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     I. OBJECTIVE OF THE STUDY 

 

The objective of this study is to characterize putative Kir3.2 interaction partners with 

regard to their expression and distribution in the mouse model. 

Previous studies in our group have shown that the neuronal cell adhesion molecule 

NCAM regulates the surface delivery of Kir3.2 potassium channels (Delling et al., 2002). 

However, the underlying mechanism of this surface delivery has not yet been identified.  

The present results suggest that neither a direct interaction of NCAM and Kir3.2 nor the 

activation of commonly known NCAM signaling pathways are controlling the surface 

expression of Kir3.2. Furthermore, the mechanisms by which Kir3 channels are delivered 

to and inserted into the plasma membrane are poorly understood. One of the hypotheses 

for the NCAM-mediated regulation is the existence of an interaction partner for Kir3.2 

involved in the regulation of surface expression.  

Two potential Kir3.2 binding partners were found when using the Kir3.2 C-terminus as 

bait in a Yeast Two-Hybrid screening system: MUPP1 and FILIP. Only little is known 

about the expression patterns and tissue distribution of these molecules with respect to 

RNA and protein levels. 

We therefore performed Western Blot analysis, In Situ hybridization, and 

Immunohistochemistry analysis for Kir3.2, MUPP 1, and FILIP, and compared regions of 

putative co-expression, since co-expression in the same cell is the minimal requirement 

for putative Kir3.2/MUPP and Kir3.2/FILIP interaction. 
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NCAM was the first Ig-like cell adhesion molecule to be isolated and characterized in 

detail (Brackenbury et al., 1977; Cunningham et al., 1987; Hoffman et al., 1982; Thiery et 

al., 1977). It forms the prototype of neural adhesion molecules of the Ig-superfamily. 
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      NCAM180 NCAM140   NCAM120      

 

Fig. 1: The Neural Cell Adhesion Molecule NCAM  

 The NCAM isoforms consist of an extracellular domain with Ig-like domains and fibronectin            

                type III repeats, a single transmembrane region or a GPI anchor, and in most cases, an 

.                  intracellular domain 

 

 

Several NCAM proteins are encoded by a single gene. Diversity of NCAM proteins is 

generated at different levels, including transcriptional and posttranslational modifications. 

Three major isoforms are generated by alternative splicing of a primary transcript leading 

to the translation of three proteins that have apparent molecular masses of 120, 140, and 

180 kD, designated NCAM120, NCAM140, and NCAM180, respectively (Cunningham et 

al, 1987). (see Fig. 1). 

Homologues with the same domain composition, biochemical and functional properties 

have been identified in rodents, chickens, and humans. Potential species homologues are  

fasciclin II in Drosophila and apCAM in Aplysia (reviewed by Bruemmendorf and 

Rathjen, 1994). The expression of alternatively spliced forms of NCAM, in terms of time 

and cell-type specificity, is regulated differentially (for review, see Jorgensen, 1995). 
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Several posttranslational modifications of NCAM proteins are known, such as 

phosphorylation of serine and threonine residues (Mackie et al., 1989). The physiological 

relevance of these intracellular modifications has so far not been elucidated. 

 

1.1 NCAM-mediated Signal Transduction 

 

The extracellular domain of NCAM mediates various Ca
2+

 independent cell-cell and cell-

extracellular matrix interactions, involved in proliferation, cell migration, neurite 

outgrowth, axon fasciculation, and synaptic remodeling (Cremer et al., 1997; Doherty et 

al., 1990; Doherty et al., 1992; Doherty and Walsh, 1992; Fields and Itoh, 1996; 

Jorgensen, 1995; Rutishauser and Jessell, 1988; Schachner, 1991; Sporns et al., 1995). 

NCAM shows homophilic binding with a high rate of cooperativity, so that a 2-fold 

increase in NCAM level can increase adhesiveness more than 30-fold (Hoffman and 

Edelman, 1983). In an heterophilic interaction, NCAM can bind heparin, a major 

component of the extracellular matrix (Cole et al., 1986a; Cole et al., 1986b; Cole and  

Glaser, 1986), and soluble NCAM, derived from proteolytic cleavage near the membrane, 

can bind to collagen I-VI and IX (Probstmeier et al., 1989). Furthermore, NCAM assists 

homophilic binding of another cell recognition molecule (L1) in “cis” configuration, that 

is, on the same cell membrane (Kadmon et al., 1990a; Kadmon et al., 1990b). 

It has been shown that the unglycosylated core protein and even single domains can 

perform many of the cell recognition functions of NCAM. Of the three major NCAM 

isoforms, all have been found to serve as neuritogenic ligands (Doherty et al., 1989; 

Doherty et al., 1990) due to their identical amino acid sequence of extracellular domains. 

First attempts to elucidate the molecular events underlying NCAM mediated 

neuritogenesis have attributed a fundamental role to the fibroblast growth factor (FGF) 

receptor (Williams et al., 1995). Over-expression of a truncated FGF receptor-1 with a 

deleted kinase domain inhibited neurite outgrowth of PC12 cells when cultured on NCAM 

presenting fibroblasts (Saffell et al., 1997). The ability of NCAM to promote neurite 

outgrowth was therefore suggested to depend solely on the interaction between the 

extracellular domains of NCAM and the FGF receptor.  

The view that the FGF receptor is the only mediator of NCAM-dependent signal 

transduction had to be abolished when new data showed that NCAM-dependent neurite 

outgrowth is also impaired in cultured neurons from mice deficient in the non-receptor  
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tyrosine kinase fyn (Beggs et al., 1994). Moreover, immunoprecipitation studies revealed 

an association of a minor portion of NCAM140 but not NCAM180 with fyn (Beggs et al., 

1997). Although the two signaling mechanisms would appear distinct at first sight, there is 

evidence that both the FGF-receptor pathway and the fyn-FAK pathway are operant in 

PC12-cells (Kolkova et al., 2000a).  

Furthermore, NCAM stimulation has been shown to activate the transcription factor 

NFk B in cultured astrocytes and cerebellar neurons (Krushel et al., 1999). Both NCAM-

mediated neurite outgrowth and NFk B activation could be partially blocked by the 

overexpression of a NCAM cytoplasmatic domain construct (Kolkova et al., 2000b; Little 

et al., 2001). This finding indicated that the overexpressed domain exerted a dominant 

negative effect on NCAM-induced signal transduction and suggested that an intracellular 

interaction of this domain is involved in the signaling process.  

 

1.2 NCAM-mediated Surface Localization of Kir3.2 

 

A putative modulation of potassium
 
channels by NCAM and its homologues could involve 

a cytoplasmatic interaction as well: Thomas et al. (1997) identified FasII, the Drosophila 

homologue of NCAM, to cluster shaker K
+
 channels in the cell membrane via the intra-

cellular PDZ (see Chapter 3) protein discs-large (dlg). 

The shaker K
+ 

channel, which belongs to the group of voltage-gated potassium channels, 

and FasII bind via their intracellular domains to dlg, which mediates a co-localization of 

the two molecules. While the co-clustering with FasII obviously does not change single 

channel properties of the K
+ 

channel, the interaction is thought to be relevant for the 

structural organization of the synapse. However, this co-localization has not been 

observed for the mammalian homologues of fasII and dlg, namely NCAM and SAP-97  

(Thomas et al., 1997).  

Delling et al. (2002) have shown, that in hippocampal neurons of NCAM 
-/-

 mice, Kir3 

currents were increased by ~240% compared to wild type neurons, or in other words, in 

the presence of NCAM, Kir3 currents were reduced by ~40% compared to hippocampal 

neurons in which NCAM was absent. Since neither internalization nor protein expression 

of Kir3 channels were affected by NCAM140, it was suggested that NCAM140 regulates 

the transport of the Kir3 channels to the membrane.  

 



                                                                                                       II. INTRODUCTION 

 6 

 

In search of the signaling mechanisms by which NCAM controls the Kir3 channel 

delivery, neither acute stimulation of NCAM nor kinase inhibitors, that are known to 

mediate NCAM signaling, affected Kir3 inhibition rates. Furthermore, NCAM140 and the 

Kir3 channels did not physically associate with each other in the cell membrane. 

However, it was shown for the first time that both NCAM140 and Kir3.1/3.2 channels are 

localized in detergent-resistant microdomains, also called lipid rafts. The existence of a 

common binding partner, similar to dlg, shared by Kir3.2 and NCAM, was suggested. 

Using the Kir3.2 C-terminus as bait in the Yeast-Two-Hybrid-System, our lab isolated the 

Filamin A interacting protein FILIP (see Chapter 6) as a binding partner for Kir3.2 and 

PDZ protein MUPP1 (see Chapter 4) as a binding partner for both NCAM and Kir3.2 

(Delling, M., personal message, 2003). Co-immunoprecipitation and pull-down assays 

from transiently transfected CHO cells verify these findings. These results may present the 

missing link to understanding the way in which NCAM regulates cell surface localization 

of Kir3.2. 

As a physiological consequence of this regulatory mechanism, it is conceivable that a 

reduced Kir3 channel activity during periods of NCAM protein up-regulation, such as 

development and increase of synaptic strength induced by learning and memory, increases 

the impedance of postsynaptic membranes and thus induces neurons to become more 

sensitive to synaptic activation (Delling et al., 2002). 

