Caldendrin binding targets Jacob outside the nucleus only after synaptic
NMDAR stimulation

These data led to the hypothesis that only if synapto-dendritic Ca®*-levels reach a
critical range like after sustained synaptic activity, Caldendrin will block Jacob’s nuclear
import. However, not all synapses are Caldendrin immunopositive (Laube et al., 2002), and
probably therefore after synaptic stimulation one can still see some thanslocation of Jacob
into the nucleus. To check this hypothesis we transfected a GFP-Caldendrin construct into
hippocampal primary neurons at DIV 7. Expectedly, overexpression of Caldendrin blocked
the increase of endogenous nuclear Jacob immunoreactivity after synaptic stimulation at
DIV 16, indicating that the interaction with Caldendrin masks the NLS of Jacob (Fig. 8A
and B). However, after stimulation of extrasynaptic NMDARSs, overexpression of
Caldendrin attenuated Jacob’s nuclear import much less efficiently (Fig. 8A and B). We
therefore checked whether RNAI knockdown of Caldendrin affects the nuclear trafficking of

Jacob differentially after synaptic and extrasynaptic NMDA receptor stimulation. We
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generated four different RNAI constructs and checked their efficiency in COS-7 cells by co-
transfection of each RNAI sequence in pRNAt vector with different amount of untagged
Caldendrin in pRC vector. The most efficient sequence was used for the transfections of
hippocampal primary culture where it also induced the reduction of endogenoues Caldendrin
(Fig. 9A and B).

A

unstimulated 4-AP, bicuculline

Cald-GFP

9

GFP, MAP2 GFP, MAP2

extrasynaptic NMDA B
= 90| O3 GFP
= @ Cald-GFP .
£ 2004 2
>
5 © 1801
QC) 8 iRk
< @160 i
5l
— = 1401
e Q
2 © 120
= O
+= 100
X
T Ollolal lof@l (-8
60|t ill |EPE (LR
S Q- W A
&'Z‘}@ D‘YO\>\\ (\’er@
\6\ ,o\) oﬁ
o SOG
N e

Figure 8. Caldendrin targets Jacob outside the nucleus. (A) Nuclear Jacob immunofluorescence following
Caldendrin overexpression (upper panel) and in GFP control transfections (lower panel). Depicted are
unstimulated neurons (first two rows), neurons 30 min after bicuculline stimulation, and neurons after
stimulation of extrasynaptic NMDARSs. Transfections were done at DIV13, stimulation experiments at DIV16.
Scale bar indicates 10 um (B) Quantitative analysis of nuclear Jacob immunofluorescence as percent deviation
from unstimulated GFP control transfections. ***, p<0.001. Error bars represent the SEM
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Figure 9. Validation of Caldendrin RNAI-GFP construct. (A) COS-7 cells double transfected with RNAi for
Caldendrin or the scrambled construct and Caldendrin without tag in a ratio of 4:1 or 8:1. 72 hours later cells
were harvested and protein levels were checked by immunobloting with GFP and Caldendrin antibodies. (B)
Quantification of Caldendrin knock down in COS-7 cells. (C) Caldendrin staining (red) is clearly reduced after
transfection of hippocampal primary neurons with a RNAi-GFP construct (GFP-positive cells are indicated
with arrows, upper panel) as compared to nontransfected cells from the same culture or neurons infected with
the scrRNA-GFP construct (see arrow in the lower panel). Blue channel: MAP2 staining. Transfection was
done at DIV10, fixation at DIV16. Scale bar is 10 pm.

We transfected hippocampal primary neurons with Caldendrin RNAIi-GFP construct or
the corresponding scrambled control on DIV 5 and again applied differential stimulation
protocol for synaptic and extrasynaptic NMDARs. We found that the nuclear
immunofluorescence for Jacob was significantly increased in cells with reduced Caldendrin
levels after enhancing synaptic activity with bicuculline (Fig. 10A and B), whereas the
Caldendrin knock down had no effect on Jacob’s nuclear import after activation of
extrasynaptic NMDARs. This points to a regulatory function of this protein-protein
interaction in nuclear trafficking of Jacob after enhanced synaptic activation that is related to
the competitive accessibility of the NLS of Jacob for either Caldendrin or Importin-o

binding.
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Figure 10. (A) Synaptic and extrasynaptic stimulation of hippocampal primary neurons (DIV16). Cultures were
transfected with a Caldendrin RNAI-GFP construct (upper panel) or scrambled scrRNA-GFP construct (lower
panel) at DIV5. Depicted are a transfected and a nontransfected neuron. Scale bar is 10 um. (B) Quantitative
analysis of nuclear Jacob immunofluorescence after Caldendrin knockdown (RNAi-Cald-GFP), in scrambled
controls (scrRNA-GFP) or non-transfected cells as percent deviation from unstimulated controls. ***, p<0.001.
Error bars represent the SEM.
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3.4  Jacob is part of the CREB shut-off pathway

The predominant Ca**- and NMDA receptor activated signaling pathways to the
nucleus in neurons funnels through the activation of the transcription factor CREB (West et
al., 2002; Deisseroth et al., 2003). Previous work has shown that extrasynaptic NMDA
receptor activation results in a dephosphorylation of CREB at Ser133 (pCREB) that renders
it transcriptionally inactive and, therefore, constitutes a CREB shut-off signal (Hardingham
et al., 2002; Noguchi et al., 2005). We could replicate this finding in our cell culture system
(Fig. 11A and B).
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Figure 11. Nuclear Jacob regulates the phosphorlation of CREB. (A) Extrasynaptic stimulation (hippocampal
neurons, DIV18) as well as bath application of NMDA (100 pM, 3 min) reduces level of pCREB in the
mucleus. MAP2 is included as a neuronal marker and also as an indicator for a living cells (B) Quantification
of pCREB level upon different stimulations. (C) Overexpression of AMyr-Jacob-EGFP using a Semliki Forest
Virus vector significantly reduced the level of pCREB at resting conditions in comparison to EGFP-infected
and noninfected cortical primary neurons. The diagram (B) represents the data from four to five independent
experiments normalized to B-Tubulin 11l. Total CREB levels were not affected by infection of the cultures.
*** p<0.001, **, p<0.01. Error bars represent the SEM.
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Since Jacob is targeted efficiently to neuronal nuclei after extrasynaptic NMDA
receptor activation, we next addressed the question whether the presence or absence of Jacob
in the nucleus affects the phosphorylation of CREB at this crucial residue. As a first proof of
principle, we explored whether the nuclear overexpression of the myristoylation mutant of
Jacob (AMyr-Jacob-GFP construct) significantly reduced the levels of pCREB in
hippocampal primary neurons as compared to untransfected or GFP-transfected controls
under resting conditions (Dieterich et al., 2008). Similarly, infection of cortical primary
cultures with a Semliki Virus expressing AMyr-Jacob-GFP leads to drastically reduced
pCREB levels as evidenced by quantitative immunoblotting while the total CREB levels
were not affected (Fig. 11C and D).

To more rigorously test the hypothesis that Jacob is part of the CREB shut-off we
induced a knock-down of nuclear Jacob using plasmid based RNAI constructs targeting exon
6 containing isoforms of the protein and subsequently stimulated extrasynaptic NMDA
receptors with the protocol outlined above. We found that nuclear knock down of Jacob
completely abolished the reduction of pCREB observed after stimulation of extrasynaptic
NMDA receptors (Dieterich et al., 2008). These data point to a critical role of Jacob for
survival of hippocampal primary neurons after triggering the CREB shut-off pathway.

3.5 The primary structure of Caldendrin and Calneurons

Taken together the evidence so far points to an important role of Caldendrin in many
aspects of neuronal Ca®* signaling and it was therefore rather surprising that the shorter
Caldendrin splice isoforms and the other CaBP family members that share the same EF-hand
organization and show a high degree of homology are only prominent in retina. A search in
public databases, however, revealed several EST- and cDNA clones from brain tissue that
show significant similarity to the first two EF-hands of Caldendrin/CaBPs and CaM. Further
analysis of these clones disclosed the existence of two highly homologous proteins from
which the sequence of one of them has been previously published under the name of
Calneuron (Wu et al., 2001), whereas the other was termed CaBP7 (Haeseleer et al., 2002).
Based on our initial characterization (see below) we decided to introduce the name
Calneuron for both proteins to indicate that they are Ca** binding proteins prominently
present in neurons and constitute a new subfamily of CaM-like calcium sensors closely
related to but distant from Caldendrin/CaBPs. We cloned Calneuron-1 (Accession number:
XM344102) and -2 (Accession number: AY841152) using RT-PCR from rat brain cDNA
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and a subsequent alignment of their amino acid sequence revealed that they are highly
homologous to each other (Fig. 11A). Calneuron-1 encompasses an open reading frame of
219 amino acids and Calneuron-2 of 215 amino acids with an overall identity of 63%
between both of them (Fig. 12A). They have a short N-terminal region flanking the EF-hands
but interestingly, they also possess a 38 amino acid long extension of its C-terminus as
compared to Caldendrin (Fig. 12). This extension is uncommon in neuronal calcium sensor
proteins and a unique feature of the Calneuron structure. CaM, the archetypal calcium sensor,
consists of two canonical EF-hand domains tethered by a flexible linker. As depicted in
Figure 3, Caldendrin has only three functional EF-hands, i.e. 1, 3 and 4, whereas EF-hand 2
does not bind Ca**. In Calneuron-1 and -2 only the first two EF-hands fulfill the criteria for a
canonical Ca?* binding EF-hand. Based on sequence comparison, it appears that there is a
deletion of three residues in EF-hand 3 of Calneurons, and Asp is replaced by Ser at the +x
coordinate position (first coordinating residue of the loop) in EF-hand 4 which makes both of
them most likely incapable to chelate Ca** or other cations (Fig. 2 and Fig. 12). Interestingly,
the presence of an Asp at the —z coordinating position in EF-hand 1 (12" residue of the EF-
hand loop) of Caldendrin decreases its specificity for Ca?* and it has been shown that it most
likely exists in a constitutively Mg?* bound form (Burgoyne et al, 2004). This is at variance
with calneurons that have a Glu at this position and it can therefore be expected that their two
functional EF-hands are high-affinity Ca?* binding sites.

Moreover, the organization of functional EF-hands is unique for Calneurons and does
not match those of other neural calcium sensor proteins (Fig. 12). The presence of non-
functional EF-hands is a common feature of NCS proteins (Fig. 3) and it is thought to play an
important structural role for the dynamics and specificity of their target interactions. It can be
therefore concluded that the C-terminal non-functional EF-hand like structures might be
significant for their cellular function. Interestingly, databank entries show that the amino acid
sequence of Calneuron-1 and -2 is 100% identical between human, rat and mouse. This high
degree of conservation clearly supports the idea that also the c-terminal half of Calneurons
has some functional significance related to its structure. Of particular interest is the
observation that in contrast to all CaBP family members as well as all to the closely related
NCS proteins, Caldendrin and Calneurons lack a N-myristoylation motif that can provide a
lipid anchor for membrane attachment (Fig. 12). In conjunction with a bootstrap analysis of
neighbor joining distances (data not shown), which showed that although Caldendrin, CaBPs
and Calneurons are closely related the phylogenetic tree also indicates that Calneurons
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constitute a new subfamily of CaM-related EF-hand calcium sensors with a unique EF-hand

organization (Fig. 16B).
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Figure 12. Alignment of the amino acid sequence of Caldendrin and Calneuron-1 and -2. Sequences were
aligned using the MultAlin program (http://bioinfo.genotoul.fr/multalin/). Putative EF-hand motifs (EF1 — EF4)
are represented as boxes. Amino acids in red are identical in all three proteins, amino acids in blue only in
Calneuron-1 and -2. $ is anyone of LM; % is anyone of FY; # is anyone of NDQEBZ.

3.6 Comparative modeling of Caldendrin and Calneurons EF-hand structures

We next looked more closely into the predicted 3D structure of Calneurons in
comparison to those of Caldendrin. The 3D structure of Caldendrin is not yet known though
the resonance assignments of apo, Mg?* and Ca®* bound forms of CaBP1 by NMR have
been completed (Wingard et al., 2005). Using the Swiss Modeller server (Swede et al.,

2003) we first generated a structural model of Caldendrin (Fig. 13A).
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Figure 13. Predicted structure of (A) Caldendrin (from amino acid 155 to 298) and (B) Calneuron-1 (from
amino acid 1 to 219). The structures were generated by automatic homology modelingusing the Swiss Modeler
Server http://swissmodel.expasy.org/SWISS-MODEL.html, and visualized using the SETOR program on a
Silicon Graphics Work station. The model is represented in the form of secondary structures showing helix, f3-

strand and coiled-coil conformations.

The topology of Caldendrin appears different than the CaM structure since it does not show
the typical CaM-like dumb-bell shaped topology, though it has a two-domain structure.
Unlike CaM, which in the region joining both domains forms a long central helix,
Caldendrin appears to be more in a coiled-coil conformation in this region (Fig. 13A).
Calneuron-1 is predicted to have a more CaM like topology (Fig. 13B). Interestingly,
however, also in Calneuron-1 the CaM-like central linker region seem to be different and
might exhibit a more coiled-coil structure. As mentioned above, Calneuron-1 has two
functional EF-hands (EF-hand 1 and 2) located in the N-terminal domain whereas both non-
functional EF-hands (3 and 4) are located at the C-terminal domain. Though non-functional,
both of these EF-hands have typical helix-loop-helix conformations, which will, however,
not bind Ca?*. The intrinsic specificity of the CaM-fold is determined by each of the dumb-
bell shaped halves and the various arrangements of the two halves upon target peptide
binding. Ca’*-free EF hands sterically allow the complete closure of the concave
hydrophobic target peptide binding pocket build by one double EF hand domain. The
saturation of Ca?* ions fixes the flexibility of both EF hand loops and shifts the equilibrium
towards the open state. Mutated EF hand loops not capable to bind Ca?* may exhibit either

all time flexibility or stiffness depending on the type of residue mutation or deletion.
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Interestingly, Caldendrin and Calneurons show both types of mutated EF hands. In
Caldendrin, the flexibility of the mutated second EF hand is increased by a mutation of a
Ca’* binding aspartate to glycine. The third EF hand in Calneurons is in part deleted and
mutated with hydrophobic side chains to make a short stiff conformation of the helix-loop-
helix motif. The fourth EF hand remains flexible, which may be moderated by Ca?* ions as
three glutamic acids and in Calneuron-1 an additional asparate are located within this loop.
In consequence, both double EF hand domains of Caldendrin and Calneurons may bind to
target peptides, using different protein dynamics. The first domains of Calneurons and the
second domain of Caldendrin exhibit similar Ca®*-dependent binding properties as CaM,
while the remaining domains require a high-affinity binding peptide, which forces the
domain to takeup an open conformation.

