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Chapter 1 Introduction 

1.1. Composition and Function of the Neuronal Synapses 
 

1.1.1. Synapses 

 
In 1897, Charles Sherrington first coined the term synapse. Since then it has been used to 

describe the area where signal transmission from one neuron to another occurs (Zigmond et 

al., 1999). The synapse is composed of presynaptic and postsynaptic terminals. In the 

1950’s, using electron microscopy De Robertis and Bennett (1954) and Palay (1958) 

visualized these terminals and the “thickened and denser” region of the postsynaptic 

terminal – the postsynaptic density (PSD) – was described by Palay (1958). In the chemical 

synapse the active zone of the presynaptic terminal releases a neurotransmitter, which binds 

to a receptor located in the postsynaptic membrane. There are two kinds of neuronal 

synapses: excitatory and inhibitory. The neurotransmitters γ-aminobutryic acid (GABA) and 

glycine are present in inhibitory synapses. Excitatory synapses in the central nervous system 

contain the neurotransmitter glutamate. The postsynaptic side of these glutamatergic 

synapses is where the PSD is located in dendritic protrusions called spines (Zigmond et al., 

1999).  

 

The thick dense region of the PSD that is visible in electron microscopy (EM) is due to the 

intense concentration of protein in that area. By implementing scanning transmission EM, 

Chen et al. (2005) have described the PSDs purified from rat forebrain to have a mean 

diameter of 360 nm and a molecular mass of approximately 1 giga dalton. Recently, two 

groups have analyzed purified PSD preparations by nanoflow high performance liquid 

chromatography (HPLC) coupled to electrospray tandem mass spectrometry. Jordan et al. 

(2004) identified 452 and Peng et al. (2004) identified 374 different proteins that were 

present in the PSD. Many of these proteins are multiply present. By utilizing EGFP-based 

calibration experiments, Sugiyama et al. (2005) have estimated that PSD-95, GKAP 

(guanylate kinase-associated protein), together with Shank and Homer compose 27% of total 

protein in the PSD. Moreover, the number of molecules in a single PSD was estimated for 

the MAGUK (membrane-associated guanylate kinases like PSD-95), Shank, Homer, and 

GKAP families of proteins to be approximately 270, 300, 340, and 170, respectively.   
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The Shank family consists of proteins of large molecular weight that interact with many 

partners, thereby forming a sort of scaffold that is the backbone of the PSD. There are three 

known Shank proteins: Shank1, Shank2, and Shank3. As expected of scaffold proteins, they 

have many protein interaction domains. At the N-terminus there are multiple Ankyrin 

repeats, followed by an SH3 (Src-homology 3) domain, a PSD-95/SAP-90 Discs-large ZO-1 

homology (PDZ) domain, a large proline-rich domain, and a sterile alpha motif (SAM) 

domain at the very C-terminus of the protein (Sheng and Kim, 2000). A brief description of 

the known Shank interaction partners is given in the following paragraphs. 

 

Lim et al. (2001) and Boeckers et al. (2001) have reported that the Ankyrin repeats of Shank 

interact with Sharpin and Fodrin, respectively. Sharpin will be discussed further below. 

Fodrin, a member of the spectrin protein family, has been described to be involved in axon 

transport, synaptic vesicle tethering in nerve terminals, as well as in F-actin cross-linking 

(Bennett and Baines, 2001; Aunis and Bader, 1988). In addition, Mameza (2003) has shown 

that a region located in the N-terminal sequence of Shank (72-174 aa) can also form an intra-

molecular complex with the Ankyrin repeats. This intramolecular interaction may be a 

mechanism, which regulates the binding of other proteins to the Ankyrin repeat domain of 

Shank.  

 

The SH3 domain of the Shank family of proteins has been shown by Quitsch et al. (2005) to 

be involved in Densin-180 binding through a bipartite interaction. Parts of the C-terminal 

end of Densin-180 bind to the SH3 domain as well as a section of the proline-rich region of 

Shank proteins. Overexpression of Densin-180 in neurons leads to abnormal dendritic 

branching, which is mediated by the leucine-rich repeats located at its N-terminus. 

Coexpression of Shank with Densin-180 hinders this morphological change in neurons, most 

likely as a result of a conformational change in the structure of Densin-180, when it interacts 

with Shank.    

 

The PDZ domain of the Shank family of proteins has been described to interact with the 

PEAQTRL amino acid sequence at the very C-terminal end of the PSD proteins SAPAP1-

4/GKAP (SAP90/PSD-95-associated proteins) (Boeckers et al., 1999; Naisbitt et al., 1999; 
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Yao et al., 1999). This interaction is necessary for the recruitment of Shank1 to the dendritic 

spine as shown by Romorini et al. (2004). The SAPAP/GKAPs have also been described to 

associate with the guanylate kinase domain of PSD-95 (Takeuchi et al., 1997) and PSD-95 

in turn interacts with the cytoplasmic region of the NMDA receptor (Kornau et al., 1995). 

Hence, through its interaction with GKAP, Shank is linked to PSD-95 and thereby indirectly 

also to the NMDA (N-methyl d-aspartate) receptor located in the membrane of the dendritic 

spine. The PDZ domains of Shank1 and Shank2, which is also known as cortactin-binding 

protein 1, interact directly with the C-terminus of
 
somatostatin receptor subtype 2 (Zitzer et 

al., 1999a; Zitzer et al., 1999b). Furthermore, Tobaben et al. (2000) have shown the PDZ 

domains of all three Shank proteins interact with the G protein-coupled -latrotoxin
 
receptor 

CL1. Finally, Zhang et al. (2005) have also shown that the long C-terminal splice
 
variant of 

the L-type Ca
2+

 channel subunit CaV1.3a interacts with the PDZ domains of Shank1 and 3. 