 

2.0 Inwardly Rectifying Potassium Channels (Kir Channels) 

 

The molecular nature of inwardly rectifying potassium (Kir) channels was discovered in 

1993, when the first two subunits (ROMK1/Kir1.1 and IRK1/Kir2.1) were cloned (Ho et 

al., 1993; Kubo et al., 1993). Since then, a large number of Kir proteins have been 

identified and grouped into a potassium channel gene family (see Tab. 1). 

K
+
 channels formed out of Kir subunits elicit currents, which flow more readily in the 

inward than in the outward direction (Fakler et al., 1995), thus hyperpolarizing the 

membrane potential, cause inhibitory effects (Luescher et al., 1997). 

These K
+ 

channels play pivotal roles in the maintenance of the resting membrane 

potential, in the regulation of the action potential, in receptor-dependent inhibition of 

cellular excitability and in secretion and absorption of K
+ 

ions across cell membrane. 

 



                                                                                                       II. INTRODUCTION 

 7 

 

 

SUBFAMILIES                       SUBTYPES        CHANDY AND GUTMAN               

     NOMENCLATURE    

                    
 

Classical inwardly
   

IRK1, IRK2, IRK3  Kir2.1, Kir2.2, Kir2.3 
         

rectifying K
+ 

channels
 

   

G-protein activated            GIRK1, GIRK2,             Kir3.1, Kir3.2, Kir3.3. 

      K
+ 

channels             GIRK3, GIRK4  Kir3.4 

 
      

ATP sensitive   uKATP-1, BIR   Kir6.1, Kir6.2 

     K
+ 

channels
   

 
 

     ATP depending  ROMK1   Kir1.1a 

     K
+ 

channels   KAB-2    Kir4.1 

 

     Others               BIR9    Kir5.1, Kir7.1 

 

       Table 1: Summary of the different Kir subunits identified to date 

 

   

The best known examples of the physiological importance of Kir regulation are the ATP 

dependence of Kir6 channels in the control of insulin secretion (Ashcroft et al., 1984; 

Ashcroft and Rorsman, 1989) and the determination of myocardial resistance to hypoxia 

(Friedrich et al., 1990), the regulation of Kir3 channels by G-proteins to account for the 

vagal control of heart rate (Krapivinsky et al., 1995; Wickman and Clapham, 1995), and 

the regulation of Kir1 channels by intracellular K
+
 and pH, which controls K

+
  secretion in 

the kidney (Wang et al., 1997). 

Protein kinase A and protein kinase C as well as tyrosine kinases, such as src kinase, 

regulate a variety of ion channels. For the Kir channels, the effects of such kinases on the 

K
+ 

current amplitude have been observed by many authors (Cohen et al., 1996; DiMagno 

et al., 1996; Fakler et al., 1994; Henry et al., 1996; McNicholas et al., 1994; Wischmeyer 

and Karschin, 1996). Some of these effects, such as current stimulation by  

activation of PKA, are common to all members of the Kir family and are not correlated to 

a particular phosphorylation site in the primary sequences. This may be due to the 

influence of kinases on other regulatory pathways, such as the phosphatidylinositol 

pathway. Other effects are highly specific to the respective subunit, such as the effect of 

PKC on Kir2.3 (Henry et al., 1996) and the nerve growth factor receptor-mediated 

tyrosine phosphorylation of the Kir2.1 subunit (Wischmeyer et al., 1998).  
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But phosphorylation does not only seem to alter current amplitude in ion channels, but 

seems to also have an effect on ion channel trafficking within the cell. Ma et al. (2002) 

have reported specific trafficking signals embedded within ion channels, that is, amino 

acid sequence motifs that are crucial to channel membrane targeting and assembly. These 

trafficking signals also seem to be regulated by phosphorylation. The results suggest that 

the surface expression of Kir3.2 channels can e.g. be dynamically regulated by the 

phosphorylation state of the channel: at the Kir3.2 C- terminal Ser-Thr phosphorylation 

site, a mutation of Thr to Ala leads to reduced Kir3.2 surface localization. Mutation of Thr 

to Asp, however, mimics the phosphorylated state of the channel, leading to enhanced 

Kir3.2 surface localization (Ma et al., 2002). 

 

 2.1 G-Protein-activated Inwardly Rectifying Potassium Channels (Kir3) 

 

In contrast to the constitutively active Kir1 and Kir2 groups, more than one subunit seems 

to be required in Kir3 channels to form a normal functional channel; Kir3 channels are 

thus heterotetramers (see Fig. 2). Kir3.1 alone does not produce functional channels when 

expressed in most cell lines tested (Chan et al., 1996b) and is not delivered to the cell 

membrane when transfected alone into oocytes (Stevens et al., 1997). Kir3.2 and Kir3.4 

alone form G-protein-gated channels in various heterologous expression systems, but with 

rather aberrant single channel properties. The presence of Kir3.1 corrects the single 

channel properties to yield open times and amplitudes similar to those observed in cardiac 

and nerve cells (Lesage et al., 1995). 

 

Kir3.1           Kir3.2/3.3/3.4 

 

 

 

 

 

 

 

Fig. 2: Schematic drawing of a Kir3 channel. All Kir subunits consist of two transmembrane regions M1              

and M2 and a pore forming region (H5). Both the NH2- and the COOH-terminus are located intracellularly. 

 

M1 M2 H5 

NH2 

COOH 

M1 M2 H5 
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The Kir3.1 subunit co-purifies with Kir3.2 and Kir3.4 (Chan et al., 1996a; Lesage et al., 

1995) and has been shown to form functional channels with all other Kir3 subunits in 

heterologous expression systems (Mark and Herlitze, 2000; Isomoto et al., 1997). 

However, other studies also report functional Kir3.2 homomers and Kir3.2/3.3 

combinations (Inanobe et al., 1999; Jelacic et al., 2000; Wischmeyer et al., 1997).

Kir3.1, Kir3.2 and Kir3.3 subunits are abundantly expressed in several brain areas 

(Karschin and Karschin, 1997) and Kir3.1/3.2 and Kir3.1/3.3 channels are believed to be 

the main functional Kir3 combinations in the brain (Luescher et al., 1997; Kofuji et al., 

1995). In contrast, Kir3.4 subunits are mainly expressed in the heart (Karschin and  

Karschin, 1997) and form the atrial K(Ach) channels together with the Kir3.1 subunit. The 

Kir3.1/3.2 and Kir3.1/3.3 channels are thus commonly referred to as the neuronal Kir3 

channels, whereas the Kir3.1/3.4 channel is depicted as the cardiac Kir3 channel.  

The main stimulatory effect on Kir3 channels is caused by the Gbg subunit of the 

heterotrimeric G-protein that binds to Kir3 channels and activates them (Huang et al., 

1995; Slesinger et al., 1995; Wickman and Clapham, 1995). Inhibition of Kir3 channels 

by Ga has also been described (Slesinger et al., 1995). 

 

3.0 PDZ Domain containing Proteins 

 

In the past years, PDZ domains have emerged as important protein-protein interaction 

modules that bind in a sequence-specific fashion to short C-terminal peptides or internal 

peptides that fold in a b-finger. 

PDZ domains were originally recognized as ~90 amino acid-long repeated sequences in 

the synaptic protein PSD-95 (postsynaptic density-95), in the Drosophila septate 

junction protein Dlg (discs-large), and in the epithelial tight junction protein ZO-1 (zonula 

occludens-1), hence the acronym PDZ (Sheng and Sala, 2001). 

PDZ-domain containing proteins can be classified into three families (see fig. 3). The first 

family consists of proteins made up entirely of PDZ domains, e.g. Syntenin and NHERF 

(N
+
/ H

+
 exchanger regulating factor). PSD-95, Discs-large, and ZO-1 belong to the second 

family of proteins also called membrane-associated guanylate kinases (MAGUKs), which 

contain a SH3 domain and a guanylate kinase-like (GK) domain in their C-terminal region 

in addition to up to three PDZ domains in the N-terminal half. The third family includes 

proteins that contain not only several PDZ domains, but also other protein domains, such  
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as L27-, WW-, C2-, or PH-domains. MUPP1 is an example of this family, consisting of 

13 PDZ domains plus a N-terminal L27-domain (Nourry, 2003). 

PDZ-containing proteins are found in a variety of organisms, both procaryotic and 

eucaryotic. They are abundantly represented in Caenorhabditis elegans (60 PDZ-

containing proteins are encoded in its genome), Drosophila melanogaster (69 encoded 

PDZ-containing proteins), and mammalian genomes. In humans, as many as 400 PDZ-

domain containing proteins have been identified so far. 

PDZ domains all have a similar architecture, consisting of six antiparallel b-strands (bA-

bF) and two a-helices (aA and aB), their overall fold approximates a six-strand  

b-sandwich flanked by two a-helices.The N-and C-termini of the PDZ domain lie close to 

each other on the opposite side of the domain relative to the peptide-binding groove, an 

arrangement common to protein interaction modules (Sheng and Sala, 2001). 