Interestingly, while looking more closely at the EF-hand structure, it appears that the
calcium-binding pockets in Calneurons differ in cavity sizes thereby influencing the affinity
for Ca®* (Fig. 13). Leu48 (Calneuron-1) at the beginning of the EF-hand 1 loop is replaced

by Phe45 (Calneuron-2), which fills up the cavity due to its large side chain (Fig. 14).
A B
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Figure 14. Differences in the target peptide binding pockets of EF-hand 1 and 2 in Calneurons. The target
helical peptide binds to the Ca2+ activated open hydrophobic pocket. The binding pocketdiffers by two
residues, only. Calneuron-2 pocket is filled with three more atoms maintained by23 Phe45 as compared to
Leu48 in Calneuron-1. The other differences between both proteins are located within the EF hand connecting
residues and on the surface of the domain.

Therefore Calneuron-2 may preferentially bind to helices having a shorter hydrophobic side
chain anchor (Fig. 14B). The surface charge distribution is comparable in all three proteins.
Notable differences are seen at the tip of the linking loop between the two EF-hands. Ser73

and Ala78 of Calneuron-1 are replaced by Asn70 and Glu75 in Calneuron-2, respectively.
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Larger sequence deviations are also on the concave surface and as mentioned the helix,
which joins the second double EF-hand domain. In Calneurons and CaM, the second EF-
hand is more dependent on pH and it is likely, that the second EF-hand undergoes a larger
conformational change at low Ca®* concentrations. Interestingly, there is a tyrosine residue
at the tip of the linking loop between EF-hand 1 and EF-hand 2 (Calneuron-1: Tyr70,
Calneuron-2: Tyr67) and a corresponding Tyr was also noted for Caldendrin (Seidenbecher
at al., 2002). The influence of this residue on the binding specificity for target interactions is

unknown.

3.7  Caldendrin and Calneurons are abundant in brain

To initially address the important question whether Calneurons like Caldendrin show
prominent expression in brain, we performed in situ hybridization studies to localize
Calneuron transcripts in rat brain sections (Fig. 15A).

These studies revealed that Calneuron-1 and -2 mRNA is indeed present in rat brain
with an expression pattern that exhibits partial overlap with those of Caldendrin. Calneuron-
1 transcripts have a widespread distribution with intense hybridization signals in the
cerebellum but are also present in many other brain regions like cortex and hippocampus
where high levels of Caldendrin transcripts are found (Fig. 15A). This is in contrast to the
expression of Calneuron-2, which is restricted to the CA3 region of the hippocampus,
entorhinal cortex, the antero-dorsal and antero-ventral thalamus as well as the inferior and
superior colliculus (Fig. 15A). We next generated antibodies to Calneuron-1 and -2 to
perform immunoblots and immunocytochemical stainings of hippocampal primary neurons.

Subcellular fractionation studies of rat brain homogenates showed that Calneurons
are present in all fractions including membrane-containing fractions like microsomes (Golgi
membranes) and light membrane fraction (ER and Golgi) (Fig 15B). In contrast to
Calneurons and NCS-1, Caldendrin is also tightly associated with the specialized
cytoskeleton of the synapse, the postsynaptic density protein fraction (PSD) that was also
demonstrated previously (Seidenbecher et al., 1998; Dieterich et al., 2008).
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Figure 15. (A) In situ hybridization of horizontal adult rat brain sections with oligonucleotide probesspecific
for Caldendrin and Calneurons. CA3, cornu ammonis 3 of the hippocampus; EC, entorhinal cortex (B)
Subcellular fractionation of rat brain protein homogenates. H, homogenate; S2, 13.000xg supernatant after
removal of cell debris and nuclei; P2, corresponding pellet; Cyt, cytosol fraction; LM, light membranes; MS,
microsomes — Golgi containig fraction; Ss, synaptosomes; SJ, synaptic junctions; PSD, postsynaptic density
fraction. Equal amounts of protein (20 pg) were loaded in each lane. The same blots were incubted with
several different antibodies. ms, mouse; gp, guinea pig, rb, rabbit.

3.8  Calneurons are localized at the Golgi apparatus and associate with PI-4Kf in
Vivo

During their initial characterization we realized that, when expressed as GFP-fusion
proteins in COS-7 cells, Calneuron-1 and -2 consistently accumulated at cellular structures
counterstained with the Golgi marker Syntaxin-6 (Fig. 16A). This is in contrast to the
localization of Caldendrin expressed in COS-7 cells and this highly restricted localization
was also not observed with NCS-1-GFP construct (Fig. 16A). It is to be noted that a
considerable overlap exists between the GFP-Calneuron-1 and -2 fluorescence and the
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immunofluorescence of endogenous PI-4Kf (Fig. 16A). Confocal laserscans also revealed
overlap in the distribution of endogenous Calneurons with PI-4Kf and Syntaxin 6 in

neuronal cells that was again stronger than those of Caldendrin and NCS-1 (Fig. 17A).
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Figure 16. (A) Over-expression of Calneuron-1, -2, Caldendrin, NCS-1 GFP-fusion constructs and a GFP-
control in COS-7 cells. Syntaxin-6 (blue) immunofluorescence staining was used as a trans-Golgi network
marker. Please note that Calneurons as compared to NCS-1 and Caldendrin are particularly abundant at the
Golgi. Importantly, they show a very good co-localization with P1-4Kp (red) on confocal laserscans. Scale bar
is 20 um. (B) Primary structure of Caldendrin, Calneurons, NCS-1 and PI-4K{. Shown is a schematic
representation as predicted from their cDNA sequences. The main sequence features including EF-hand
structures, N-myristoylation, the lipid kinase unique (LKU) and catalytic domain as well as the Frq1/NCS-1

binding site (Freq) in PI-4Kp are depicted.
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Syntaxin 6

Figure 17. Distribution of endogenous Calneurons in comparison to NCS-1 and Caldendrin. (A) Note that in
hippocampal primary neurons Calneurons are much more restricted to the Golgi complex and show a much
better overlap with PI-4Kp than Caldendrin and NCS-1. Syntaxin 6 co-staining is used as a Golgi marker.
Scale bar is 20 pm.
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Studies so far showed that the calcium sensor NCS-1 via its N-terminal
myristoylation associates in a Ca?*-independent manner with Golgi membranes (McFerran
et al., 1999; O'Callaghan et al., 2002) where it interacts with PI-4K{ (Hendricks et al., 1999;
Zhao et al., 2001). This interaction appears to be an evolutionary highly conserved
mechanism that has evolved already in yeast (Hendricks et al., 1999, Huttner et al., 2003).
Yeast null mutant strains of Frgl, the Drosophila (Pongs et al., 1993) / yeast orthologue
(Hendricks et al., 1999) of NCS-1, as well as those of the yeast PI-4Kp orthologue Pik1 are
not viable pointing to the essential role of both proteins in Golgi-to-plasma membrane
trafficking (Flanagan et al., 1993; Hendricks et al., 1999; Strahl et al., 2003; Strahl et al.,
2005). This is, however, at variance with the situation in mammalia where NCS-1 seems to
be more diffusely distributed in neurons with considerable amounts of the protein localized
outside of the Golgi (Bourne et al., 2001; Taverna et al., 2002). Moreover, its binding to PI-
4K seems to be of lower affinity as compared to the yeast proteins (Zhao et al., 2001). It is
therefore likely that the regulation of Pikl and PI1-4Kf differs substantially with the latter
one being more susceptible to modulation via Ca®* transients at the Golgi (Haynes et al.,
2005). To date NCS-1 is the only NCS protein known to interact with PI-4K( whereas other
members of this family, like Recoverin (Hendricks et al., 1999) or KChIP (Strahl et al.,
2003), apparently do not modulate PI1-4K activity.

To check if Calneurons like NCS-1 also can associate with PI-4Kf we performed a
number of interaction studies. First we tested whether rabbit polyclonal Calneuron-1 and -2
and NCS-1 antibody can be suitable for immunoprecipitation experiments. In co-
immunoprecipitation experiments from COS-7 cell extracts after over-expression of GFP-
Calneuron-1, -2 or -NCS-1 significant amount of corresponding proteins can be seen in IP
fractions on the immunoblots with GFP mouse antibody. We also could detect the presence
of PI-4Kf in precipitates from the corresponding lysates of cells transfected with the
different GFP- Ca?*-binding protein fusion constructs but not in GFP-controls (Fig. 18A).
Further evidence that endogenous Calneurons are in the same complex with PI-4Kf in vivo
came from co-immunoprecipitation experiments. PI-4Kp immunoreactivity could be
detected in precipitates obtained with Calneuron-1 and -2 antibodies, but not after

precipitation with control 1gG (Fig. 18B).
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Figure 18. Calneurons interact with PI-4Kp in vivo and in vitro in Ca®* independent manner. (A) Co-
Immunoprecipitation of GFP-tagged NCS-1, Calneuron-1 and -2 with PI-4Kp after heterologous expression in
COS-7 cells. PI-4Kp (upper panel) co-precipitates in one complex with all three fusion proteins of interest but
not with GFP alone. Staining with a GFP antibody demonstrates the amount of immunoprecipitated protein.
(B) Co-immunoprecipitation of Calneuron-1 and -2 with PI-4Kp from a rat brain extract. Rabbit polyclonal
Calneuron antibodies were used for immunoprecipitation and the immunoblots were processed with a mouse
P1-4Kp antibody. Similar amounts of a rabbit I1gG served as a control. A pull down assay with GST-P14-Kf
coupled to the matrix and GFP tagged Calneuron-1 and -2 demonstrates a Ca®*-independent interaction of these
proteins (C). “+” indicates the presence of Ca?*- (2mM Ca®" and 1mM Mg®") and “-“ Ca®*" -free conditions
(2mM EGTA and 1ImM Mg?"). The blots were developed with a GFP-antibody. In the lane containing the
Calneuron-2 GFP some breakdown product is visible. No specific pull down was visible in GFP and GST
controls (D). Unb: unbound; IP: immunoprecipitate; Caln-1: Calneuron-1; Caln-2: Calneuron-2; ms, mouse; rb:
rabbit.

We next analyzed the association of endogenous Calneurons and NCS-1 with PI-
4Kp using gel filtration of extracts from Golgi-enriched microsomal fractions. We first
simulated low Ca?*-conditions by adding EDTA to the extracts. Under these conditions PI-
4K was detected in complexes with molecular weights of 700-300 kDa and co-elute with
the Golgi marker Syntaxin 6 (Fig. 19A). Calneuron-1 and -2 are present in the higher
molecular weight range of these PI1-4Kf positive fractions. In contrast, NCS-1 is associated
with lower molecular weight complexes that show no overlap with Calneuron-containing
fractions (Fig. 19A). These data indicate that PI-4Kp might exist in a Calneuron- or NCS-1-
bound form at the Golgi with no overlap of both complexes under low Ca** conditions.
Elevating Ca®* levels induced a shift of NCS-1 to higher molecular weight PI-4Kp

containing complexes (Fig. 19B), whereas Calneurons were excluded from these complexes
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or shifted to lower molecular weight fractions containing PI-4Kp (Fig. 19B). This suggests a

dynamic regulation of the PI-4K{ association for the two types of Ca®* sensors.
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Figure 19. (A) Gel filtration of proteins from a microsomal preparation under low Ca®* conditions. Every
second fraction is loaded on the gel. Fractions covering the range from ~900 to ~20 kDa were collected from
EDTA treated extracted extracts, loaded on SDS-PAGE and analyzed by Western blotting. The red box
highlights the P1-4Kf containing fractions. (B) Gel filtration of proteins from a microsomal preparation under
high Ca?* conditions (2mM Ca?* and 1ImM Mg?*). The red box highlights the PI-4Kp containing fractions. The

same blots were incubated with a several different antibodies.

3.9  Calneurons physically interact with PI1-4Kf and compete with NCS-1 binding in
a Ca’*-dependent manner

The limited overlap of elution profiles form molecular sieves and the possibility that
NCS-1 and Calneurons might be present in complexes with PI-4K{ not purified with a
microsomal protein preparation lead us to ask under which Ca?* conditions Calneurons bind
to PI-4Kp and whether binding competes with that of NCS-1. We could confirm binding of
both GFP-Calneurons to GST-PI-4Kf in a GST pull-down assays (Fig. 18C and D). It has
been shown previously that NCS-1 binds to PI-4Kp in a Ca**-independent manner (Zhao et
al., 2001). Similarly, binding of Calneurons to PI-4K{ was found in the presence of either
Ca’* or the Ca?* chelator EGTA in the pull-down buffer (Fig. 18C and D). It is therefore

plausible that Calneurons will associate with PI-4Kp at resting cellular Ca** levels. To test
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the hypothesis that this association will be competitive we performed competition pull-down
assays with decalcified, bacterially expressed untagged Calneuron-1, GST-PI-4K{ and myr-
NCS-1.
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Figure 20. Both untagged myr-NCS-1 and untarged Calneuron-1 interact with GST-PI-4KR in vitro and
compete for the same binding site in a Ca®* dependent manner. (A) Calneuron-1 alone binds GST-PI-4KR in a
pull down assay independently from Ca®" concentrations. (B) myr-NCS-1 alone binds GST-PI-4KR in a pull
down assay independently from Ca?* concentrations. (C) Competition pull down with GST-PI-4KR coupled to
the matrix. Equimolar amounts of myristoylated NCS-1 and Calneuron-1 were used. Increased binding of
NCS-1 with increasing Ca’*-concentrations is accompanied by decreased Calneuron binding. (D)
Quantification of myr-NCS-1 binding in competition assay (n=4). Maximal binding at 1 uM Ca?* was taken as
100%. (E) Competition pull down assay with triple amount of myr-NCS-1 and it’s quantification, n=3 (F). All
experiments were done in the presence of ImM Mg?. 500 ng of Calneuron-1 and myr-NCS-1 were used for
the pull downs and different amounts of these proteins are included as the inputs. All reaction were done
overnight at 4°C. Error bars represent the SEM. p<0.05

We checked the Ca’* concentrations that can be achieved in the cells under
physiological conditions. We observed direct binding of Calneuron-1 and NCS-1 to GST-PI-
4Kp irrespective of the Ca** concentrations used after overnight incubation at 4°C (Fig. 20A
and B). When equimolar amounts of Calneuron-1 and myr-NCS-1 were added to the pull-
down buffer a significant reduction of NCS-1 binding to GST-PI-4Kf was observed in the
absence of Ca”* (Fig. 20C and D). Interestingly, binding of NCS-1 appears to be stronger at
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higher Ca®* levels. We repeated the same competition pull-down assay with a triple amount
of myr-NCS-1 but even then there was less binding of NCS-1 to PI-4K@ under low Ca?*
conditions (Fig. 20E and F). The competition was Ca**-sensitive with most efficient NCS-1
binding to GST-PI-4Kp in the presence of equimolar amounts of Calneuron-1 at 1uM Ca?*
and most efficient competition by Calneuron-1 at 200 nM or no Ca** in the buffer.

To get closer to the in vivo situation we replicated the same competition pull down
assay at RT with 1 h incubation time (Fig. 21A). In the second set of experiments we used
his-tagged Calneuron-1 because it has a higher expression yeld in bacteria and the
purification procedure does not requiring extraction of the proteins from inclusion bodies.
GST control was also included for the each condition. Again we could observe the same
tendency: with inreasing Ca?* concentrations the amount of NCS-1 bound to PI-4Kp was
increasing and vice versa for Calneuron-1. There was also some non-specific binding of
Calneuron-1 and NCS-1 to GST-sepharose observed that could be reduced by preincubation
of beads with 5% BSA contaning buffer for 15 min at RT (Fig. 21A). We next analyzed the
amount of bound NCS-1 in the same way (maximal binding of NCS-1 at 1 uM of Ca®* was
taken as 100%) with subtraction of GST binding from each individual experiment (Fig. 21B)
and found 45% reduction of binding at low Ca** levels. All competition pull downs were
done in the presence of Mg?*.

To confirm these data in a more quantitative manner we performed surface plasmon
resonance measurements with His-tagged Calneuron-1 coupled to the sensor chip. Even with
recombinant GST-PI-4KpB and NCS-1 in the running buffer, conditions which favour the
initial formation of a GST-PI-4Kf3 / NCS-1 complex, we found a prominent competition
between Calneuron-1 and NCS-1 for binding to PI-4Kp (Fig. 21C and D). Moreover, the
competition was Ca’*-sensitive with exclusive binding of PI-4Kp to Calneuron-1 under
Ca’*-free conditions (Fig. 21D) while competitive binding of Calneuron-1 was weaker in the
presence of 0.4 uM Ca®" as compared to 0.2 uM Ca?* (Fig. 21D). Interestingly, the
competition in binding to PI-4KB was also influenced by adding Mg?* to the buffer.
Calneuron relative to NCS-1 binding was stronger in the presence of Mg®* at 0.2 pM and 0.4
uM Ca?*.
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Figure 21. Calneuron-1 and untarged myr-NCS-1 compete for GST-PI-4Kp binding in a Ca®*- and Mg*'-
dependent manner. (A) Competition pull-down with GST-PI1-4Kp coupled to the matrix. Equimolar amounts of
myristoylated NCS-1 and his-SUMO-Calneuron-1 were used. Increased binding of NCS-1 with increasing Ca**
concentrations is accompanied by decreased Calneuron binding. All experiments were done in the presence of
1 mM Mg?*. The same amount of NCS-1 and Calneuron-1 was used for the input and pull-downs. All reactions
were performed for 1 hour at RT. (B) Significantly higher amounts of NCS-1 are bound to GST-PI-4Kf
(binding to GST control was substructed for the each individual case) in the presence of 1 uM Ca?* as
compared with Ca®*-free conditions. Five ndependent experiments were used for each condition. Error bars
represent the SEM. (C) Surface plasmon resonance competition assay. His-SUMO-Calneuron-1 was directly
immobilized on the sensor chip, and GST-PI-4Kp alone or equimolar amounts of GST-PI-4Kf and myr-NCS-1
were injected at different Ca®* and Mg®* concentrations. Representative examples of obtained binding curves at
0,2, 0,4 and 1 uM Ca?" are shown. (D) The response units (RU) at 350 s (dissociation phase) represent the
amount of GST-PI-4Kf bound to Calneuron-1 on the sensor chip. Error bars represent the SEM. Note that
under Mg**-free conditions less GST-PI-4KB binds to calneuron-1 when coinjected with NCS-1 at low to
moderate Ca?* concentrations (0.2 and 0.4 pM). The minor unspecific binding of GST control alone or with
NCS-1 to Calneuron-1 was subtracted from the GST-PI-4Kp values. ***, p<0.001, **, p<0.01, *, p<0.05.
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To evaluate the effect of Mg®* on the interaction of PI-4Kp with Calneuron-1 and
NCS-1 we coupled NCS-1 to the sensor chip and injected GST-PI-4Kf3 with different buffer
conditions. For the relative evaluation of binding efficienty molar binding activity was
calculated according to the formula suggested by Catimel et al. (1997).

Only the molar binding activity (MBA) of NCS-1 to PI-4Kf but not those of
Calneuron-1 was reduced by adding Mg** into the reaction buffer (Table 5 and 6).

Table 5. MBA of myr-NCS-1 surfaces for GST-PI-4Kp in different Ca?*/Mg?* conditions

Myr-NCS-1 GST-PI- Ca** Mg Signal Molar binding
immobilized 4KB (uM) concentration concentration (RU) activity
(ng/mm?) (uM) (uM)
5,6 1 0,2 0 30 9,9E10™
5,6 1 0,2 200 23 7,9E10"
5.8 1 0,4 0 30 9,4E10™
5,6 1 0,4 200 22 7,2E10"

Table 6. MBA of His-SUMO-Calneuron-1 surfaces for GST-PI-4Kp in different Ca®*/Mg**

conditions

His-SUMO- GST-PI-4Kp | Ca”* concentration Mg** Signal Molar binding

Calneuron-1 (uM) (nM) concentration (RU) activity

immobilized (uM)

(ng/mm?)

76 5 0,2 0 74 3,9E107
7,7 5 0,2 200 80 4E10°
78 5 0,4 0 62 3,6E107
7,7 5 0,4 200 75 3,9E10°

3.10 The Ca* binding affinity of NCS-1 but not of Calneurons is regulated by Mg?*

These results are puzzling because they suggest an association of Calneurons at low
to intermediate Ca** levels, which is counteracted by NCS-1 at higher Ca** levels. However,
the Ca®*-binding affinities of Calneuron-1 and NCS-1 are reportedly very similar
(Mikhaylova et al., 2006; Aravind et al., 2008). In search of a mechanistic explanation for
this apparent contradiction we employed ITC to investigate the influence of structural Mg**-
binding on Ca®*-binding isotherms.
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Figure 22. ITC measurements of Ca**- and Mg?*-binding affinities of Calneuron-1, -2 and NCS-1. The ligand
concentrations for the titration were 5 mM Ca** and 10 mM Mg?*. Depicted are isotherms of Ca**-binding to
untagged Calneuron-1 (A), MBP-tagged Calneuron-2 (B) and to untagged Mg?*-bound myristolated NCS-1
(C). D to F shows isotherms of Mg?**-binding to untagged Calneuron-1, to MBP-tagged Calneuron-2 and to
untagged myristoylated NCS-1

Previous work has shown that Mg?*-binding to EF-hand-2 and -3 of NCS-1 reduces
the Ca?*-binding affinity of NCS-1 from 90nM to 440nM (Aravind et al., 2008). In sharp
contrast to NCS-1, we found that Mg* does not bind at physiologically relevant
concentrations to Calneuron-1 and -2 (Fig. 22A-F). Moreover, in contrast to Ca®*, Mg did
not affect the conformation of apo-Calneuron-1 as evidenced by fluorescence spectroscopy
(Fig. 23A and B). ITC data demonstrate the presence of two high-affinity Ca®*-binding sites

(Table 7), with apparent global affinities of 180nM for Calneuron-1 and 230nM for

70



Calneuron-2 (Fig. 22B, Table 7). In conclusion, we propose that Calneurons, in contrast to

NCS-1, have a very narrow dynamic range of Ca®*-induced unfolding with much less

reversibility to the Ca®*-free state which explains their dominant role at low Ca*'-

concentrations.
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Figure 23. Tryptophan fluorescence spectroscopy of untagged Calneuron-1 in the presence of Ca** (A) or Mg?*
(B). Note that only Ca®* but not Mg®* changes the conformation of the protein.

Table 7: Thermodynamic and Ca?* and Mg®" binding parameter obtained for Calneuron-1

and Calneuron-2 calculated by ITC. Data on myr-NCS-1 data is also included in the table.

Proteins Model Association Dissociatio AH TAS AG’
constant nconstant | (kcal/mol) | (kcal/m | (kcal/mol)
Ka(M?) | Ko (uM) ol)
Calneuron-1 Does not - - - - -
Mg?* binding bind
Calneuron-1 1 set of sites 5.38x10° 0.18 3.75+0.058 5.57 -9.32
Ca”* binding
Calneuron-2* Mg Does not - - - - -
binding bind
Calneuron 2* 1 set of sites 4.34 x10° 0.23 3.43+0.368 551 -8.94
Ca”* binding (Sequential
binding
sites)
myr-NCS-1 1 set of site 3.97 x10* 25.18 6.84+0.52 -0.463 -6.37
Mg?* binding
Mg”* Bound 2 set of sites 1.96 x10° 0.89 1.61+0.134 7.12 -8.73
myr-NCS-1 6.43x10° 2.32+13.8 -34.23 -8.09
Ca”* binding

* MBP-tagged protein was used; 1 set of sites: Kp = 1/ Ka; 2 set of sites: Kp = 1/V Kal* Ka2
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3.11 Calneuron-1 regulates P1-4KR activity in a Ca**-dependent manner and
opposing to NCS-1

To next address the question which functional consequences Calneuron-1 binding
might have for PI-4Kf’s enzymatic activity we performed in vitro kinase assays using
bacterially expressed proteins. Conflicting evidence exists whether myristoylated NCS-1
activates PI-4Kp in vitro in a Ca**-dependent manner and whether the interaction by itself is
Ca’*-independent (Zhao et al., 2001; Haynes et al., 2005). We found that the basal activity
of the kinase was unaltered in the presence of myr-NCS-1 when Ca?* was omitted from the
buffer. Addition of Ca®* led to an increase in PI-4Kp activity (Fig. 24).
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Figure 24. Calneuron-1 and NCS-1 have the opposite effect on PI-4Kp enzymatic activity. Under Ca*-free
conditions (grey boxes) Calneuron-1 suppresses the activity of Pl4-KB whereas NCS-1 increases enzyme
activity. In the absence of Ca®* the effect of Calneuron-1 on PI-4KR activity was not changed by adding
equimolar amounts of NCS-1. In the presence of ImM free Ca’* (white boxes) NCS-1 increases PI-4Kp
activity whereas Calneuron-1 significantly decreases PI-4Kf activity. Addition of equimolar amounts of NCS-
1 and Calneuron-1 led to a competition and NCS-1 reverses the suppressing effect of Calneuron-1. Caldendrin
has no effect on PI-4Kp activity at any tested conditions. Error bars represent the SEM. PD: Pull-down; Inh.:
The PI1-4Kp inhibitor Wortmannine (8 pM) was added to the assay buffer. ***p<0.001; **p<0.01; *p<0.05.

Strikingly, Calneuron-1 showed the opposite behavior with a strong inhibitory effect on
kinase activity (~66% of basal activity) already in Ca’*-free conditions. Addition of Ca?* to
the assay buffer further augmented the inhibitory effect of Calneuron-1 on PI-4Kf{ activity
(~28% of basal activity). Caldendrin, the closest homologue of Calneurons in brain, had no
effect on PI-4Kp kinase activity under any of the conditions tested (Fig. 23), suggesting in
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conjunction with previous data (Hendricks et al., 2001; Strahl et al., 2003) that PI-4Kp is
specifically regulated by only a subset of calcium sensor proteins. To simulate an in vivo
situation where NCS-1 and Calneuron-1 might have competing influence on P1-4K@ activity
we performed the assay with equimolar amounts of both proteins. In support of the previous
observations we found that under low Ca?* conditions PI-4Kp activity was inhibited to 60%
if both NCS1 and Calneuron-1 were present in equimolar amounts in the reaction mix. This
effect was comparable to the effect of Calneuron-1 alone (Fig. 24). However, in the presence
of high Ca?* concentrations NCS-1 was counteracting the inhibitory effect of Calneuron-1
(Fig. 24).
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Figure 25. Over-expression of Calneuron-1-GFP and Calneuron-2-GFP reduces PI(4)P production in
transfected COS-7 cells. (A) Representative dot blots showing a reduction of PI(4)P levels as evidenced by a
protein-lipid overlay assay. (B) The presence of Golgi membranes was checked by immunoblotting of
Syntaxin-6 and was in used in combination with $-actin immunoblots as loading controls to normalize the
loading for the dot blot assay. (C) Quantification of PI(4)P levels. The amount of PI(4)P in GFP transfected
cells was taken as 100% and the deviation for Calneuron-GFP transfected cells was calculated. Error bars
represent the SEM. **p<0.01; *p<0.05.