 

 

 

       Fig. 3: Examples of PDZ domain containing proteins. The picture shows the domain  

        structure of several PDZ proteins. PDZ domains are depicted as ovals, SH3 domains  

        as circles, guanylate kinase domains as rectangles (taken from “PDZ domains and  

        the organization of supramolecular complexes”, Sheng and Sala, 2001). 
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The architecture of the PDZ domains is designed for binding to a free C-terminal peptide. 

The carboxylate-binding loop in the binding-groove extends from a highly conserved 

arginine or lysine residue to the signature Gly-Leu-Gly-Phe (GLGF), a motif typical of 

PDZ domains. 

The three main-chain amide protons of the GLGF motif can now form hydrogen bonds 

with the terminal carboxylate of the peptide. It is thus the GLGF motif which specifically 

recognizes the C-terminal peptides. The carboxylate-binding loop (R/K-XXX-GLGF) 

between bA and bB is highly conserved among PDZ domains. The second and fourth 

residues of the GLGF motif are invariably hydrophobic. The third residue is absolutely 

conserved, whereas a serine, threonine, or proline can replace the first glycine in a 

minority of PDZ domains (Sheng and Sala, 2001). The residues lining the binding groove 

are united in their hydrophobic character, leading to the generalization that most (if not 

all) PDZ domains choose to bind peptides with a hydrophobic C-terminal residue. 

 

 

     Fig. 4: Sequence analysis of MUPP1 as an example of PDZ containing proteins.   

          Conserved amino acids are shown in black (>50%), the secondary structure is written at the top 

          (taken from ”Cloning and characterization of MUPP1, a novel PDZ domain protein”, Ullmer et               
                          

al., 1998).
 

                
 

 

The C-terminal residues of PDZ binding motifs are highly conserved on positions –2 and 

0. Especially position –2, interacting with the first aB residue (aB1), appears to be of 

great significance and can thus be used to group peptides into three classes of PDZ 

binding motifs (see tab. 2). 

Consensus sequences for PDZ binding are often written as a C-terminal tripeptide. Based 

on structural studies, however, it is clear that PDZ domains interact specifically with at 

least a C-terminal tetrapeptide. It is therefore more accurate to describe PDZ binding  
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consensus sequences in terms of four amino acids, such as E/Q-T/S-X-V for PSD-95 

(Doyle et al., 1996). 

Nuclear magnetic resonance studies suggest that as many as six residues of the Fas C-

terminus interact with PDZ-containing protein PTP1E (Kozlov et al., 2000). Songyang et 

al. (1997) even found that residues up to position –8 are required for specific binding.  

It is also known, that internal peptides that fold in a b-hairpin structure can also bind to 

PDZ domains. The Ca
2+

 channel TRP (transient receptor potential) uses this mechanism to 

bind one PDZ domain of INAD (inactivation-no-after potential D) (Chevesich et al., 

1997). Many PDZ domains can bind a surprising number of ligands in a sequence specific 

way, although these may not contain the same C-terminal residue (Sheng and Sala, 2001). 

INAD can e.g. bind three different ligands with both domain 3 and domain 4 (Shawn Xu 

et al., 1998). And the number of putative ligands can still be considerably higher. 

 

 C-terminal interacting PDZ-domain-protein 
Class sequence protein  

Class I    

X-S or T-X-V E-T-D-V Shaker potassium 
channel 

PSD-95  

 D-S-W-V d-Catenin Erbin 

    

X-S or T-X-L D-S-S-L b2-adrenergic receptor NHERF (PDZ1) 

 D-T-R-L CFTR NHERF (PDZ1) 

    

Class II    

X-Y-X-Y E-Y-Y-V Neurexin CASK 

 E-Y-F-I Glycophorin C p55 

    

Class III    

X-D oder E-

X-Y 

V-D-S-V Melatonin receptor nNOS 

 G-E-P-L KIF17 mLIN10 
           Table 2: Classification of PDZ domains according to their specificity for C-terminal peptides  

(taken from ”PDZ domain proteins: plug and play!”, Nourry et al., 2003). 

 

The interaction between PDZ domain and ligand may be influenced in several ways. The 

–2 residue of PDZ-binding C-terminal peptides, the most critical site for PDZ recognition 

as mentioned above, is frequently a phosphorylable amino acid such as threonine or 

serine. The –2 residue of Kir2.3 can e.g. be phosphorylated by protein kinase A  
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(PKA). This phosphorylation abolishes Kir2.3 interaction with PSD-95 (Cohen et al., 

1996). 

Furthermore, the interaction of a ligand with its cell surface receptor may then again 

influence its interaction with the PDZ domain containing protein. E.g. NHERF only binds 

b2-adrenergic receptors when they are activated (Hall et el., 1998). 

It has been shown for a number of PDZ domain containing proteins that they can 

multimerize, i.e. connect e.g. the third and fourth domains of separate INAD proteins with 

each other (Shawn et al., 1998). Multimerization without participation of PDZ domains 

has also been described. PSD-95 appears to use its N-terminal region to bind other protein 

domains (Hsuehet al., 1997). 

PDZ-containing proteins are typically involved in the assembly of supramolecular 

complexes that perform localized signaling functions at particular subcellular locations. 

Organization around a PDZ-based scaffold allows the stable localization of interacting 

proteins and enhances the rate and fidelity of signal transduction within the complex 

(Kumar and Shieh, 2001; Shawn Xu et al., 1998). 

PDZ domains that contain proteins can easily be strung together to form multiple PDZ 

proteins (e.g. INAD, GRIP) or can be combined with other modular protein interaction 

domains to generate more complex scaffolds (CASK/ LIN-2, PSD-95). Individual PDZ 

domains have different binding specificities, so that the combination of multiple PDZ 

domains increases both size and heterogeneity of the PDZ-based complex. 

Since they recognize just a few amino acids at the C-termini of proteins, PDZ domains are 

able to interact with the great majority of transmembrane proteins that have their  

C-termini facing the cytoplasma, such as cell surface receptors, channel proteins, and 

adhesion proteins, suggest a predominant role of PDZ proteins in signal transduction 

pathways. 

 

3.1 PDZ-mediated Protein Trafficking 

 

Some PDZ-containing proteins may not only be involved in arranging binding partners, 

but also in the trafficking of interacting proteins within the cell. PSD-95 e.g. clusters 

glutamate receptors and K
+
 channels in the postsynaptic density of excitatory synapses 

(Sheng et al., 2001). This clustering at the cell surface may be related to inhibition of 

receptor internalization (Kim and Sheng, 2004), since removing the PSD95 binding motif  
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from the receptor protein NR2B leads to enhanced membrane internalization (Roche et al., 

2001).  

The same was shown for the Kv1.4 potassium channel and its PSD95 binding motif 

(Jugloff et al., 2000). Furthermore, PSD95 not only regulates the activity of interacting 

proteins by influencing membrane internalization, but even changes their intrinsic 

functional properties. PSD95 suppresses e.g. Kir2.3 activity by reducing its single channel 

conductance (Nehring et al., 2001). 

Using the Kir3.2 C-terminal PDZ recognition sequence ESKV, it was shown in co-

transfection assays that Kir3.2 has the capability of binding PSD95 in vitro (Inobe et al., 

1999). Further experiments at the postsynaptic density of dendrites of dopaminergic 

substantia nigra
 
neurons however did not reveal an in vivo Kir3.2/PSD95 interaction. 

Inobe et al. (1999) thus suggested that the Kir3.2 recognition site may be used for binding 

to a different PDZ protein yet to be identified.       

These data suggest, that our view of PDZ proteins has to evolve from one of static 

adaptors for clustering interaction partners to a more dynamic picture in which PDZ 

scaffolds organize ensembles of proteins, which change at different localizations within 

the cell and in response to neuronal activity, thus playing a substantial role in controlling 

the structure and plasticity of synapses (Kim and Sheng, 2004). 

 

4.0 Multiple PDZ-containing Protein MUPP1 

 

MUPP1 is a member of a family of PDZ domain-containing proteins, which includes 

INADL (INAD-like protein), CIPP (channel-interacting PDZ domain protein), and the 

putative Caenorhabditis elegans polypeptide C52A11.4.  

MUPP1 consists of 13 PDZ domains, C52A11.4 of ten, INADL of seven, and CIPP of 

four PDZ domains (Bécamel et al., 2001). Neither of these proteins has a catalytic 

domain. 

The PDZ domains of these four proteins reveal high sequence homology; MUPP1 and 

INADL show the strongest homology. Furthermore, similar PDZ domains are arranged in 

the same order from N- to C-terminus in all four proteins (see Fig. 5), implying a need for 

precise arrangement in order to assemble a functional macromolecular complex (Ullmer et 

al., 1998). 
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The segments between the PDZ domains are variable. MUPP1 may e.g. contain putative 

binding motifs for the SH3 domains of the adaptor-protein CRK1 (between PDZ domains 

6 and 7) and Grb2 (between PDZ domains 7 and 8) (personal message from Schneeberger, 

D., 2003). 

 

 

    Fig. 5: Structure of MUPP1 and family members (taken from “Cloning and characterization of      

          MUPP1, a novel PDZ domain protein”, Ullmer et al., 1998). 

 

 

4.1 MUPP1 Interaction Partners 

 

MUPP1 was first described by Ullmer et al. in 1998. The C-terminus of 5-HT-2C-receptor 

was used as bait in a Yeast-Two-Hybrid-System and MUPP1 could be identified as 

interaction partner (Ullmer et al., 1998). Later further members of the serotonine 5-HT-

subfamily, that is 5-HT-2A-receptor and 5-HT-2B-receptor, were found to specifically also 

bind the 10
th 

domain of MUPP1 (Bécamel et al., 2001). MUPP1 clusters 5-HT-2C-

receptors on the cell surface (Bécamel et al., 2001). 

Ligand binding leads to phosphorylation of serine residues near the C-terminus of 5-HT-

2C-receptor. This abolishes MUPP1 interaction (Parker et al., 2003), implying that the 

modulation of binding capacities of MUPP1 binding motifs is a necessary step to regulate 

intracellular signal cascades. 

Several other interaction partners of MUPP1 have been identified so far, including the 

human protooncogene c-Kit (Mancini et al., 2000), which interacts with PDZ domain 10.  

Interaction between MUPP1 and c-Kit stops c-Kit activation, that is, autophosphorylation 

of cytoplasmatic domains (Mancini et al., 2000), so that successive steps in signal 

transduction are abolished. The physiological relevance of this interaction is still 

unknown. 
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A large group of MUPP1 binding partners are tight junction proteins such as the 

transmembrane protein subfamily of claudins. Hamazaki et al. (2001) showed that 

claudin-1 binds domain 10 of MUPP1 (Hamazaki et al., 2001). Later, claudin-8 was 

identified as a ligand for domain 9 (Jeansonne et al., 2003). Poliak et al. (2002) found 

MUPP1 to interact with claudin-5. Here, however, the interacting MUPP1 PDZ domain 

has not yet been characterized. The junctional adhesion protein JAM, a transmembrane 

protein of the Ig superfamily, specifically interacts with PDZ domain 9 (Hamazaki et al., 

2001). 

Lee et al. (2000) discovered that several oncoproteins derived from DNA tumor viruses 

bind MUPP1. E4-ORF1-oncoprotein from human adenovirus 9 binds domain 7 and 10,  

inducing an accumulation of MUPP1 in puncuate bodies in the cytoplasma, whereas 

MUPP1 would normally only accumulate at cell-cell-contacts (Lee et al., 2000). E4-

ORF1-oncoprotein from human adenoviruses 5 and 12 can also bind MUPP1, possibly 

leading to the same accumulation (Lee et al., 2000). High-risk-papilloma virus (HPV18) 

oncoprotein E6 (18E6) also interacts with MUPP1. The exact PDZ domain has not yet 

been described. In contrast to E4-ORF1-oncoprotein, 18E6 induces MUPP1 degradation. 

MUPP1’s half-life is decreased four-fold when linked to 18E6 (Lee et al., 2000). E6 

oncoproteins from HPV31, -39,- 45, and –51 show identical PDZ binding motifs and are 

thus thought to be capable of binding MUPP1 with the same effect. 

The findings of Lee et al. propose an involvement of MUPP1 in negatively regulating 

cellular proliferation.  

With its 10
th

 and 13
th  

domain, MUPP1 also binds TAPP1 and TAPP2, two proteins which 

interact with the phosphatidylinositol-3.4-bisphosphate (PtdIns-3,4-P2) pathway (Kimber 

et al., 2002). With the dopamine D3-receptor (D3R), Griffon et al. (2003) add yet another 

G-protein-coupled receptor to the list of putative interaction partners. Here, MUPP1 again 

acts as scaffolding protein, compartmentalizing D3R with its interaction partner CLIC6 

(chloride intracellular channel 6), which also binds MUPP1 (Griffon et al., 2003). 

Using the Yeast-Two-Hybrid-System, our lab has isolated a further interaction partner for 

MUPP1, which is the potassium channel Kir3.2 (Delling, M. personal message, 2002) (see 

Chapter 2). It is PDZ domain 13, which specifically binds the ESKV motif at the Kir3.2 

C-terminus. In further studies it was possible to show an interaction between MUPP1 and 

NCAM (Delling, M., personal message, 2003).  
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Since localizing cell surface molecules such as NCAM and ion channels such as Kir3.2 to 

specific subcellular sites can be crucial to proper functioning, these findings may present 

the missing link to understanding the way in which NCAM regulates cell surface 

localization of Kir3.2. 

 

5.0 Filamins are Actin-binding Proteins 

 

The cytoskeleton is indispensable for the control of cell shape, the mechanic stability of 

the cell, and the cell’s resistance towards osmotic forces. It makes cell motility, cell 

division, organelle transport, and phagocytosis possible via dynamic reorganization. 

Three different kinds of fibrillic elements make up the cytoskeleton: microtubuli, 

neurofilaments, and microfilaments. Microfilaments are the smallest of these 

macromolecules, they have a diameter of 3-5nm and consist of polymerized actin 

monomers. 

The actin network is not a static object. A large number of actin-binding proteins can 

attach it to the cell membrane and can thus induce a change in actin architecture in 

response to signaling cascades. This may lead to an addition, loss, or polymerization of 

actin fibres.  

Filamins form one group of actin binding proteins. They were first identified in 1975 in 

rabbit alveolar macrophages (Hartwig and Stossel, 1975). Since then, more filamins have 

been described, both in vertebrates and in invertebrates such as Dictyostelium discoideum 

or Entamoeba histiolytica (Condeelis et al., 1981; Condeelis et al., 1982; Vargas et 

al.,1996). In humans, three filamin genes have been identified: filamin A, B, and C 

(hsFLNA, hsFLNB, hsFLNC, respectively). The three encoded filamin proteins show an 

overall sequence homology of about 60-80% (Stossel et al., 2001). Filamin A and B are 

the most ubiquitously expressed filamin isoforms, whereas expression of filamin C is 

restricted to skeletal and cardiac muscle (reviewed by Van der Flier et al., 2001).  

Filamin A is a dimer with two equivalent 250 kD subunits that associate with each other 

in a tail-to-tail, non-covalent way at their C-termini, resulting in a V-shape (Van der Flier 

et al., 2001). It has two N-terminal actin binding domains per dimer (see fig. 7). Most of 

the protein (90%) is a semi-flexible rod composed of 24 tandem repeats, each containing 

96 amino acids. Its amino acid sequence predicts stretches of anti-parallel b-sheets 

(Yamazaki et al., 2002).  
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Actin fibers can be assembled in several ways, i.e. into tight parallel bundles, into loose 

contractile bundles, into a 70° branching network (by the Arp2/3 complex), or into a 

three-dimensional orthogonal network as filamins do (Stossel et al., 2001). Filamin A 

(FLNa) is the most potent actin-filament cross-linking protein.  

Filamins bind various other macromolecules in addition to filamentous actin (see Tab. 3). 

A common theme among filamin-molecule interactions is the inter-webbing of the actin 

network with membrane receptors (see fig. 6). This is a way to provide both mechanical 

stability to the cell membrane and to maintain cell-cell and cell-matrix connections. 

Filamins thus facilitate the activation of local processes such as actin polymerization in 

response to signaling cascades (Stossel et al, 2001). 

 

            

                Transmembrane 

                  proteine 

                 
                         Filamin A 

 

   

     Actin-binding N-termini            Actin fiber 

 

 

Fig. 6: Filamin A links the actin cytoskeleton with the plasma membrane via its association 

 with integral membrane proteins 

 

 

Since there is no basic homology between the binding domains that associate with the 

same or different filamin repeats, it remains to be resolved what determines the specificity 

of these interactions (Van der Flier et al., 2001). The manner in which the interaction of 

filamin with actin and transmembrane proteins are regulated is largely unknown. Receptor 

occupancy has been reported to influence the association of filamins with transmembrane 

receptors, this mechanism plays a role in the regulation of FcgRI receptor (Van der Flier et 

al., 2001). Phosphorylation of both filamin and its binding partners seems to also 

influence interaction. Examples of kinases that phosphorylate filamins are cAMP-kinase, 

PKC, and CaM-kinase II. Furthermore, tissue factor and dopamine D2 receptor reacted to 

phosphorylation of their cytoplasmatic tails with increase or diminish of interaction, 

respectively (Van der Flier et al., 2001). 

Dimerizing 

C-termini 
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Filamins are also highly susceptible to proteolysis. Calpain-mediated proteolysis results in 

a formation of a 240 kD amino-terminal fragment and a 10 kD carboxy-terminal fragment, 

causing the disruption of the actin cross-linking activity of filamin.  

There is ample evidence suggesting that the proteolysis of filamin is regulated by its 

phosphorylation, i.e. phosphorylation modulates susceptibility for calpain-cleavage (Van 

der Flier et al., 2001). 

Localized mutations in FLNA that conserve the reading frame lead to a broad range of 

congenital malformations, including craniofacial structures, skeleton, brain, viscera, and 

the urogenital tract. (Robertson et al., 2003). 