To address the question whether Calneurons are also able to inhibit PI1-4Kp activity
in vivo, we transfected COS-7 cells, which do not endogenously express Calneurons (data
not shown) with GFP-Calneuron-1 and -2 constructs. We enriched crude Golgi membranes
by homogenizing COS-7 cells and centrifuging them for 10 min at 1000 xg. The pellet
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fraction, containing nuclei and intracellular membranes were checked by immunoblotting
for the presence of the Golgi marker Syntaxin 6 and the total protein concentration was
equilibrated (Fig. 25B). The phospholipids were extracted and spotted on membraines
containing standard amounts of PI(4)P and other phospholipids as negative controls (Fig.
25A). Quantification of PI(4)P-levels revealed that over-expression of both Calneuron-1 and
-2 significantly reduced PI1(4)P-production (Fig. 25C), indicating that Calneurons also inhibit
P1-4Kp activity in vivo.

3.12  Calneurons regulate vesicular trafficking of the VSV-G protein

VSV-G has been widely used to study membrane transport because of its reversible
misfolding and retention in the ER at 40°C and its ability to move out of the ER and into the
Golgi complex upon temperature reduction to 32°C (Presley et al., 1997). To further assess
the in vivo role of Calneurons in Golgi-to-plasma membrane trafficking we performed VSV-
G-GFP translocation assays in COS-7 cells. The cells were transfected with VSV-G-GFP
alone or together with pcDNA3.1-Calneuron-1 or -2 constructs expressing untagged
Calneuron proteins. Double transfection did not change the level of VSVG-GFP as
confirmed by immunoblotting (Fig. 26A). To monitor the concentrations of intracellular free
Ca®* under the employed experimental conditions we first filled the cells with the
ratiometric Ca** dye Fura2. Heating the cells to 40°C and subsequently cooling them down
to 32°C caused an immediate and long-lasting increase of intracellular Ca**-levels (Fig.
26B). In line, it was previously reported that over-expression of NCS-1 enhances VSV-G
trafficking in this assay (Haynes at al., 2005). After co-transfection of Calneurons and VSV-
G-GFP we could see strong Golgi accumulaion of VSV-G-GFP already at basal conditions
therefore we modified the original protocol and kept transfected cells at 40°C for VSV-G
misfolding only for 30 min. Then cells were shifted to 32°C and fixed at 0, 30, 60, 90 and
120 minutes. COS-7 cells were stained for Calneuron-1 and -2 to visualize a double
transfected cells and proceeded for confocal microscopy.
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Figure 26. Calneuron-1 and -2 inhibit VSV-G Golgi trafficking in COS-7 cells. COS-7 cells co-transfected
with different constructes were incubated at 40°C to induce revesible misfolding and ER retention of VSV-G-
GFP and then shifted to 32°C — conditions allowing the vesicular trafficking from ER to Golgi complex and
then to the plasma membrane. After temperature was shifter to 32°C COS-7 cells were fixed at different time
points (0, 30, 60, 90 and 120 min). Calneuron-1 and-2 transfected cells were stained with the specific antibody
to prove the double transfection and then analyzed by confocal microscope. (A) Level of VSV-G-GFP is not
affected by co-expression with Calneurons. Immunoblot. (B) Monitoring of free intracellular Ca®* levels during
the experimental procedure for VSV-G trafficking assay shows high Ca’* levels after increasing the
temperature. (C) VSV-G assay: GFP-Fluorescence pictures showing the association VSV-G-GFP with the
plasma membrane at different time points. (D) Quantification of the assay. The maximum projection images
were created from z-stacks and mean grey value of GFP fluorescence was measured 2 pm away from the
plasma membrane. Error bars represent the SEM. ***p<0.001; **p<0.01; *p<0.05.

75



Mean grey values of the GFP-fluorescence at the plasma membrane were used to
estimate the amount of VSV-G-GFP translocated under the different assay conditions (Fig.
26C). At 0 minutes (directly after shifting the temperature to 32°C) there were no differences
in the membranous GFP-signal between cells transfected with VSV-G-GFP alone or cells
co-transfected with Calneuron-1 and -2 (Fig. 26D). But already 30 minutes after the
temprature shift the GFP fluorescence at the plasma membrane was significantly higher in
controls than in Calneuron co-transfected cells (Fig. 26D). In Calneuron-1 expressing cells
translocation of VSV-G-GFP to the plasma membrane was first visible only after 60 min
(Fig 26D), whereas in Calneuron-2 expressing cells the inhibition of VSV-G-GFP
trafficking to the membrane lasted even longer (Fig. 26D).

Thus, the increase in intracellular Ca** in this assay is in the case of Calneuron-1 and -
2 over-expression followed by an inhibition of VSV-G-trafficking. This is in stark contrast
to the published effects of NCS-1 (Haynes et al., 2005) and further supports the idea that

Calneurons have opposing roles to NCS-1 in Golgi-to-membrane trafficking.

3.13 Calneuron over-expression inhibits hGH release in PC12 cells

To further assess the functional consequences of the Calneuron - P1-4Kp interaction in
vivo we examined the effects of Calneuron over-expression in secretory cells where
secretion can be driven by increased intracellular Ca** concentrations. PC12 cells are widely
used as a model system to study secretory processes. These cells can be transfected with
hGH and its release into the medium can be easy monitored by comercially avalible ELISA
kits. Previous work has shown that PI-4Kf is crucially involved in the genesis of secretory
vesicles in this assay and that Golgi-trafficking is enhanced by NCS-1 over-expression
(Haynes et al., 2005; de Barry et al., 2006). Measurement of the total hGH concentration
revealed no significant difference between hGH expression levels in the various Calneuron /
hGH co-transfected cells and expression levels of the employed EGFP-Calneuron constructs
were also comparable to those of control EGFP constructs (Fig. 27A and B). 30 uM ATP
added with a Ca’’-containg stimulation buffer for 10 minutes induces increase in
intracellular Ca®* (De Barry et al., 2006) and activates hGH exocytosis in transfected PC12
cells, which resulted in EGFP transfected cells in doubling the amount of released hGH
(Figure 27C). In the case of Calneuron transfected PC12 cells, the amount of hGH release
after stimulation was significantly lower and it was clearly reduced below the basal release
(growth medium was exchaned by EGTA-containg stimulation buffer and kept for the same
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time) observed with the same constructs (Figure 27C). Thus again, in line with the
biochemical data, over-expression of Calneurons inhibits Ca?*-evoked exocytosis in vivo in

secretory cells.
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Figure 27. Calneurons in contrast to NCS-1 inhibits the ATP induced hGH release in PC12 cells (ELISA
assay). (A) Total hGH levels (release and non-released) are not different between the groups. (B) Immunoblot
showing that Calneuron-1 and -2-GFP plasmids exhibit equal expression levels. (C) To estimate the basal
activity of PI-4Kp at resting Ca’* concentrations the medium of transfected cells was replaced by EGTA-
containing stimulation buffer and collected after 10 minutes. hGH release was induced by application of 30
uM ATP in stimulation buffer, collected also after 10 min and used for the measurements. The basal release of
hGH expressed as 100%. Error bars represent the SEM. ***p<0.001; **p<0.01; *p<0.05.

3.14 Overexpression of Calneurons in cortical neurons induces a prominent
enlargement of TGN

In the final set of experiments we more directly addressed the question whether
Calneurons have a role in neuronal TGN to plasma membrane trafficking. Double-
immunofluorescence staining of endogenous and overexpressed proteins revealed indeed no
overlap of Calneuron-1 with the endoplasmatic reticulum marker Calreticulin, and the cis-
Golgi marker GM130 (Fig. 28A), and only limited overlap with the endosomal marker f3-
COP (Fig. 28E). Similarly PI-4Kp is highly abundant at the TGN and much less at the cis-
Golgi (Fig. 28A). Moreover Calneuron-1 when over-expressed in neurons accumulates only
at Syntaxin 6 and TGN38 positive TGN but not at the GM130 positive cis-Golgi (Fig. 28B,
Cand D).
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Figure 28. (A) Endogenous and over-expressed Calneurons co-localize with TGN-markers. (A) Cortical
neurons (DIV21) co-stained with anti-PI-4Kf or Calneuron-1 antibody and GM130 - cis-Golgi marker. Note
that all 3 proteins are restricted to the same structure but show relatively little overlap indicating that their
localization is restricted to the different sub-compartments of the Golgi complex. Clareticulin — the
endoplasmic reticulum marker showed very little overlap with Calneuron-1 staining. GFP-Calneuron-1 and -2
co-localize with the trans-Golgi network markers — TGN38 (B) and Syntaxin 6 (C). (D) Overexpressed
Calneuron-1-GFP shows almost complete colocalization with P1-4Kp and the trans-Golgi marker Syntaxin 6
but only to a minor extent with the cis-Golgi marker GM130. (E) mcherry-Synaptophysin and Calneuron-1-
GFP or GFP-Calneuron-2 co-transfected primary cortical neurons (DIV5) stained with another
endosomal/TGN marker — B-Cop - show only some co-localization of all three proteins at the Golgi. Note the
strong co-localization of GFP tagged Calneurons and mcherry—Synaptophysin at TGN. Scale bar is 10 pm.
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Figure 29. Validation of the Calneuron-1 shRNA protein knockdown. (A) COS-7 cells double transfected with
shRNA for Calneuron-1 or the scrambled construct and GFP-Calneuron-1 in in a ratio of 4:1 or 8:1. 72 hours
later cells were harvested and protein levels were checked by IB with GFP and p-actin antibodies (the GFP
antibody does not recognize tGFP from the pRS-GFP plasmid carrying the shRNA sequence). Strong
inhibition of Calneuron-1 expression can be observed with 8:1 ratio of constructs. (B) Cortical neurons
transfected on DIV2 and fixed 72 hours later were stained with a Calneuron-1 rabbit antibody. Arrow indicates
the transfected neuron with significant reduction of Calneuron-1 immunoreactivity. Scale bar is 20 pm.
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Cortical neurons express high levels of Calneuron-1 whereas Calneuron-2 transcripts
are barely detectable (Mikhaylova et al., 2006). Utilizing a Calneuron-1 RNAI knockdown
we could therefore investigate how the suppression of Calneuron protein levels affects Golgi
morphology and function. We obtained 29-mer shRNA knock down constructs from
Origene. After validation in COS-7 cells (Fig. 29A) and then in the cortical neurons (Fig.

29B) one of the four sequences turned to be most efficient.
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Figure 30. Overexpression of Calneuron-1 and Calneuron-2 in cortical neurons induces a prominent
enlargement of the Golgi whereas RNAi knockdown of Calneuron-1 has the opposite effect. (A) 3D
reconstruction of the TGN using Syntaxin 6 stainings and Imaris. Neurons were stained 24 h after transfection
with GFP- Calneuron-1, GFP- Calneuron-2, NCS- 1-GFP, and GFP or 72 h after transfection with Calneuron-
1 shRNA or scramble shRNA constructs. The Syntaxin 6-positive area (depicted in gray) was reconstructed
with Imaris and overlaid with the nonmodified GFP channel. Scale bar: 5 um (B-D) Quantification of different
parameters of TGN size (volume, surface area and number of TGN clusters) using Imaris 3D reconstruction of
the Syntaxin 6 staining. Error bars represent the SEM. *** p <0.001; **, p<0.01, *, p<0.05.
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Interestingly, we found that over-expression of both Calneurons at day in vitro (DIV)
5 cortical primary cultures led within 24 hrs to a significant enlargement of the TGN as
evidenced by a three-dimensional reconstruction of Syntaxin 6 confocal lasercans with
Imaris (Fig. 30B and C). In addition, the Golgi surface area was increased (Fig. 30C).
Overexpression of NCS-1-GFP didn’t have significant effect on the volume and surface area
of TGN but number of TGN clusters was increased (Fig. 30B and D). A knockdown of
Calneuron-1 was followed by a significant reduction in the size of the TGN, thus inducing
the opposite effect than protein over-expression (Fig. 30A and B). Moreover, similar to the
NCS-1 overexpression phenotype a higher number of dispersed and small TGN fragments
were found (Fig. 30D).

3.15 Calneurons regulate vesicle trafficking at neuronal Golgi

On the next step we wanted to visualize the effect of Calneuron-1 transfection on
Golgi — to plasma membrane trafficking in neurons in vivo. In DIV5 primary cortical
neurons transfected with Calneuron-1 or -2 the enlarged TGN overlapped with the
immunofluorescence for endogenous PI-4KB and also the synaptic vesicle marker
Synaptophysin (Fig. 31A and B).

Figure 31. Over-expressed Calneurons induce enlargement of TGN by blocking the Golgi exit of secretory
vesicles and an acumulation of vesicular proteins and membranes at TGN. Scale bar is 10 um. Synaptoph. —
Synaptophysin.
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Figure 32. Calneuron-1 regulates the exit of Synaptophysin from the TGN. (A-C) Examples of time-lapse
imaging of FRAP for mcherry-Synaptophysin. Arrows indicate the area that was photo-bleached. DIV 5-7
cortical neurons cotransfected with mcherry-Synaptophysin and Calneuron-1-GFP show much less recovery of
axonal mCherry fluorescence after FRAP than neurons cotransfected with GFP. Scale bar: 10 um. (D)
Quantification of FRAP 60 min after photo-bleaching. Initial fluorescence is taken as 100% and percentage of
recovery is calculated as fluorescence at time point 60 (F60) minus fluorescence at time point 0 (FO) directly
after photo-bleaching. (B, C, E) Incubation for 1 h with 10 uM BAPTA-AM significantly reduced the basal
recovery of mcherry-Synaptophysin in scrambled shRNA but not mcherry-Synaptophysin— Calneuron-1
shRNA-cotransfected neurons. Error bars represent the SEM. **, P <0.01; *, P<0.05.
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Figure 33. Line analysis of mcherry-Synaptophysin trafficking in cortical neurons overexpressing Calheuron-1-
GFP or after it’s sShRNA knockdown. (A) Example of a GFP plus mcherry-synaptophysin-transfected neuron.
The red line indicates the part of the neurite monitored during the experiment; the green line indicates the
background used for normalization. (B) The fluorescence change traces of each recorded cell. (C) Line analysis
of trafficking at the proximal part of the longest neurite of neurons cotransfected with mcherry-Synaptophysin
and Calneuron-1-GFP shows decreased amplitude of mcherry fluorescence changes compared with GFP
controls. This effect is similar to BAPTA-AM-preincubated GFP/mcherry-synaptophysin-cotransfected cells.
Images were taken every 30 s for 30 min. Error bars represent the SEM. **, P <0.01; *, P<0.05.

Fluorescence of mCherry-Synaptophysin (Fdendrite - Fbackround)

Synaptophysin is a vesicular transmembrane protein that has to pass via the Golgi to
enter the axon. We transfected cortical neurons with a mcherry-Synaptophysin fusion
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protein and found a prominent Golgi and axonal localization of this construct (Fig. 28E /
Dresbach et al., 2006). Using time-lapse imaging of FRAP we could follow the exit of the
mCherry-fluorescence from the Golgi to the longest neurite as a read-out for trafficking of
Synaptophysin-containing vesicles (Fig. 32A). In these experiments cells transfected with
Calneuron-1-GFP showed a significantly reduced FRAP as compared to GFP-controls (Fig.
32A and B). In a complementary set of experiments we quantified the intensity of mcherry
fluorescence in proximal parts of axons using line analysis without FRAP (Fig. 33A).
Similar to the FRAP-experiments we found reduced fluorescence in Calneuron-1 transfected
neurons in comparison to controls (Fig. 33B and C), indicating a reduced frequency of entry
of Synaptophysin-containing vesicles into axons.

Accordingly, reducing Calneuron-1 protein levels increased FRAP of mcherry-
Synaptophysin in proximal axons if Ca?* levels were lowered with BAPTA (Fig. 32B, C,
and E), suggesting that lower Calneuron-1 protein levels reduce the dependence on Ca** for
mcherry-Synaptophysin to exit from the Golgi. Finally mcherry-Synaptophysin trafficking
into proximal axons as quantified with line analysis was also decreased after application of
BAPTA (Fig. 33B and C) while the Calneuron-1 knock down led only to a non-significant
increase of the mcherry-Synaptophysin fluorescence as compared to scrambled controls
(Fig. 33B and C), probably because the method is less sensitive than FRAP.

3.16 Calneurons regulate number of PTVs in axon at early developmental stages

The data from COS-7 cells, PC12 cells and cortical neurons led us conclude that
Calneurons might constitutively inhibit various types of vesicle transport at the Golgi. To
prove this hypothesis more directly we wanted to look at vesicle transport without
interference by over-expression of vesicle proteins such as VSV-G or Synaptophysin. At
early stages of neuronal development components of the presynaptic cytomatrix are
transported via the axon to nascent synaptic sites via so-called PTVs (Dresbach et al., 2006).
PTVs are large dense core vesicles about 80 nm in diameter and can be easily identified
because of their size, composition and discrete localization in axons (Zhai et al., 2001,
Dresbach et al., 2006).
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Figure 34. The number of PTVs in axons of DIV5 cortical neurons is significantly reduced 24 h after
transfection of GFP— Calneuron-1 and Calneuron-2 but not NCS-1-GFP. shRNA knockdown of calneuron-1
has the opposite effect. (A) (Upper) A 50-um axonal segment from neurons transfected with different GFP-
tagged constructs is shown. (Lower) Masks from images of the same segments from the GFP channel and the
piccolo fluorescence channel are depicted. (B and C) The number of PTVs is represented as the ratio between
the area covered by Piccolo immunoreactivity within a selected axonal segments and the total axonal area as
defined by GFP fluorescence. The ratio in the case of GFP transfection was taken as 100% for the
overexpression (B) and scrambled shRNA control for the knockdown experiments (C). Error bars represent the
SEM. *** P<0.001; **, P<0.01.
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Figure 35. Distribution of Piccolo clusters in 50 pM segment of axons after 24 hours of transfection with NCS-1-
GFP, GFP-Calneuron-1, GFP-Calneuron-2 or GFP alone (DIV5).

We found that two protein components of these vesicles, Piccolo and SNAP-25 also
accumulated at the trans-Golgi-network after Calneuron-1 over-expression (Fig. 30A and B).
This was accompanied by a significantly reduced number of PTVs (identified by Piccolo
fluorescence) in the axon (Figure 34A and B) while the size distriburion of Piccolo-positive
clusters was not affected (Fig. 35).

Over-expression of NCS-1 had no effect on the size of the trans-Golgi-network
although the number of PTVs in the axon was slightly but not significantly elevated (Fig.
34A and B). Importantly, after Calneuron-1 protein knockdown the number of axonal PTVs
was clearly elevated as compared to scrambled control transfected neurons (Fig. 34A and
C), demonstrating that Calneurons are involved in the control of vesicle trafficking

endogenously and will play this role already during neuronal development.

85



4 Discussion

NCS proteins play multiple and divergent roles in neuronal signaling. Members of this
family closely resemble the structure of their common ancestor Calmodulin with four EF-
hand Ca?*-binding motifs. Despite their relatively high degree of similarity, NCS proteins
are thought to serve highly specialized functions in neurons. It is generally believed that the
specificity with respect to their target interactions is brought about by either a restricted
subcellular localization, differences in calcium-binding affinities or modifications of their
EF-hand structure that might provide a unique interface for protein interactions (Kinoshita-
Kawada wt al., 2005; Kreutz et al., 2007). In this thesis major insights were gained into the
cellular function of three NCS proteins, namely Caldendrin and Calneuron-1 and -2.
Previously it was shown that Caldendrin is a binding partner of Jacob (doctoral thesis of
Dieterich DC, 2003). Strictly depending upon activation of NMDA-type glutamate receptors
Jacob is recruited to neuronal nuclei, resulting in a rapid stripping of synaptic contacts and in
a drastically altered morphology of the dendritic tree. Jacob’s nuclear trafficking from distal
dendrites crucially requires the classical Importin pathway. In this thesis it was shown that
Caldendrin controls Jacob’s extra-nuclear localization by Ca?*-dependently competing with
the binding of Importin-a. to Jacob’s nuclear localization signal. This competition requires
sustained synapto-dendritic Ca”*-levels, which presumably cannot be achieved by activation
of extrasynaptic NMDARs, but are confined to Ca®*-microdomains such as postsynaptic
spines. Extrasynaptic NMDARSs as opposed to their synaptic counterparts trigger the CREB
shut-off pathway and cell death. We found that nuclear knock down of Jacob prevents
CREB shut-off after extrasynaptic NMDARs activation while its nuclear overexpression
induces CREB shut-off without NMDAR stimulation. This defines a novel mechanism of
synapse-to-nucleus communication via a synaptic Ca?*-sensor protein, which links the
activity of NMDARs to nuclear signaling events involved in modelling synapto-dendritic
input and NMDAR-induced cellular degeneration.

In the second part of the thesis the characterization of a new subfamily of NCS
proteins — the Calneurons was provided. By virtue of their biophysical properterties
Calneurons are high affinity Ca?* sensors that exhibit a relatively narrow dynamic range of
Ca®*-binding with respect to the resting Ca®*-levels in neurons. In this study we show that
Calneuron-1 and -2 physically associate with PI-4Kf3, an enzyme involved in the regulated
local synthesis of phospholipids that are crucial for trans-Golgi network to plasma
membrane trafficking. Taken together the data assign a cellular function to Calneurons,
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which add an important regulatory mechanism for stimulus-dependent dynamics in trans-
Golgi-network to plasma membrane trafficking. These results should be discussed in more
detail.

4.1  Caldendrin and Calneurons are close but still rather different ‘relatives’ in the
brain

The primary characterization of Calneurons raises several important issues
concerning their diverse structure as compared to other Ca”* sensor proteins, their Ca?*
binding properties, their neuronal binding partners and their putative function for neuronal
Ca’* signaling. From the available data some interesting notions can be already deduced. In
situ hybridization studies suggest that in many cases Caldendrin and Calneurons will not be
expressed in the same neurons. Notable exceptions are the hippocampus where all three
transcripts are abundantly present. Moreover, the expression of Calneuron-2 is strikingly
restricted which suggests rather specific functions in a subset of neurons. Calneuron-1
exhibits a more widespread distribution and it is therefore plausible that it will be co-
expressed with Caldendrin in the same cells.

A decisive question to be addressed is whether Caldendrin and Calneurons share a
similar set of binding partners and whether they can substitute for each other. Since both
Calneurons are distributed to different subcellular fractions (mainly Golgi membranes and
cytoplasm/vesicles) as compared to Caldendrin that is enriched in the PSD it can also be
predicted that both of them might have different binding partners already due to their
different localization. Accordingly, the four to five times higher Ca** binding affinity of
Calneuron-1 as compared to Caldendrin (Mikhaylova et al., 2006) might reflect that a
number of Ca”* dependent interactions will occur already at much lower free Ca*
concentrations than the Ca®* dependent interactions of Caldendrin that might happen in cell
compartments like synapses which have very high Ca?*- transients. A closer examination of
known Caldendrin / CaBP1 target structures reveals that they have no clear preference for
one specific type of CaM binding sites. Comparative studies with Calneurons might
therefore help to learn more about the structural requirements for binding of both families,
which will lead to a deeper appreciation of the molecular mechanisms.

Another important step in the search of Calneurons cellular function will be to
understand the role of the long C-terminal extension in both proteins. Moreover, albeit EF-
hands 3 and 4 are cryptic they seem to have a helix-loop-helix like structure and their amino
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acid sequence is highly conserved between different species. In conjunction with the 38
amino acid extension as compared to Caldendrin / CaBPs and NCS proteins the C-terminal
part of Calneuron might contribute to either Ca’*-independent interactions or provide
together with the first two EF-hands target specificity for certain binding partners.
Alternatively the C-terminus might provide specific localization signals to target the protein
to subcellular compartments. First published evidence already exists for this notion (McCue
et al., 2009, Mikhaylova et al., 2009).

4.2  Caldendrin and Jacob are key molecules on a novel pathway from the synapse
to the nucleus
4.2.1 Jacob is a synaptic binding partner of Caldendrin

As the general conclusion from previous and current work we found that Caldendrin
is a key player in a novel neuronal signaling pathway that is coupling NMDARs activity to
the cell nucleus and triggers long-lasting changes in the cytoarchitecture of dendrites and the
number of spine synapses. This novel pathway particularly couples activation of NR2B-
containing NMDARs to morphogenetic signaling via the nuclear trafficking of Jacob. At
resting conditions, Jacob is attached to extranuclear compartments in an either Importin-o
bound or unbound state (see also Fig. 7). Ca**-influx through synaptic and extrasynaptic
NMDA receptors is followed by a translocation of Importin-a. from synapses and dendrites
to the nucleus and we propose that Importin-o.-bound Jacob will be recruited to the nucleus.
Moreover, the presence of the NLS is essential for Jacob’s translocation indicating that
already trafficking from dendrites to the nucleus and not only nuclear import requires the
classical Importin pathway. This is reminiscent of previous data showing NMDAR-
dependent Importin trafficking from dendrites to the nucleus (Thompson et al., 2004), and
establishes Jacob the first identified cargo of this trafficking event. Accordingly, we always
found a tight correlation between Jacob’s and Importin-a.1 nuclear translocation. Caldendrin
binding can mask the bipartite NLS of Jacob in competition with Importin-o. and thereby
prevent its nuclear trafficking (Fig. 36). However, in contrast to Importin-o. binding this
requires high Ca?*-levels and not only NMDAR activation (Fig. 36). The required free Ca*-
levels of about 1 uM (Dieterich et al., 2008) can only be reached in spine synapses (Kéhr,
2006) and we therefore suggest that Caldendrin targets Jacob to synapses after enhanced

synaptic activation (Fig. 36).

88



Synaptic NMDARs activation and
maintaines of synapses/
local processes of synaptic
plasticity

N
4

Extrasynaptic NMDARSs activation and CREB shut-off induced
simplification of cytoarchitecture

" NR2A-containing NMDARs O Importins
" NR2B-containing NMDARs a» Jacob
glutamate ?;. active pCREB
« Ca®*

' inactive CREB
=~ Caldendrin in Ca*'-free form

9 Caldendrin in Ca®*-bound form

Figure 36. Model of cellular consequences of the Caldendrin-Jacob pathway after activation of synaptic or
extrasynaptic NMDARs.