 

Filamin A-associated Proteins 

Membrane Proteins     Signaling Proteins 

GP-Iba      RalA, RhoA, Racl, Cdc42 

       b1A, b1D, b2, b3, b7 integrins                        SEK1 (MEKK, JNKK) 

FcgRI                         TRAF2   

Tissue factor      Trio 

       Dopamine D2, D3 receptor    Androgen receptor 

Presenilin1, 2 

Furin receptor      Others 

Calveolin1 

Potassium channel 4.2    FAP52 

Glutamate receptor 7     CvHSP 

       Calcium-sensing receptor    Granzyme B 

       c,d-Sarcoglycan      BRCA2 

       Toll-receptor       FATZ 

Myotilin   

 
Table 3: Filamin A associated proteins. (Taken from “Mechanical response of single filamin A                                  

         molecules and its role in the actin cytoskeleton”,Yamazaki et al., 2002)  
 
 

    

One example is the genetic disorder of periventricular heterotopia (Fox et al., 1998). 

Periventricular heterotopia is characterized by a failure of
 
a subset of neurons to migrate 

from the periventricular region to the cerebral cortex
 
during corticogenesis, resulting in 

nodules of neurons, referred
 
to as heterotopia, that are abnormally located along the 

ventricle.  

Individuals
 
with periventricular heterotopia usually present seizures, though the overlying

 

cortex is often well-preserved and intelligence is often normal. 
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Mutations in the X-linked filamin A gene cause periventricular nodular heterotopia in 

males as well as in females (Robertson et al., 2003). These mutations have gain-of-

function effects, implicating that filamin A is required to signal pathways that mediate  

organogenesis in multiple systems during neuronal migration and embryonic 

development.  

 

     6.0 Filamin A Interacting Protein (FILIP) 

 

      Filamin A interacting protein (FILIP) was first described by Nagano et al. in 2002.  

It is a cytosolic protein with a proposed function to negatively regulate the polymerization 

of filamin A (Nagano et al., 2002). When FILIP is overexpressed in explants, neurons fail 

to migrate altogether, suggesting a role in the regulation of cortical cell migration.   

In Situ hybridization of rat embryonic day 11/12 and 18/20 displayed gene expression in 

the ventricular zone of the cerebral cortex and in the superior colliculus, as well as gene 

expression in muscular tissue, including the cardiovascular system (Nagano et al., 2002). 

Differential display using mRNA of the neocortices of rats showed dominant expression 

of FILIP mRNA at embryonic day 12, compared to significantly lower expression at 

embryonic day 20. At E11/E12, post-mitotic neurons are just about to migrate out of the  

ventricular zone towards the pial surface, suggesting that abundant FILIP expression at 

that state tethers cells in situ until the appropriate start of migration. 

It was also reported that at E20, when neurogenesis is complete, the expression of FILIP is 

reduced suggesting that  FILIP seems to no longer be required to control cell migration 

(Nagano et al., 2002). 

Furthermore, Nagano et al. characterize two forms of FILIP, differing only in their 

5´termini: S-FILIP (short-FILIP) lacks the 247 amino-terminal residue of L-FILIP (long-

FILIP). Four leucine zipper motifs and a coiled-coil region were identified in the N-

terminal half. Aside from this motif, no other signaling or transmembrane domains have 

been identified within FILIP.  

The inhibitory effect of FILIP on filamin A, resulting in reduced cell motility, could be 

due to a degradation process induced by FILIP. Calpeptin-sensitive proteases such as 

calpain have been found to be activated by FILIP and successively to be capable of 

degrading filamin A (Nagano et al., 2002). F-actin associated filamin A is preferably 

degraded compared to actin-free filamin A. 
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Assays investigating the intracellular localization of GFP tagged FILIP in COS-7 cells 

reveal two distinct localization patterns of the two splice variants. S-FILIP and, to a very 

small extent, L-FILIP localizes along actin fibers, suggesting co-localization of the short 

iso-form with fiber-like actin. In contrast, L-FILIP is distributed in a punctuate pattern in 

the cytoplasma, showing no or little co-localization with fiber-like actin (Nagano et al., 

2002). Furthermore, in cells expressing L-FILIP, actin stress fibers were reduced in 

number. This suggests that S-FILIP possesses a weaker filamin A degradation capacity 

and cannot completely degrade actin-networks, resulting in a fiber-like distribution along 

existing actin-networks. L-FILIP on the opposite strongly activates filamin A degradation 

processes so that no active actin networks remain in the cell and cell motility is inhibited 

(Nagano et al., 2002). 

Among the group of filamin binding partners (see tab. 3), FILIP is unique with regard to       

its negative regulation of filamin A (Nagano et al., 2002).  

Using the Kir3.2 C-terminus as bait in the Yeast-Two-Hybrid-System, our lab has isolated 

FILIP as a putative interaction partner for Kir3.2 (Delling, M., personal message, 2003). 

FILIP specifically binds a NSFHETYETSTPSL motif in the Kir3.2 C-terminus which is 

also present in other Kir channels. This motif contains tyrosine residues which can be 

phosphorylated. Simulating this phosphorylation in vitro abolishes Kir3.2/ FILIP  

interaction (Delling, M., personal message, 2003). Co-localization studies have also 

shown that FILIP co-localizes with Kir3.2 in transfected CHO cells (Delling, M., personal 

message, 2003). Other putative binding partners of FILIP or a physiological relevance for 

the interaction described above have yet to be elucidated. 
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III. MATERIAL 

 

1.0 Chemicals 

 

All chemicals were obtained from the following companies in p.a. quality: 

GibcoBRL (Life technologies, Karlsruhe, Germany), Macherey-Nagel (Düren, Germany), 

Merck (Darmstadt, Germany), Serva (Heidelberg, Germany) and Sigma-Aldrich 

(Deisenhofen, Germany). 

Restriction enzymes were obtained from New England biolabs (Frankfurt am Main, 

Germany) and MBI Fermentas (St.Leon-Rot, Germany). Molecular weight standards were 

obtained from Gibco. 

DNA Purification Kits were purchased from Macherey-Nagel and Qiagen (Hilden, 

Germany). 

Plasmids and molecular cloning reagents were obtained from Clontech (Heidelberg, 

Germany), Invitrogen (Groningen, Netherlands), Pharmacia Biotech (Freiburg, Germany), 

Promega (Mannheim, Germany), Qiagen and Stratagene (La Jolla, USA). All plasmids 

used are listed in the appendix. 

Oligonucleotides were ordered from Metabion (Munich, Germany). All oligonucleotides 

used are listed in the appendix. 

Radioactive material was ordered from Amersham Biosciences (Braunschweig, 

Germany). 

 

2.0 Solutions and Buffers 
(in alphabetical order) 
 

Acetylation buffer   0.1 M   Triethanolamin 
(In Situ Hybridization)   0.9 %   NaCl 

2.5 ml/L   Acetic anhydride, 
    pH 7-8 

 

Blocking buffer     5 % v/v   normal goat or  
(Immunohistochemistry)       donkey serum  

0.02 % w/v    sodium azide in   
          PBS 
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Blocking buffer  1-4 %(w/v)  Instant milk powder  
(Western Blot)        in TBS 

or 1 %(v/v)   Block solution in  
    TBS (Boehringer) 

 
Blotting buffer    25 mM   Tris 
(Western Blot)    192 mM   Glycin 

 

Boston buffer     50 mM    Tris, pH 8.0 
(lysis of Bacteria)    1 %(w/v)   Triton X-100 

50 mM   KCl 
2.5 mM    EDTA 

 

Denhardt’s (100x)   2 %   Ficoll 
(In Situ Hybridization) 2 %   Polyvinyl-        
     pyrrolidone 

      2 %   BSA 
      ad. to 100 ml   ddH2O 
 

DNA-sample buffer (5x)   20 %(w/v)  Glycerol in TAE  
(DNA-gels)        buffer 
      0.025 %(w/v)  Orange G 

 

dNTP stock solutions   20 mM   each dATP, dCTP, 
(PCR)         dGTP, dTTP 

 

Ethidiumbromide-    10 µg/ml   Ethidiumbromide in  
staining solution         1x TAE  

 

Fixation buffer    4 %   Formaldehyde 
(Immunohistochemistry)    0.1 %   CaCl2 

0.1 M   Cycodylate buffer  
       pH 7.3 

 

Hybridization buffer   50 %   Formamide 
(In Situ Hybridization)  5x    Hybridization salts  
      (20x) 

   5x    Denhardt’s (100x) 
   0.2 %   SDS (10%) 
   10 mM   DDT 

10 %   Dextrane sulfate 
250 µg/ml   Herring sperm  

       DNA 
250 µg/ml   Yeast tRNA 
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Hybridization salts (20x)   3 M   NaCL 
(In Situ Hybridization)   0.1 M   PIPES 

   0.1 M   EDTA 
   ad. to 100 ml   ddH2O 
 

Hypotonic lysis buffer    10  mM   HEPES, pH 7.4 
(cell lysis)     0.5 mM   EDTA 

 

Ligation buffer (10x)    200 mM   Tris-HCL ph 7.9 
(DNA ligation)    100 mM   MgCl2 

100 mM   DTT 
    6 mM   ATP 
 

Native lysis buffer   50 mM   Na2PO4 pH 8.0 
(bacterial lysis)   300 mM   NaCl 

   10 mM   Imidazol 
 

Paraformaldehyde (4%)   10 g   Paraformaldehyde 
(In Situ Hybridization)   1 ml   10N NaOH 

   1 ml   37% HCL 
   25 ml   10x PBS 
   250 ml   ddH2O 
 

Phosphate buffered saline (PBS)  150 mM   NaCl 
   20 mM   Na3PO4  pH 7.4 
 

Protease inhibitors  COMPLETETM pills, re-suspending 1 tablet in 
2ml solution results in a 25x stock solution 

 
RIPA buffer    50 mM   Tris-HCL pH 7.4 
(cell lysis)   1 %(w/v)  Triton X-100 

   150 mM   NaCl 
   1 mM   EDTA 
   1 mM   Na3VO4 
 

Running gel     10% (8%)3.92 ml(4.89ml) deionized water 
(protein gels)    5.26 ml(5.26ml)  1 M Tris pH 8.8 

    0.14 ml(0.14ml)  10% SDS 
    4.70 ml(3.73ml)  30% acrylamide-Bis  
        29:1 
    70.0 µl(70.0µl)  10% APS 
    7.00 µl(7.0µl)  TEMED 
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Sample buffer (5x)   0.31 M   Tris-HCL pH 6.8 
(protein gels)    10 %(w/v)  SDS 

       5 %(w/v)  ß-mercaptoethanol 
       50 %(v/v)   glycerol 
       0.13 %(w/v)  bromphenol blue 
 

SDS running buffer (10x)   0.25 M   Tris-HCL pH 8.3 
(protein gels)    1.92 M   glycin 

       1 M   SDS 
 

SSC (20x)     175.3 g   NaCl 
(In Situ Hybridization)   88.2 g   NaCitrate, pH 7.0 

 
Stacking gel 5%    3.77 ml   deionized water 
(protein gels)    0.32 ml   1 M Tris pH 6.8 

       0.05 ml   10% SDS 
       0.83 ml   30% acrylamide-Bis    
           29:1 

25.0 µl   10% APS 
   7.00 µl   TEMED 
 

Staining solution    40 %(v/v)   ethanol  
(protein gels)   10 %(v/v)   acetic acid 

   0.1 %(v/v)   Serva Blue R250 
 

Stripping buffer    0.5 M   NaCL 
(Western blot)   0.5 M   acetic acid 

  

TAE buffer (50x)    2 M   Tris-acetate pH 8.0 
(DNA gel)    100 mM   EDTA 

 

TE (10x)    0.1 M   Tris-HCL pH 7.5 
    10 mM   EDTA 
 

Tris buffered saline (TBS)  10 mM   Tris-HCL pH 8.0 
    150 mM   NaCl 
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3.0 Bacterial Media 
(in alphabetical order) 

  

Media were autoclaved and antibiotics were supplemented prior to use. 

 

LB-medium    10 g/l   Bactotryptone  
        pH 7.4 

    10 g/l   NaCL 
    5 g/l   yeast extract 
 

LB/ Amp-medium    100 mg/l   ampicillin in LB  
        medium 

 

LB/ Amp-plates    20 g/l   agar in LB medium 
       100 mg/l   ampicillin 
 

 

4.0 Bacterial Strains 

 

Escherichia coli DH5a   NEB 

 

5.0 Molecular Weight Standards 

 

1 kb DNA ladder   14 bands within the range from 200-10000bp (Gibco) 

 

BenchMarkTM 6 µl of BenchMark Prestained Protein ladder (Life 

Technologies) were loaded on the SDS PAGE gel: 

 
     Band no. apparent molecular weight (kDa) 
      

1 195.9 
2 125.6 
3 89.4 
4 64.9 (orientation band in pink) 
5 52.8 
6 39.8 
7 27.7 
8 21.8 
9 16.2 
10 9.0 
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6.0 Plasmids 

 

pGEMTM-Easy  plasmid used for cloning and blue/white selection for 

recombinants on Amp-plates (Promega). 

 

7.0 Antibodies 

 

7.1. Primary Antibodies 

 

anti-FILIP Polyclonal rabbit antibody (produced in the lab of M. 

Sato, Tokyo). 

IB: 1:700  

IH: 1:100 

 

anti Kir3.2  Polyclonal rabbit antibody (produced in the lab of  

 R.Veh, Berlin) 

IB 1:700  

 IH: 1:100 

 

anti-MUPP1 Polyclonal rabbit antibody (produced in the lab of Y. 

Hamazaki, Kyoto and in the lab of K.Richter, 

Hamburg). 

 IB: 1:700 

  IH: 1:100 

 

7.2 Secondary Antibodies 

 

All horseradish-coupled secondary antibodies were purchased from dianova (Hamburg, 

Germany) and used in a dilution of 1:10000. 

For Immunohistochemistry, Cy3 and Cy5-labelled secondary antibodies were obtained 

from dianova and used in a dilution of 1:1000. 
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IV. METHODS 

 

1.0  DNA Techniques 

 

1.1 Maintenance of Bacterial Strains 
       (Sambrook et al., 1989) 

 

Strains were stored as glycerol stocks (LB medium, 25% (v/v) glycerol) at –70°C. 

An aliquot of the stock was streaked on an LB/ Amp-plate and incubated overnight at 

37°C. Plates were stored for up to 6 weeks at 4°C. 

 

1.2 Production of Competent Bacteria 
       (Inoue et al., 1990) 

 

DH5a bacteria were streaked on LB-plates and grown overnight at 37°C. 50ml of LB 

medium was inoculated with 5 colonies and grown at 37°C until the culture had reached 

an optical density (OD600) of 0.3-0.5. 

 

1.3  Transformation of Bacteria 
  (Sambrook et al., 1989) 

 

Either 50-100ng of plasmid DNA or 20µl of ligation mixture were added and incubated 

for 30 min. on ice to 100µl of competent DH5a. After a heat shock (90 sec., 42°C) and 

successive incubation on ice (3min.). 800µl of LB medium were added to the bacteria and 

incubated at 37°C for 30 min. Cells were then centrifuged (10000x g, 1min., RT) and the 

supernatant removed. Cells were re-suspended in 100µl LB medium and plated out on 

LB/amp-plates. Plates were incubated at 37°C overnight. 

 

1.4 Plasmid Isolation from 3 ml Cultures (Minipreps) 
 (see Qiagen Miniprep kit) 

 

3ml LB/amp medium (100µg/ml ampicillin) were inoculated with a single colony and 

incubated overnight at 37°C with constant agitation. Cultures were transferred into 2 ml 

Eppendorf tubes and cells were pelleted by centrifugation (12000 rpm, 1min., RT).  
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Plasmids were isolated from the bacteria according to the manufacturer’s protocol. The 

DNA was eluted from the columns by addition of 50µl Tris-HCL (10mM pH 8.0) with 

subsequent centrifugation (12000 rpm, 2 min., RT). 

 

1.5  Plasmid Isolation from 15 ml Cultures (Midipreps) 
 (see Macherey-Nagel Nucleospin kit) 

 

The Macherey-Nagel Nucleospin kit was used in order to obtain higher amounts of DNA 

rapidly. 15 ml LB/amp medium (100µg/ml ampicillin) were inoculated with a single 

colony and incubated overnight at 37°C with constant agitation. Cultures were transferred 

into 15 ml Falcon tubes and cells were pelleted by centrifugation (12000 rpm, 1 min., RT) 

in an Eppendorf centrifuge. Plasmids were isolated from the bacteria according to the 

manufacturer’s protocol with the following exception: the suggested amount of buffers 

was used twice. DNA was eluted from the columns by adding 50µl of pre-warmed (70°C) 

Tris-HCL (10mM pH 8.0) twice with subsequent centrifugation (12000 rpm, 2 min., RT). 

Then, the concentration was determined. 

 

1.6 Enzymatic Digestion of DNA 
 (Sambrook et al., 1989) 

 

The DNA was incubated with twice the recommended amount of appropriate enzymes in 

the recommended buffer for 2h for restriction digestions. 

Restriction was terminated by addition of sample buffer and loading on an agarose gel. 

 

1.7  Ligation of DNA Fragments 
 (Sambrook et al., 1989) 

 

Ligation of DNA fragments was performed by mixing 50ng pGEMTeasy vector DNA 

with the 5-fold molar excess of insert DNA. 1µl of T4-ligase and 2µl of ligation buffer 

were added and the reaction mix was topped with deionized water to a final volume of 

20µl. The reaction was incubated for 2h at room temperature. The reaction mix was used 

directly for transformation without any further purification. 
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1.8  Polymerase Chain Reaction (PCR) 
   (Saiki et al., 1988) 

 

Amplifications of DNA fragments were performed in a 50µl reaction mix with thin-walled 

PCR tubes in MWG-PCR cyclers. Taq-Polymerase and the appropriate reaction buffer 

were obtained from Stratagene. The following reaction mixture was used: 

 
Template    2µl 
Primer up (10pM)   1µl 
Primer down (10pM)   1µl 
Nucleotides (dNTP, 20mM)  2µl 
PCR buffer (10x)   10µl 
Taq-Polymerase   0.5µl 
ddH2O     top up to 100µl 

 

The PCR was performed with the following step gradient (touchdown PCR): 

 
1. Initial denaturing  95°C 5 min. 
2. Denaturing  95°C 30 sec. 
3. Annealing   58°C 30 sec. 
4. Synthesis   72°C 1 min. 
 

The amplification procedure (steps 2-4) was repeated twice. 