These data are in line with ITC measurements of the global Ca** binding affinity of
Caldendrin that turned to be in the range of 1-2 uM (Wingard et al., 2005; Mikhaylova et al.,
2006). Accordingly, the nuclear import of Jacob was most efficient under conditions that
result only in relatively low and transiently elevated intracellular Ca**-levels like after
stimulation of extrasynaptic NMDARs. Hence, extrasynaptic NMDARs have been shown to

have particularly fast run-down times and to block voltage-dependent potassium channels in
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neurons and thereby decreasing intracellular Ca**-levels (Petrozzino et al., 1995; Isaacson et
al., 2001). In further support of this hypothesis, we could provide evidence that activation of
NR2B- containing NMDARSs, which are mainly located at extrasynaptic sites, is crucial for
the nuclear import of Jacob and Importin-al. Interestingly, we found that blocking this
receptor subtype did attenuate the nuclear accumulation of both proteins after stimulation of
synaptic NMDARs that contain predominantly but not exclusively the NR2A subunit (Li et
al., 2002; Thomas et al., 2006). This suggests the intriguing possibility that the nuclear
Jacob-Importin pathway is physically coupled to one NMDAR subunit and that the presence
or absence of Ca?*-bound Caldendrin in the respective synapto-dendritic compartment will
decide if local Jacob shuttles to the nucleus or not. Therefore we propose that an important
function Caldendrin is in the integration NMDAR signals and to target Jacob to spine

synapses after enhanced synaptic activation.

4.2.2 Caldendrin is a first example when the interaction of a Ca®* -sensor with a NLS
can mask the site and prevent nuclear translocation by competing with Importin-a —
binding

A further intriguing aspect of this work is that it provides the first demonstration that
an EF-hand CaM-like Ca?*-sensor protein regulates the nuclear localization of a protein by
competitive binding to its NLS in a Ca’*-dependent manner. The significance of this novel
mechanism of neuronal Ca?*-signaling is further underscored by the fact that binding of
Caldendrin is specific in that its ancestor and closest relative in brain, CaM, did not bind to
Jacob at any Ca?" concentration tested (Dieterich et al., 2008). This is of importance since
CaM levels are probably more than a magnitude higher in neurons than those of Caldendrin
(Seidenbecher et al., 2002). Computer modelling based on templates from crystallized
structures shows that the outer surface of solvent exposed amino acids of particularly EF-
hand 2, which seems to be crucial for binding to Jacob and another recently identified
binding partner LC3 (Seidenbecher et al., 2004) are covered by residues that clearly differ
between CaM and Caldendrin. Accordingly, LC3, a component of the microtubular
cytoskeleton, apparently does not bind to CaM (Seidenbecher et al., 2004). The principal
specificity of Caldendrin protein interactions is further supported by the observation that
very few mutations occurred in this region during vertebrate development and that none of
these mutations affected the solvent exposed amino acids of EF-hand 2 (Zhou et I., 2004).

Thus, the singularity of the Caldendrin surface is intrinsic and independent from insertions
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or deletions, and we therefore suggest that this is probably due to adaptations of its surface

to a specific localization and function in neurons of higher vertebrates.

4.2.3 Caldendrin - Jacob interaction in the frame of neuronal function

How could this singularity with respect to other Ca’*-binding proteins relate to
Caldendrin’s neuronal function? In contrast to the interaction with Jacob, Caldendrin
binding to most of its interaction partners is Ca?*-independent, as already described above
for the LC3 interaction (Seidenbecher et al., 2004). For instance, Ca**-, CaM and ATP-
independent interaction of the C-terminal half of Caldendrin/CaBP1 was demonstrated for
the IP3Rs (Haynes et al., 2004; Kasri et al., 2004). The functional consequence of
Caldendrin binding is a reduction of IP3-triggered intracellular Ca** release (Haynes et al.,
2004; Kasri et al., 2004). At the synapse, a Ca”**-independent binding was reported for
Cav1.2 -channels (Zhou et al., 2002). This interaction will probably lead to increased Ca?*
currents following synaptic activation and thereby indirectly via increased synaptic activity
promote Caldendrin’s and possibly Jacob’s synaptic localization. Low synaptic activity and,
hence, low synapto-dendritic Ca**-levels will instead favour Caldendrin’s binding to the
IP3Rs. It is therefore conceivable that Caldendrin can thereby directly lower Ca** levels in
dendritic microdomains and in consequence negatively regulate its own association with
Jacob. Therefore, a switch of binding partners could directly relate to Caldendrin’s role in
regulating Jacob's nuclear transition. Along these lines it can be predicted that keeping the
delicate balance between Jacob’s nuclear and extranuclear localization via Caldendrin
binding will provide a powerful regulatory mechanism in the transformation of dendritic
Ca®* signals into morphogenetic signals for the dendritic cytoarchitecture of principal
neurons under pathophysiological and probably also under physiological conditions.

4.2.4 Nuclear Jacob induces pleiotropic negative effects on synapto-dendritic
cytoarchitecture and induces CREB shut-off

Based on the characteristics and consequences of its nuclear import we found
conclusive evidence that Jacob is part of the CREB shut-off pathway. The most prominent
nuclear target of neuronal NMDAR signaling is the transcription factor CREB (West et al.,
2002; Deisseroth et al., 2003). Subsequent to its phosphorylation at serine 133 pCREB
triggers gene expression crucially involved in processes of synaptic plasticity and neuronal
survival (Lonze et al., 2002; Bito et al., 2003). Analysis of this pathway has demonstrated
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that synaptic NMDARs strongly activate

CREB-dependent gene expression whereas extrasynaptic NMDARs trigger a CREB
shut-off (Hardingham et al., 2002). A most intriguing finding in recent years has been that
the antagonistic signaling of extrasynaptic versus synaptic NMDARs resembles their
opposing actions on the activation of ERK1/2 kinases (Hardingham et al., 2001; Chandler et
al., 2001; Kim et al., 2005; Ivanov et al., 2006). Activation of synaptic NMDARs is coupled
to the Ras-ERK pathway and subsequent CREB-phosphorylation whereas extrasynaptic
NR2B-containing receptors promote dephosphorylation and inactivation of the Ras-ERK-
pathway (Hardingham et al., 2001; Chandler et al., 2001; Kim et al., 2005; Ivanov et al.,
2006). One caveat of this scenario, however, is that shutting down Ras-ERK alone cannot
explain the shut-off of CREB since other mechanisms, and here prominently nuclear
CaMKIV, should be in principal sufficient to phosphorylate CREB in the absence of ERK-
activity (Lonze et al., 2002; Bito et al., 2003). Thus, the opposing influence of both types of
NMDA receptors after bath application of NMDA requires another mechanism that will
actively trigger CREB shut off. Our data suggest that the same conditions that trigger shut-
off of CREB and the Ras-ERK pathway drive Jacob into the nucleus (Fig. 35).
Overexpression of Jacob in the nucleus - without activating these pathways - is sufficient to
attenuate CREB phosphorylation and a nuclear knock down of Jacob prevents CREB shut
off after triggering the pathway. Moreover, the nuclear knock down of Jacob significantly
reduced neuronal cell death after triggering CREB shut-off. Finally, the rapid loss of
synaptic contacts, one of the hallmarks of bath application of NMDA in hippocampal
primary cultures, was prevented by reducing the amount of nuclear Jacob. We therefore
propose that nuclear Jacob is an essential component of CREB shut-off that might be

actively involved in rendering CREB in a dephosphorylated state.

4.2.5 What is Jacob’s physiological role in the nucleus?

In initial experiments, we could not establish a direct binding of Jacob to CREB
although both proteins are found in the overlapping fractions after gel filtration of nuclear
protein complexes (unpublished observations). Therefore, it is conceivable that Jacob is
indirectly coupled via CREB-binding proteins to the CREB signalosome. To further support
a role in gene expression we have provided compelling evidence that Jacob is highly
enriched in two nuclear compartments associated with gene transcription and pre-mRNA
processing. Jacob is abundant in euchromatin fractions and therefore present at active sites
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of gene transcription (Dieterich et al., 2008). Moreover, its tight association with the nuclear
matrix even after removal of chromatin (Dieterich & Kreutz, unpublished observations)
suggests that it could also have a role in pre-mRNA processing and / or mRNA export. It
should be also mentioned that the protein harbors long stretches of basic amino acid
residues, which are well suited for DNA binding, although no known DNA-binding motif
was identified in its primary structure. Thus, particularly with regard to the phenotype of its
nuclear overexpression that involves a rapid destabilization of synaptic contacts and a
retraction of dendrites, and which cannot be explained entirely by CREB shut-off it is
reasonable to assume that Jacob will be part of additional nuclear signaling events.

The nature of such signaling events will be obviously related to the circumstances of
Jacob’s nuclear trafficking. CREB shut-off has been largely assigned so far to
pathophysiological insults including spillover of glutamate after excessive stimulation or
reversal of glutamate transporters in the context of epileptic seizures or brain ischemia
(Hardingham & Bading, 2003). This view, however, is probably to narrow since in recent
years a number of observations raise the possibility that the activation of extrasynaptic
NR2B-containing NMDARs can occur in a physiological context. It was shown that in
several brain regions sustained synaptic activation causes spillover of synaptically released
glutamate to non-synaptic sites (Diamond et al., 2001; Hardingham & Bading, 2002). In
addition, sustained synaptic activation favours non-synaptic release of glutamate from
astrocytes (Fellin et al., 2004) and it has been suggested that this glia-neuron transmission
via extrasynaptic NMDA receptors has profound effects on non-Hebbian types of neuronal
plasticity (Wang et al., 2006). Moreover it was also claimed that activation of extrasynaptic
NMDARs might directly induce heterosynaptic long-term depression at certain synapses in
close proximity (Haydon et al., 2006). The evolving concept behind these studies is the idea
of homeostatic scaling of synaptic input. Homeostatic plasticity refers to a process by which
especially principal neurons constantly adjust the integration of synaptic input to optimize
the contribution of a single synapse with reference to its location in the dendrite and the
synchronized activity in a given neuronal network (Davis et al., 2001; Massey et al., 2004).
A major aspect of homeostatic plasticity is the fact that uncontrolled potentiation of
synapses will induce a ceiling effect characterized by epileptic activity and a decoupling of a
given neuron from the dynamics of presynaptic input. Homeostatic plasticity reflects the
necessity to either remove certain synapses that contribute less efficiently to the optimal
activity within a neuronal network or to reduce the level of potentiation of synapses in this
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network. Jacob’s nuclear accumulation and its rapid morphogenetic effects are in favour for
a role in the regulation of plasticity-related gene expression related to homeostatic synaptic
plasticity (Fig. 36). Interestingly, this role includes a stripping of synaptic contacts that
precedes the simplification and regression of dendritic processes. It is therefore conceivable
that the loss of synapses is the initial trigger for the retraction of dendritic arbors. Moreover,
this process is surprisingly rapid indicating that synapses are actively destabilized. This in
turn suggests that Jacob either blocks an essential nuclear signaling event required to prevent
the removal of synaptic input or regulates the expression of genes that will actively
destabilize synapses. It is likely that the CREB shut-off pathway will be part of this
mechanism but it is unclear whether it is sufficient to trigger solely the course of events

following Jacob’s nuclear import.

43  Calneurons provide a Ca?* threshold for trans-Golgi network to plasma
membrane trafficking
4.3.1 PI-4KRB is an interaction partner of Calneurons in the Golgi

In search for the cellular function of Calneurons we performed a number of
experiments that have shown that Calneurons localization is strongly associated to the Golgi.
From that we concluded that their cellular function also most likely will be restricted to this
compartment. One of the most prominent targets for the neuronal calcium sensor protein in
the Golgi is PI-4Kp. In addition the regulated local synthesis of PI(4)P and PI(4,5)P2 is
crucial for trans-Golgi network to plasma membrane trafficking and the activity of PI-4Kf
at the Golgi membrane is a first mandatory step in this process (Balla&Balla, 2006; De
Matteus&Luini, 2008). A number of studies have shown that the enzymatic activity of PI-
4K$ is regulated by Ca®* via an interaction with Frql/NCS-1 (Haynes at al., 2005; de Barry
et al., 2006)). This pathway exists in yeast where interaction of both proteins is very
prominent, Ca** independent and vital for the cell function. Later in mammalians there are
more steps of regulation gets involved. According to these studies NCS-1 associates with PI-
4Kp already at resting conditions while increasing Ca®* levels leads to increased enzyme
activity due to a Ca®*-induced conformational change in NCS-1 (De Barry et al., 2006,
Mikhaylova et al., 2009). So far NCS-1 is reported to be the only neuronal calcium sensor
that can bind PI-4K{ (Hendricks et al., 1999; Haynes at al., 2005). We have found that both
Calneuron-1 and -2 can associate with PI-4Kf in vitro and in vivo. Moreover it can directly

bind PI-4Kp in calcium independent manner and has an oppotite effect to NCS-1.
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Calneurons can profoundly inhibit the enzyme activity already without Ca?* and this effect

can be even stronger if Ca®" is around.