2.   Denaturing  95°C 30 sec. 
3.   Annealing   56°C 30 sec. 
4.   Synthesis   72°C 1 min. 
 

The amplification procedure (steps 2-4) was repeated twice. 

 2.   Denaturing  95°C 30 sec. 
 3.   Annealing   54°C 30 sec. 
 4.   Synthesis   72°C 1 min. 
 

The amplification procedure (steps 2-4) was repeated 19 times. 

5. Termination  72°C 5 min. 
6. Cooling   4°C  

 
The melting temperature of the primers depends on the GC content and was calculated 

using the following formula: 

 

Tm= 4x (G+C) + 2x (A+T) 
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If two primers had different melting temperatures, the lower one of both was used. The 

quality of the PCR product was then monitored by gel electrophoresis and the PCR 

product was purified with the rapid PCR purification kit (Qiagen) according to the 

manufacturer’s protocol. 

 

1.9  DNA Gel-Electrophoresis 
    (Sambrook et al., 1989) 

 

DNA fragments were separated by horizontal electrophoresis chambers (BioRad) using 

agarose gels. Agarose gels were prepared by heating 1-2 %(w/v) agarose (Gibco) in 1x 

TAE buffer, depending on the size of DNA fragments. The gel was covered with 1x TAE 

buffer and the DNA samples were pipetted in the sample pockets. DNA sample buffer was 

added to the probes and the gel was run at constant voltage (10V/cm gel length) until the 

orange G dye had reached the end of the gel. Afterwards, the gel was stained in an 

ethidiumbromide staining solution for 20 min. Then the gels were documented using the 

E.A.S.Y. UV light documentation system (Herolab, Wiesloh, Germany). 

 

1.10 Extraction of DNA Fragments from Agarose Gels 
    (Rapid gel extraction kit, Life technologies) 

 
For isolation and purification of DNA fragments from agarose gels, ethidiumbromide 

stained gels were illuminated with UV light and the appropriate DNA band was excised 

from the gel with a clean scalpel and transferred into an Eppendorf tube. The fragment 

was isolated according to the manufacturer’s protocol. The fragment was eluted from the 

column by addition of 50µl pre-warmed (70°C) Tris-HCL (10mM pH 8.0). The 

concentration was determined using the undiluted eluate. 

 

1.11 Purification of DNA Fragments 
    (Rapid PCR Purification kit, Life technologies) 

 

For purification of DNA fragments, the Rapid PCR Purification kit was used according to 

the manufacturer’s protocol. The DNA was eluted from the column by addition of 50µl 

pre-warmed (70°C) Tris-HCL (10mM pH 8.0). The concentration was determined using 

the undiluted eluate. 
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1.12 Determination of DNA Concentrations 

 

DNA concentrations were determined spectroscopically using an Amersham-Pharmacia 

spectrometer. The absolute volume necessary for measurement was 50µl. For determining 

the concentration of DNA preparations, the eluate was diluted 1:50 with water and the 

solution was pipetted into a 50µl cuvette. Concentrations were determined by measuring 

the absorbance at 260nm, 280nm, and 320nm. For reliable determinations, the absorbance 

at 260nm had to be higher than 0.1 but lower than 0.6. A ratio of A260/A280 between 1.8 

and 2.0 monitored a sufficient purity of the DNA preparation. 

 

1.13 DNA Sequencing 
    (step-by-step protocols for DNA sequencing with Sequenase-Version 2.0,  
     5th Edition, USB, 1990) 

 

DNA sequencing was performed by the sequencing facility of the ZMNH. For 

preparation, 1µg of DNA was diluted in 7µl ddH2O and 1µl of the appropriate sequencing 

primer (10mM) was added. 

 

2.0 RNA Techniques 

 

All materials used for handling mRNA were autoclaved. ddH2O was stirred overnight 

with 0.01% diethyl-pyrocarbonate (DPEC) and was autoclaved afterwards. Glassware was 

baked at 180° for 3h. 

 

2.1  In Situ Hybridization Analysis 

 

[35S] UTP-labeled cRNA probes corresponding to the FILIP and MUPP1-specific PCR 

fragments described in the appendix were generated from plasmid templates with the 

Maxiscript Kit (Ambion) according to the manufacturer’s instructions. 

SacII in combination with sp6 was used to create the antisense strand; NdeI and T7 were 

used to create the sense strand. 

Kir3.2 specific oligonucleotides were labeled with [33P] dATP using terminal 

desoxynucleotidyl-transferase (Boehringer) according to the manufacturer’s protocol. 
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3.2 Determination of Protein Concentration 
 

To ensure comparable protein concentrations in Western blot analysis, the protein extracts 

were subjected to protein concentration determination. Protein concentration was 

determined in 96 well plates using the Micro BCA Reagent (Pierce) according to the 

manufacturer’s instructions. 

 

3.3 SDS-Polyacrylamide Gel Electrophoresis 
 (Laemmli, 1970) 

 

Separation of proteins was performed by means of the discontinuous SDS-polyacrylamide 

gel electrophoresis (SDS-PAGE) using the Mini-Protean III system (BioRad). The size of 

the running and stacking gels were as follows: 

 

Running gel:  height 4.5cm, thickness 1mm 

    8% or 10% acrylamide solution 

 

Stacking gel:  height 0.8cm, thickness 1mm 

    5% (v/v) acrylamide solution 

    15-well combs 

 

After complete polymerization of the gel, the chamber was assembled as described in the 

manufacturer’s protocol. Up to 25µl sample were loaded in the pockets and the gel was 

run at constant 80V for 10 min. and then at 140V for the remainder. The gel was stopped 

when the bromphenol blue line had reached the end of the gel. Gels were then subjected to 

Western blotting. 

 

3.4  Western Blot Analysis: Electrophoretic Transfer 
  (Towbin et al., 1979) 

 

Proteins were transferred from the SDS-gel on a Nitrocellulose membrane (Protran 

Nitrocellulose BA 85, 0.45µm, Schleicher&Schuell) using a MINI TRANSBLOT 

apparatus (BioRad). After equilibration of the SDS-PAGE in blot buffer for 5 min., the 

blotting sandwich was assembled as described in the manufactures protocol. Proteins were 

transferred electrophoretically at 4°C in blot buffer at constant voltage (35V overnight).  
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The pre-stained marker BenchMarkTM (Gibco) was used as a molecular weight marker 

and to monitor electrophoretical transfer. 

 

3.5 Western Blot Analysis: Immunological Detection of Proteins on  

Nitrocellulose Membranes 
        (Ausrubel, 1996) 

 

After electrophoresis transfer, the membranes were removed from the sandwiches and 

placed protein-binding side up in glass vessels. Membranes were washed once in TBS and 

incubated in 8ml blocking buffer for 1h at RT. Afterwards, the primary antibody was 

added in the appropriate dilution either for 2h at RT or overnight at 4°C. The primary 

antibody was removed by washing the membrane 5x5 min. with TBS. The appropriate 

secondary antibody was applied for 2h at RT. The membrane was washed again 5x5 min. 

with TBS and immunoreactive bands were visualized using the enhanced 

chemiluminescense detection system. 

 

3.6 Western Blot Analysis: Immunological Detection using Enhanced  
Chemilumiescence 

 

The antibody bound to the membrane was detected using the enhanced chemi-

luminescence detection system (Pierce). The membrane was soaked for 1 min. in 

detection solution (1:1 mixture of solutions I and II). The solution was removed and the 

blot was placed between two saran wrap foils. The membrane was exposed to X-ray film 

(Biomax-MR, Kodak) for several different periods of time, starting with a 1 minute 

exposure. 

 

4.0  Immunohistochemistry 

 

4.1 Tissue Processing, Sectioning, and Immunofluorescence Staining 
  (Jiao Y, 1999)  

 

Three 2-3 month-old female C57BL/6J mice were used for immunohistochemical 

analyses. The anesthetized animals (Narcoren®, Merial, Hallbergmoos, 60 mg kg-1 i.p.) 

were fixed by transcardial perfusion (rinse with physiologic saline for 60 sec followed by  
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fixation buffer for 15 min at room temperature, RT). Post-fixation was performed first in 

situ (by leaving the animals for 2 hours at room temperature) and then, after dissection of 

the brain, in the fixative used for perfusion containing 15% w/v sucrose (overnight, 4°C). 

Afterwards, tissue was infiltrated for additional 18 – 22 hours at 4°C with sucrose (15% 

w/v in cacodylate buffer) and frozen in 2-methy-butane (isopentane, Sigma). It was then 

pre-cooled to –30°C. Serial coronal sections were obtained in a cryostat (Leica CM3050, 

Leica Instruments, Nußloch, Germany, 25 µm section thickness) and collected on 

SuperFrost®Plus glass slides (Roth, Karsruhe). Immunolabeling was performed after 

antigen retrieval (30 min in 10 mM sodium citrate solution, pH 9.0, at 80°C, Jiao et al. 

1999) and pretreatment with blocking solution. Polyclonal antibodies against FILIP, 

MUPP1 and Kir 3.2 were applied to the sections for three days at 4°C at optimal dilution 

(1:100 for all antibodies, in PBS containing 0.5% lambda-carrageenan, Sigma, and 0.02% 

w/v sodium azide). Following rinse in PBS (3 x 15 min at RT), the sections were overlaid 

with the secondary antibody (goat anti-rabbit conjugated with Cy3, Jackson 

ImmunoResearch, Dianova, Hamburg, in carrageenan solution) for 2 hours at RT. After a 

subsequent rinse in PBS counterstaining of nuclei was performed using bis-benzimide (5 

µg ml-1, 10 min at RT, Sigma). Finally, the sections were washed again and coverslipped 

with Fluoromount (Southern Biotechnology Associates, Biozol, Eching). Images were 

taken on a Zeiss (Jena, Germany) LSM510 confocal laser-scanning microscope.  

 

5.0 Computer-based Sequence Analysis 

 

Computer-based sequence analysis and alignments of DNA sequences and protein 

sequences was performed using the Lasergene programme (DNASTAR, Inc., 

www.dnastar.com). The following databases were used: Medline-, BLASTN-, and 

BLASTP-Server of NCBI (National Center for Biotechnology Information, 

www.ncbi.nlm.nih.gov). 
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V. RESULTS 

 

Using the Kir3.2 C-terminus as bait in the Yeast-Two-Hybrid-System, our lab has isolated 

MUPP1 and FILIP as putative interaction partners for Kir3.2. The objective of this study 

is to investigate the expression and distribution of MUPP1, Kir3.2 and FILIP to identify 

regions of co-expression on a cellular level, since co-expression in the same cell is the 

minimal requirement for Kir3.2/ FILIP and Kir3.2/ MUPP1 interaction. 

 

1.0 Analysis of Kir3.2, FILIP, and MUPP1 mRNA Expression by  
           In Situ Hybridization  
 

In Situ hybridization experiments on cryosections of adult mouse brains were          

performed for the purpose of investigating expression and putative co-localization of 

Kir3.2, FILIP, and MUPP1 mRNA. Furthermore, expression of Kir3.2, FILIP, and 

MUPP1 mRNA on sections of complete embryos of different developmental stages was 

analyzed. 

 

   1.1 Expression of Kir3.2, FILIP, and MUPP1 mRNA in Adult Mouse     
             Brain 

 

[33P]-labeled Kir3.2-specific antisense and sense (Fig. 7) oligoprobes were hybridized to 

sagittal brain sections of 3-month-old mice. 

On X-ray films, a strong signal is detected in cerebellum, cortex, hippocampus, olfactory 

bulb (mitral cell layer, granular cell layer, and glomerular cell layer). A weaker signal is 

detected in thalamic nuclei and amygdaloid nuclei. 

[35S]-labeled FILIP-specific antisense and sense (data not shown) riboprobes were 

hybridized to sagittal brain sections of 3-month-old mice (Fig. 7). 

In Situ hybridization of FILIP cRNA in adult brains reveals weak signals in the 

hippocampus, cerebellum, cortex, olfactory bulb, and pontine nucleus. 

[35S]-labeled MUPP1-specific antisense and sense (data not shown) riboprobes were 

hybridized to sagittal brain sections of 3-month old mice (Fig. 7). 

MUPP1 mRNA is weakly expressed in adult brain, showing signals in the hippocampus, 

cortex, cerebellum, and pontine nuclei. 
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Fig. 7: Comparison of Kir3.2, FILIP, and MUPP1 mRNA expression in adult mouse brain 
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Kir3.2 and MUPP1 are both expressed in the dorsal root ganglia, superior colliculus, 

medulla, and olfactory bulb on embryonic day E16. 
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Fig.  8: Comparison of FILIP and MUPP1 mRNA expression in mouse embryonic day 14 
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Fig.  9: Comparison of Kir3.2, FILIP, and MUPP1 mRNA expression in mouse embryonic day 16 
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1.3 Expression of FILIP and MUPP1 mRNA in the Hippocampus and 
the Cerebellum 

 

In order to investigate FILIP and MUPP1 mRNA expression in more detail and to 

compare it with the immunohistochemical results, the hybridized cryosections were 

dipped in photographic emulsion, exposed for 3 weeks, developed, and counterstained 

with Mayer’s hemalaun reagent.  

FILIP mRNA is strongly expressed (black silvergrains) in hippocampus region CA1/3 

(Fig. 10) and in the Purkinje cell layer of the cerebellum (Fig. 11). 

MUPP1 mRNA is weakly expressed in the hippocampal region CA1/3 (Fig. 10) and in 

cerebellum (Purkinje cell layer) (Fig. 11). 

Both FILIP and MUPP1 mRNA are expressed in the same cell layers - that is 

hippocampus region CA1/3 and cerebellum (Purkinje cell layer). 
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Fig.  10: Comparison of FILIP and MUPP1 mRNA expression in the hippocampal region CA 1/3          

  (Obj. 10x).  
 

 

 

 

 

 

 
         

 
 

              
 

 
 
 
  

Fig.  11: Comparison of FILIP and MUPP1 mRNA expression in cerebellum (Obj.10x). 
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2.0 Analysis of Kir3.2, FILIP, and MUPP1 Protein Expression by      
      Western Blot Assay 
 

In order to investigate putative concurrence of Kir3.2, FILIP, and MUPP1 expression on 

protein level, immunoblot analyses of different body tissues of adult mice were 

performed. 

Immunoblots of crude tissue extracts from different body tissues of adult mice detected a 

protein of approximately 55 to 60 kD (Fig. 12), which is in close accordance with the 

calculated molecular weight of Kir3.2, two proteins of approximately 120kD and 140 kD 

(Fig. 12), which is in accordance with the calculated molecular weight of the two splice 

forms of FILIP: S-FILIP (short FILIP) and L-FILIP (long-FILIP), respectively, and a 

protein of approximately 220kD (Fig. 12), which is in accordance with the calculated 

molecular weight of MUPP1. 

The immunoblot analysis shows strongest Kir3.2 expression in the brain and the stomach 

and a weak signal in the heart. 

The strongest expression of FILIP is found in the spleen, lung, heart, and brain. 

MUPP1 reveals strongest expression in the brain, followed by heart, spinal cord, lung, and 

stomach. Here, signals of proteins with a lower molecular weight were also detected. One 

such protein had a molecular weight of approx. 100 kD in the liver, spleen, stomach, 

skeletal muscle, and kidney; one such protein had a molecular weight of approx. 75 kD in 

the stomach and kidney, as well as signals at approx. 65kD in the brain, and approx. 50 

kD in the heart, spleen, and stomach. 

Kir3.2 and FILIP are both strongly expressed in the brain; they are also both expressed in 

the heart. 

Kir3.2 and MUPP1 are both strongly expressed in the brain and stomach; they are also 

both expressed in the heart. 
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Fig.  12: Comparison of Kir 3.2, FILIP, and MUPP1 immunoblot assays 
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3.0 Immunohistochemistry of Kir3.2 and FILIP Protein Expression in  
           the Adult Mouse Brain 

  

Immunohistochemical analyses of adult mice brain were performed in order to further 

investigate a putative co-localization of Kir3.2 and FILIP in the central nervous system 

on a protein level and to add a more detailed view of certain brain areas to the In Situ 

analysis. 

We focused on the Kir3.2 and FILIP co-localization, since MUPP1 

Immunohistochemistry did not produce reliable results with the available MUPP1 

antibody. 

 

       
      3.1 Immunohistochemistry Analysis of FILIP Protein Expression  

 

Figures 14 to 18 show immunohistochemical analyses of FILIP protein expression in 

brain sections of adult  mice. 

Low magnification views (5x) show strong FILIP immunofluorescence labeling 

throughout the cortex and in the hippocampus (CA1-3 and gyrus dentatus) (Fig. 13).  

In the cortex, cells in layers III – VI are stained (magnification 20x). Comparison of 

nuclear staining and immunolabeling indicates that a high proportion of all cells present 

in these cortical areas are positive (Fig. 14). Higher magnification views (40x) show that 

FILIP staining is limited to cytoplasma with additional staining in apical dendrites of 

presumptive pyramidal cells (Fig. 15). 

In the dentate gyrus, FILIP labeling occurs in granule cell bodies and in interneurones in 

both molecular and polymorphic layers (Fig. 16). 

In the hippocampal region CA1, FILIP signals are confined to pyramidal cell bodies and 

interneurones. In addition, pyramidal cell dendrites in stratum radiatum (two asterisks) 

but not in stratum oriens (one asterisk) are apparently stained (Fig. 17). 

FILIP protein in adult mouse brain is thus found in cortex and hippocampus (CA1-3 and 

dentate gyrus). It is located intracellularly, in cell bodies, and in dendrites - to a lower 

extent. 
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Fig. 13: Immunohistochemistry of Filip protein 
Immunofluorescence labeling (A) is present,  
apart from other brain regions, throughout the 
cortex and in the hippocampus (CA1-3 and 
gyrus dentatus). Nuclear staining in the same 
section and an overlay (A+B) are shown in B  
and C, respectively. Low magnification views 
(Obj. 5x). 
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Fig. 14: Immunohistochemistry of Filip protein 
Cortex at higher magnification (Obj. 20x). 
Numerous cells in layers III – VI are stained   
(A, layer VI on the right hand-side).  
Comparison of nuclear (B) and immunolabeling  
(C) indicates that a high proportion of all cells 
present in these cortical areas are positive. 
 