4.3.2 Calneurons are setting the ‘Ca* treshold’ for P1-4KR activation

The presented work demonstrates a molecular switch in the Ca** regulation of PI-
4K activity and an amazing example about the versatility of the same structural motif, the
EF-hand, in the transduction of different Ca®* conditions to a target interaction. Our data
suggest that Calneurons operate as a filter that suppresses PI-4Kf activity at resting or sub-
maximal amplitudes of Golgi Ca®*-transients and thereby provide a tonic inhibition that is
only released under conditions of sustained Ca**-release. The mechanism predicts that a
Ca’*-dependent switch between inhibition and activation of PI-4Kp might exist at Golgi
membranes (Fig. 37). The opposing roles of Calneurons and NCS-1 lead to a scenario with
only two discrete states and little fine-tuning of enzyme activity between both states.
Importantly, the switch from Calneuron to NCS-1 binding can induce a locally restricted 3-
to 4-fold increase in PI(4)P production, which represents a major effect for the availability
of this rare phospholipids and it is tempting to speculate that these interactions will be
limited to discrete Golgi subdomains. It is known that Ca**-chelation prevents the exit of
vesicles from the Golgi (Chen et al., 2002) and the inhibition of PI-4Kf provided by
Calneurons might contribute to the necessity to reach a certain Ca**-level for overriding
Calneurons by NCS-1. NCS-1 was till now the only Ca**-binding protein known to interact
with PI-4Kf3 whereas Recoverin and KChiP apparently do not regulate the enzyme. That this
mechanism appears to be highly specific for NCS-1 and Calneurons is further underscored
by the finding that Caldendrin, the founding member of the neuronal CABP1-5 family
(Seidenbecher et al., 1998; Burgoyne at al., 2004) and predominant isoform in brain (Laube
at al., 2002) does not regulate PI-4Kf3 activity. Calneurons are highly conserved between
different species with 100% identity at the amino acid level between mouse, rat, monkey and
human orthologues, suggesting a tight structure-function relationship that is under
considerable evolutionary pressure. The question that obviously arises is why there is a
necessity at the neuronal Golgi for Calneurons as antagonists for NCS-1.
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Figure 37. Calneurons and NCS-1 provide a Ca’*-dependent molecular switch between inhibition and
activation of PI-4Kp at Golgi membranes. At resting Ca** concentrations Calneurons are tightly bound to P14-
KB and will inhibit PI4-Kf activity (upper part). This results in an inhibition of Golgi trafficking and the
budding of vesicles (upper part). An increase of Ca’* concentrations at the Golgi will favor binding of NCS-1
and Calneurons are released from the PI4-Kf complex (lower part). NCS-1 will stimulate the enzymatic
activity of P14-Kp and Golgi trafficking via a 3 to 4 fold increase in PI(4)P and PI(4,5)P2 production (lower
part).

The answer may come down to the not well understood Ca?* regulation of PI-4Kp at

the Golgi membrane. Although the existence of Golgi Ca®* microdomains has been
proposed (Dolman &Tepikin, 2006) it is unclear how Ca*" feeds back locally to PI-4K§.
Thus, it is equally well conceivable that Calneurons and NCS-1 either associate with PI1-4Kf
at different Golgi subdomains or that they transduce Ca”* signals to PI-4Kf in a competitive

manner. At low Ca”* levels both Ca**-binding proteins seem to be segregated in different
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complexes and Calneurons dominate in the regulation of PI-4Kp. Increasing Ca’* seems to
favor a complex consisting of NCS-1 and PI-4K( with the possibility of a complex
consisting of all three proteins and a predicted competing and counteracting role of NCS-1
and Calneurons at an intermediate state. This competition will be dynamically controlled by
intracellular free Ca?* levels in a manner that NCS-1 will be able to override the inhibition
of PI-4Kp activity via Calneurons only at Ca?* concentrations above ~400nM (Fig. 37).

4.3.3 The competitive binding of Calneurons and NCS-1 to P1-4KR is regulated by Mg**

These results suggest the existence of a molecular switch in the association of the
three proteins with a dominant regulatory role of Calneurons at low to middle Ca®*-levels,
which is counteracted by NCS-1 at higher Ca®*-levels. However, the Ca®*-binding affinities
of Calneuron-1 and NCS-1 are reportedly very similar. We could solve this puzzle by
showing that Mg binding of NCS-1 drastically reduces its Ca**-binding affinity from 90
nM up to 440 nM (Aravind et al., 2008). In sharp contrast to NCS-1, magnesium does not
bind at physiologically relevant concentrations to Calneurons. Independently from Mg*
levels Ca?* associates at Ca”*-specific regulatory sites with apparent global affinities of
approximately 180 nM for Calneuron-1 and 230 nM for Calneuron-2. It is important to note
that free Mg?* levels in a cell will render NCS-1 always in a Mg?*-bound state. This in turn
will promote the reversibility to a Ca**-free state since the resting calcium-levels of about
100 nM would otherwise keep NCS-1 always in a Ca**-bound state. Calneurons, however,
have in contrast to NCS-1 a very narrow dynamic range of Ca”*-induced unfolding with
much less reversibility to the Ca**-free state and this explains why they dominate in the
regulation PI-4Kp activity at low to middle Ca**-concentrations.

Sustained intracellular Ca®* release in neurons usually requires high-frequency
stimulation, a condition that is associated with an increased demand of membrane proteins,
secretory vesicles and TGN to plasma membrane trafficking (Shapira et al., 2003; Gogolla et
al., 2007). PI(4)P and PI1(4,5)P2 are essential for this latter process and one can therefore
speculate that Calneurons add a further level of regulation particularly in secretory cells like
neurons that exhibit stimulus-dependent dynamics in TGN to plasma membrane trafficking.
In the best available model for this, neuronal primary cultures, we could document a major
role of Calneuron-1 in this process (Fig. 38). The data suggest that Calneurons can interfere
with the exit of PTVs from the Golgi in early postnatal development and potentially also
other synaptic vesicles at later stages.

97



Calneurons

Rou {\ ER | Smooth ER ——3 Ca'-dependent
j | —> Ca'-independent
» over-expressed
T oo
\ Qy\ Transport vesicles

from Golgi to ER

D \\
OJ@ trans-Golgi
A%Y6)
4 J&C

cis-Golgi
—___ Transport vesicles
from ER to G\olgi

Figure 38. Model: Over-expressed Calneurons induce enlargement of TGB by blocking the Golgi exit of
secretory vesicles and an acumulation of vesicular proteins and membranes at TGN.

We have chosen PTVs as a read-out of Calneurons’ function at the neuronal Golgi
complex because they are, due to their size, small number and segregation in axons, the most
accessible vesicle type for quantification (Shapira et al., 2003). Hence we found that not
only Piccolo and SNAP25, which are specific PTV markers (Shapira et al., 2003), but that
also Synaptophysin that is present on all synaptic vesicles accumulates at the Golgi
membranes after Calneuron over-expression and is released from there after a corresponding
Calneuron protein knockdown. Taken together the data provide evidence for a role of both
calcium sensor proteins in the control of Golgi trafficking of exocytotic vesicles as well as
PTVs. It will be an interesting question to understand why overriding the Calneuron-induced
inhibition of PI-4Kp via local Ca?* release is an advantageous regulatory mechanism for
neurons.

The structural bases of the opposing actions of Calneurons and NCS-1 with regard to
P1-4Kp activity are most plausibly related to their different EF-hand organization and

structure. In addition it was shown that the stimulatory effect of NCS-1 on PI-4Kf activity
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requires its N-terminal myristoylation (Zhao et al., 2001), which might provide a Golgi
membrane anchor. Calneurons do not harbor an N-myristoylation motif and therefore the
question arises how they can be tethered to the Golgi. While this thesis work was underway
it was reported that Calneurons contain in their C-terminus a transmembrane domain that
might be responsible for Golgi targeting of the over-expressed protein (McCue et al., 2009).
This point should be definitely proven by electron microscopy after immunogold labeling or
other techniques. It remains, however, elusive how this can provide a Golgi membrane
anchor. Interestingly, Golgi recruitment of PI-4Kf in mammals is predominantly not
regulated by NCS-1 but most likely involves NCS-1 binding to ARF1 (Haynes et al., 2005;
Haynes et al., 2007). The interaction is Ca’*-dependent and ARF1 is instrumental for the
recruitment of PI-4Kp to the TGN and subsequent modification of membrane trafficking
(Haynes et al., 2005; Haynes et al., 2007). It is therefore plausible that an interaction with
another partner like ARF1 provides a structural link for Calneurons to Golgi membranes.
Calneurons are highly conserved between different species with 100% identity at the
amino acid level between mouse, rat, monkey and human orthologues, suggesting a tight
structure-function relationship that is under considerable evolutionary pressure. Taken
together the work assigns a cellular function to Calneurons, which add an important
regulatory mechanism for stimulus-dependent dynamics in trans-Golgi-network to plasma

membrane trafficking.
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6 Supplementary information

6.1  Supplementary Table 1. List of the constructs produced in the lab
cDNA Plasmid Resis- Cloning sites Application Obtained from
tance
Calneuron-1 pGEM- Amp Topo vector Subcloning Marina Mikhaylova
short isoform Teasy
(A)
Calneuron-1 | pEGFP-C1 Kana Apal/Sall Heterologues expression, | Marina Mikhaylova
short isoform PD, IP, overexpression in
(A) neurons
Calneuron-1 pPEGFP- Kana BamHI Heterologues expression, | Marina Mikhaylova
short isoform N1 PD, IP, overexpression in
(A) neurons
Calneuron-1 | pcDNA3.1 Amp Notl Heterologues expression, | Marina Mikhaylova
short isoform, PD, IP, overexpression in
STOP (A) neurons
(expression
without tag)
Calneuron-1 pMAL- Amp BamHI/Sall Bacterial expression, Marina Mikhaylova
(A) Cc2X antibody production, PD,
FS,ITC
Calneuron-1 pGEX Amp BamHI/Xhol | Bacterial expression (goes | Marina Mikhaylova
(A) to inclusion bodies)
Calneuron-1 | pTrcHis2B Amp Ncol (bland Bacterial expression, PD, | Marina Mikhaylova
(A) ligation, site ITC, kinase assay
was destroyed)
Calneuron-1 pET21a Amp Ndel Bacterial expression (no | Marina Mikhaylova
(A) (bland)/Sall induction)
Calneuron-1 pGEM- Amp Topo vector Subcloning Marina Mikhaylova
long isoform Teasy
(B)
Calneuron-1 | pcDNA3.1 Amp Notl Heterologues expression, | Marina Mikhaylova
long isoform PD, IP, overexpression in
(B), STOP neurons
(expression
without tag)
Calneuron-2 pGEM- Amp Topo vector Subcloning Marina Mikhaylova
full length Teasy
Calneuron-2 | pEGFP-C1 | Kana Sacl/Sacll Heterologues expression, | Marina Mikhaylova
full length PD, IP, overexpression in
neurons
Calneuron-2 pMAL- Amp EcoRlI/Pstl Bacterial expression, Marina Mikhaylova
Cc2X antibody production, PD,
FS,ITC
Calneuron- 2 pGEX Amp EcoRI/Xhol Bacterial expression (goes | Marina Mikhaylova
to inclusion bodies)
Calneuron-2 | pTrcHis2B | Amp Ncol (bland Bacterial expression (goes | Marina Mikhaylova
ligation, site to inclusion bodies)
was destroyed)
Caldendrin pPEGFP- Kana EcoRI/BamHI | Heterologues expression, | Marina Mikhaylova
full length N1 PD, IP, overexpression in
(recloned, neurons
aa 1-298)
Caldendrin - pGHEB Amp EcoRI/BamHI | Bacterial expression, PD, Dr. M. Landwehr
C-terminus (aa ITC, FS
137-298)
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Caldendrin - pET21 Amp Ndel/EcoRI Bacterial expression, PD, Dr. Y. Sharma
C-terminus (aa ITC, FS
137-298)
Caldendrin-N- pET- Kana Topo vector Bacterial expression, PD, | Marina Mikhaylova
terminus SUMO SH3 domain array
Caldendrin pET- Kana Topo vector Bacterial expression, PD Paramesh Reddy
full length SUMO
NCS-1 pPEGFP- Kana EcoRI/BamHI Heterologue expression, Almira Bikkinina
N1 IF
NCS-1 pET21a Amp Nde/BamHl Bacterial expression, PD, Dr. Y. Sharma
ITC, FS
Jacob full PEGFP- Kana EcoR1/BamHI | Heterologues expression Dr. D.C. Dieterich
length N1 PD, IP
Jacob full pcDNA Amp EcoRI/BamHI | Heterologues expression Dr. D.C. Dieterich
length PD, IP
Dmyr-Jacob pSFV1 Amp Smal (site Infection of primary Marina Mikhaylova
full length destroyed) neurons
(aa 1-532,
mutation
G2A)
GFP pSFV1 Amp Smal (site Infection of primary Marina Mikhaylova
destroyed) neurons
Jacob-N- pMAL- Amp EcoRI/BamHI Bacterial expression, PD Dr. D.C. Dieterich
terminus Cc2X
(aa 1-230)
6.2  Supplimentary Table 2. List of the constructs obtained from the collaborators
cDNA Plasmid Resis- Application Obtained from
tance
Caldendrin full length pRC Amp Heterologues expression, Dr. C. Seidenbecher
PD, IP
N-myristoyl pBB131 Amp Co-expression with NCS-1 Dr. A Jeromin
transferase in bacteria
PI-4Kp pGEX Amp Bacterial expression, PD, Dr. T. Balla
Kinase assay
hGH pXGH5 Amp Exocytosis assay in PC12 Dr. R. Burgoyne
cells
VSV-G pGFP-N1 Kana | VSV-G trafficking  assay | Drs. M.M Kessels and B.
Qualmann
Synaptophysin pmCherry- Kana FRAP and vesicle Dr. A. Fejtova
C1 trafficking expretiments

6.3  Supplementary Table 3. Plasmids used for the cloning and protein expression
Name of the vector Supplier Expression system

pcDNA3.1 Invitrogene mammalian

pGEM-Teasy Promega Prokaryotic (cloning vector)
pGEX-4T AP Biotech, Freiburg, Germany prokaryotic
pGHEB pGEX4T modified by Dr. W. Altrock prokaryotic
pEGFP-N1 Clontech mammalian
pEGFP-C1 Clontech mammalian
pET2la Novagene prokaryotic
pET21-SUMO Invitrogene prokaryotic
pPMAL-C2X NEB prokaryotic
pmCherry-C1 Clontech mammalian
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pSFV1

Invitrogene

mammalian

pTrcHis 2B

Invitrogene

prokaryotic

6.4  Supplementary Table 4. Common buffers

0.005% Surfactant P20

Name Composition pH applications
Electrophoresis 192 mM glycine, 0.1 % (w/v) 8,3 SDS-PAAG gel electrophoresis
buffer SDS, 25 mM Tris-base,
Blotting buffer 192 mM Glycine, 0.2 % (w/v) 8,3 SDS-PAAG gel transfer
SDS, 20% (v/v) Methanol, 25
mM Tris-base
4x SDS-sample 250 mM Tris-HCI, pH 6.8, 1% 6,8 Denaturating sample buffer for SDS-
buffer (w/v) SDS, 40% (v/v) Glycerol PAAG gels
20% (v/v) b-mercaptoethanol,
0,004 % Bromophenol Blue
TBS 25 mM Tris-HCI, 150 mM NaCl | 7,4 Wash buffers, PD, IP, Lysis buffers,
buffers for protein purification
TBS-T TBS+ 0,1% (v/v) Twien-20 7,4 Wash buffers
TBS-A TBS+0.02% NaN; 7,4 Antibody dilution, sepharoses and
membranes storage
Ponceau solution 0.5 % (w/v) Ponceau S in 3% Staining of the proteins on the
(v/v) acetic acid solution nitrocellulose membrane
Blocking solution 5% (w/v) non-fatty milk powder Blocking of nitrocellulose membranes
(for IB) (or BSA) in TBS-T after the protein transfer
Coomassie Brilliant | 0.125 % (w/v) Coomassie Briliant Staing of proteins on SDS-PAAG gel
Blue staining Blue R250, 50% (v/v) methanol,
solution 10% (v/v) acetic acid
Coomassie destaing | 7% (v/v) acetic acid Removal of unspecific staining of
solution SDS-PAAG gels
Drying buffer 50% (v/v) methanol, 5% (v/v) Drying of coomassie stained SDS-
glycerol PAAG gels
10x PBS 1.4 M NaCl, 83 mM Na;HPO,, 7,4 IF, wash buffers
17mM NaH,PO,
50xTAE buffer 2 M Tris-acetate, 0.05 M EDTA Agarose gel electrophoresis
6x DNA loading dye | 30% glycerol, 0.25 % Loading dye for agarose gel
bromophenol blue, 0.25 % xylene electrophoresis
cyanol, 50 mM EDTA, pH 8.0
Permeabilization PBS, 0,25% Triton-X-100 7,4 Permeabilization of cells for
buffer immunocytochemistry
Blocking buffer PBS+ 2% BSA, 2% Glycin, 0,2% | 7,4 Blocking of cells for
Gelatine, 50 mM NH;CI immunocytochemistry, dilution of
antibody
Biacore buffer 10 mM Hepes, 150 mM NacCl, 7.4 Biacore experiments, PD

6.5  Supplementary Table 5. Common media

Name Composition Application
SOC-medium 20 g/l Bacto- trypton, 5 g/l Yeast-extract, 10 mM Bacterial medium
NaCl, 2,5 mM KCI, 10 mM Mg,SO,, 10 mM

MgCl,, 20 mM Glucose
LB-medium 5 g/l Yeast-extract, 10 g/l Bacto- trypton, 5 g/l Bacterial medium

NaCl

Neurobasal medium

Neurobasal™, 1x B27 (Gibco), 100 U/ mL
Penicillin, 0.5 mM L-Glutamine

Primary neuronal cell
culture, thansfections

Neurobasal medium “+”

Neurobasal™, 1x B27 (Gibco), 100 U/ mL

Primary neuronal cell
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Penicillin, 100 ng/mL Streptomycin, 0.5 mM L-
Glutamine

culture

DMEM for neuronal DMEM (-), 10% FCS, 100 U/ mL Penicillin, 100

Primary neuronal cell

culture pg/mL Streptomycin, 2 mM L-Glutamine culture
DMEM “-” DMEM (Gibco) Cell culture of COS-7
cells, transfections

DMEM “+” DMEM (-), 10% fetal calf serum (FCS), 2 mM L- | Cell culture of COS-7 cells
Glutamine, 100 U/mL Penicillin, 100 pg/mL
Streptomycin (Gibco)

F12 (HAM) F12 media (Gibco), 10% fetal calf serum (FCS), 2 | Cell culture of CHO-K1
mM L-Glutamine, 100 U/mL Penicillin, 100 cells
pg/mL Streptomycin (Gibco)

RPMI-1640 “+” RPMI-1640 medium (Gibco), 5% fetal bovine Cell culture of PC12 cells

serum, 10% horse serum, 100 U/mL Penicillin, 100
pg/mL Streptomycin (Gibco)

Stimulation buffer 20 mM Na-HEPES pH 7.4, 15 mM MgCl,, 1.5
mM CaCl,, 150 mM NaCl, 5 mM KCI, 30 mM

Glucose

Life imaging experiments,
stimulation experiments

6.6  Supplementary Table 6. Solutions for PSD preparation

500 mM HEPES pH 7.4 50 ml

(5,958 g plus ca. 40 ml bidest, add 50 ml)

500 mM Tris/HCI pH 8.1 100 ml

(6,057g plus ca. 90 ml bidest, add 100 ml)

2 M Sucrose 600 ml

(410,769 add 600 ml)

Protease-Inhibitor Cocktail tablets (PI) (1 per 50 ml)

buffers

buffer A: 0.32 M sucrose, 5 mM HEPES, pH 7.4 500 ml

80 ml (2M), 5ml (0,5M)
buffer A + PI prepare freshly 150 ml
buffer B: 0.32 M sucrose, 5 mM Tris, pH 8.1 200 ml
32 ml (2M), 2 ml (0,5M)
buffer C: 0.32 M sucrose, 12 mM Tris, pH 8.1, 1% Triton 200 ml
32ml (2M), 4,8ml (0,5M) , 20 ml (10%)

1 mM Tris/HCI pH 8.1 prepare freshly (0,4 ml (0,5M)) 200 ml

5 mM Tris/HCI pH 8.1 prepare freshly (2,0 ml (0,5M)) 100 ml

0.85 M Sucrose/5 mM Tris/HCI pH 8.1 200 ml

85 ml (2M), 2ml (0,5M)

1.0 M Sucrose/5 mM Tris/HCI pH 8.1 200 ml
100 ml (2M), 2ml (0,5M)

1.2 M Sucrose/5 mM Tris/HCI pH 8.1 200 ml
120 ml (2M), 2ml (0,5M)

1.5 M Sucrose/5 mM Tris/HCI pH 8.1 50 ml
37,5 ml (2M), 0,5 ml (0,5M)

ca 2 M Sucrose/5 mM Tris/HCI pH 8.1 15 ml
15ml (2M), 150 ul (0,5M)
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6.7 Supplementary Scheme 1. PSD preparation

rat brain in homogenization buffer + protease inhibitors (10 ml/g)
12 strokes at 900 rpm using Teflon pistil (Potter S)
H (Homogenate)
10 min 1.000 x g (Sorvall, SS-34, 2900 rpm)

— S1 P1
with 10 ml/g homogenization buffer + Pl again
12 strokes at 900 rpm
10 min 1.000 xg (Sorvall, SS-34)

S P1’
cell debris and nuclei

' combine S1+S1’
15 min at 12.000 xg l(SorvaII, SS-34)

I I
S2 P2
wash the pellet (omitting the red dot in the center)
in 10 ml/g homogenization buffer
6 strokes at 900 rpm
20 min 12.000 xg (Sorvall, SS-34, 10.000 rpm)

S2 P2’(crude membran fraction)

resuspend the pellet (omitting the red dot in the center)
S2 (= S2°+S2"") in 1,5 ml/g Sol B, put on top of a

step gradient 0.85/1.0/1.2 M sucrose

per step 9,1 ml, sample: 2,5 -4 ml

1 h 100.00Qx g; SW-28 2h 85.000 x g (Beckmann L7 SW-28, 24 000 rpm)
sample loading 032M
- « myelin
0.85M
« light membranes

synaptosomes

«— mitochondria
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Synaptosomes
harvested at 1.0/1.2 interface
+5 Vol. Tris/HCI 1 mM, pH 8,1(hypo-osmotic shock)
stir for 30 min at 0°C
30 min at 33.000 x g (Sorvall, SS-34)

I ' I
S3 P3 (synaptosomal membranes)
manual resuspension (Douncer) in 1,5 ml/g
5 mM Tris/HCI
step gradient 0.85/1.0/1.2 M sucrose
per step 9,1 ml, sample: 2,5 ml
2h 85.000 x g (Beckmann L7 SW-28)

only when going further to postsynaptic densities:
Interphase (synaptic junctions)
harvested at 1.0/1.2 Interphase
+60ml/10g Sol B
+60ml/10g Sol C
incubate for 15 min at 0°C (stir)
30 min 33.000 x g (Sorvall, SS-34, 16.600 rpm)

I
S4 P4 (PSD 1, Triton 1)
+60ml/10g Sol B
+60ml/10g Sol C

incubate for 15 min at 0°C (stir)
30 min 33.000 x g (Sorvall, SS-34, 16.600 rpm)

I
P5 (PSD 2, Triton 1)

S5:
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7 Abbreviations

The single or triple letter code was used for amino acids

aa
4-AP
ACSF
Amp

ANS
AOTF
ARF1
ARF1
ATP
BAPTA
BSA

C. elegans
ca?*
CaBPs
Cald
Caln-1
Caln-2
CaM
CaMKIllI
cAMP PDE
Cayl.2
Cay2.1
cDNA
CHO-K1
CICR
CLSP
COsS-7
CREB
C-terminus
Cyt

D. melanogaster
DAPI

DIV

DNA
dNTPs
DTT

EC

E.coli
EDTA
EGTA

ER
ERK1/2
EST

Fig.

FRAP

amino acid(s)

4-aminopyridine

artificial cerebrospinal fluid
ampicillin
1-anilinonaphthalene-8-sulfonate
acousto-optic-tunable filter
GTPase ADP-ribosylation factor 1
ADP-ribosylation factor 1
adenosine triphosphate

1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid

bovine serum albumin

Caenorhabditis elegans

calcium ion

Ca?*-binding proteins

Caldendrin

Calneuron-1

Calneuron-2

Calmodulin

Calcium/calmodulin-dependent protein kinase 11
Cyclic adenosine monophosphate phosphodiesterase
voltage-gated Ca2+ channels (L type)
voltage-gated Ca2+ channels (P/Q type)
complementary DNA

Chinese hamster ovary cell line

calcium induced calcium release

CaM-like skin protein

african green monkey kidney cell line
cyclic-AMP response element binding protein
carboxy terminus

sytosol fraction

Drosophila melanogaster
4'-6-Diamidino-2-phenylindole

day in vitro

deoxyribonucleic acid
deoxy-nucleotide-triphosphates

dithiothreitol

entorhinal cortex

Escherichia coli

ethylenediamine-N,N,N’,N -tetraacetic acid

ethylene glycol-bis(2-aminoethylether)-N,N,N’,N -tetraacetic acid

endoplasmic reticulum

extracellular signal-regulated protein kinases 1/2
expressed sequence tag

figure

fluorescence recovery after photobleaching
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FRAP fluorescence recovery after photobleaching

Frgl Frequenin

GABAA A-type of gamma-amino butyric acid receptor

GC Guanylyl Cyclase

GFP green fluorescent protein

ap guinea pig

GST glutathione S-transferase

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

hGH human growth hormone

hrs hours

IB immunoblots

ICa Ca’* current

IF immunofluorescence

19G immunoglobulin G

Inh inhibitor

IP immunoprecipitations

IP3 Inositol 1,4,5-triphosphate

IP3Rs Inositol 1,4,5-triphosphate receptors

IR immunoreactivity

ITC Isothermal titration calorimetry

Kana kanamycin

KChiP Kv4/K channel- interacting protein

kDa kilo Dalton

LC3 microtubule-associated protein light chain 3

LKU lipid kinase unique domain

LM light membranes

LTD long-term depression

LTP long-term potentiation

MBP maltose binding protein

MeOH methanol

min minutes

MRNA messenger RNA

ms mouse

MS microsomes

myr-NCS-1 myristoylated NCS-1

n number of scored cells/samples

NCS neuronal calcium sensor

NLS nuclear localization signal

NMDA N-methyl D-aspartate

NMDARs N-methyl D-aspartate receptors

NOS Nitric oxide syntase

N-terminus amino terminus

ON overnight

PBS phosphate buffered saline

PC12 cell line derived from pheochromocytoma of the rat adrenal

medulla

PCR polymerase chain reaction

pCREB cyclic-AMP response element binding protein phosphorylated at
Ser133
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PD

PFA

pH

Pl
PI(4)P
PI(4,5)P
P1(4,5)P2
PI-4Kp
PKC
POPOP
PPO
PSD
PTVs

rb

RNA
RNAI
ROI

RT
RT-PCR
RYRs
Scr.
SDS-PAGE
SEM
SFV
SshRNA
SJ

Ss

TBS
temp.
TGN
TRPC
TTX
Unb
VDCC
VSV-G
VTCs
wit

Y?2H

A

pull-down

paraformaldehyde

potentium hydrogenii
Phosphatidylinositol
Phosphatidylinositol 4'-monophosphate
phosphatidylinositol 4,5-bisphosphate
Phosphatidylinositol 4,5-bisphosphate
Phosphatidylinositol 4-OH kinase 111
protein kinase C
1,4-bis(5-phenyloxazol-2-yl) benzene
Poly(p-phenylene oxide)

the postsynaptic density

piccolo bassoon transport vesicles
rabbit

ribonucleic acid

RNA interference

region of interest

room temperature

reverse transcription PCR

ryanodine receptors

scrambled

sodium dodecyl sulfate polyacrylamide gel
standard error mean

Semliki Forest Virus
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