 

The proline-rich domain of Shank has been shown to interact with many different proteins. 

Part of the proline-rich region of Shank1-3 is bound by the SH3 domain of the insulin 

receptor substrate p53 (IRSp53) (Soltau et al., 2002; Bockman et al., 2002). IRSp53 has 

been shown to mediate F-actin bundling through its IRSp53/MIM homology domain (IMD) 

in a small GTPase regulated process (Yamagishi et al., 2004). Other proteins that interact 

with the proline-rich region of Shank are the actin binding protein (Abp1) and cortactin 

(Qualmann, 2004; Du et al., 1998). Abp1 has been shown by Kessels et al. (2001) to be 

involved in the endocytic process, by linking the actin cytoskeleton to functional proteins 

involved in endocytosis. Cortactin is also involved in the endocytic process (Olazabal and 

Machesky, 2001) as well as in the regulation of the actin cytoskeleton (Huang et al., 1997). 

In addition, Abi-1 (Abelson interacting protein-1) has been shown to interact through its 

SH3 domain with the proline-rich region of Shank3. Abi-1 has been described to act in a 

Rac-GTPase dependent manner as regulator of the formation and activity of the WAVE2 

(Wiskott-Aldrich syndrome-related protein) signaling complex. Together activated WAVE2 

and actin-related protein (Arp) 2/3 promote actin assembly (Proepper et al., 2007; Innocenti 

et al., 2005). Yet another protein that binds to the proline-rich region of Shank is Homer1b 

(Tu et al., 1999). Homer is known to interact with the group 1 metabotropic glutamate 

receptors (mGluR1a and mGluR5) (Brakeman et al., 1997), as well as with the intracellular 

IP3R (inositol trisphosphate receptor), which is integrated in the endoplasmic reticulum 
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(ER) membrane. Thus, the simultaneous interaction with Shank and IP3R allows Homer 

dimers to bridge mGluRs to intracellular stores of calcium in the ER (Tu et al., 1998). This 

indirect interaction between Shank and the mGluRs via Homer on the one hand and the 

indirect interaction between Shank and the NMDA receptor via PSD-95 and SAPAP/GKAP 

on the other hand allows Shank to link both of these glutamate receptors (Tu et al., 1999). A 

schematic diagram of a synapse depicting some of the proteins decribed above to interact 

with the Shank family of proteins is shown in Figure 1.1. 

 

      

 

 

 

 

 

 

SAM domains of Shank3 have been shown to interact with each other (Naisbitt et al., 1999). 

They form helices that stack together side by side in parallel generating a sheet-like structure 

(Baron et al., 2006). This SAM domain sheet structure may actually constitute the 

architectural backbone for the PSD. The authors show that refolding the SAM sheets in the 

presence of Zn
2+

 results in high structural order in the newly folded SAM sheets. Thus, they 

Figure 1.1 Schematic Diagram of a Synapse 

A typical excitatory synapse is depicted. The Shank family of proteins is located at 

the core of the postsynaptic side of the synapse. These scaffolding proteins form an 

important link between the mGlu and NMDA receptors, as well as a link between 

the PSD membrane-associated proteins and proteins involved in actin dynamics at 

the base of the spine.  
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propose that the presynaptic terminal release of Zn
2+

 in neuronal activity leads to the 

structured arrangement of Shank3 in the PSD.  

 

The majority of the work in this thesis concentrates on Sharpin, another protein that interacts 

with Shank, and on new Sharpin interacting proteins. Sharpin is a 45 kDa protein, whose 

role in the cell is not well defined. As already mentioned, it binds to the Ankyrin repeat 

domain of Shank, which consists of seven Ankyrin repeats. Each repeat is composed of 33 

amino acids, which take on a typical fold of two antiparallel α-helices separated by a short 

loop. As adjacent repeats are connected by a β-hairpin loop, these repeats form a parallel 

stack (Devi et al., 2004). Binding of Sharpin to this stack of ankyrin repeats is mediated by 

the amino acids 172-305 of Shank1 (Lim et al., 2001). Based on its 45 % sequence similarity 

to RBCK1 (RBCC protein interacting with PKC 1), the region of Sharpin that interacts with 

Shank has been described by the same authors as part of a RBCK homology (RH) domain 

(aa 172 to 381).  While RBCK1 itself is well known to interact with protein kinase C 

isoforms, the authors were unable to show a similar interaction for Sharpin. In silico analysis 

using Motif Scan determines part of the RH domain of Sharpin (aa 218-287) to have 

similarity with type 2 ubiquitin like (Ubl) domains. There are two types of Ubl domains: 

Type 1 Ubl domains are present in small ubiquitin-like modifiers like SUMO (small 

ubiquitin-like modifier) that can be attached to substrate proteins in a similar manner as 

ubiquitin. Consequently, sumoylation represents another type of posttranslational 

modification of proteins that has in part similar functions, yet is completely separate from 

ubiquitination. Type 2 Ubl domains on the other hand are functional protein/protein 

interaction motifs that cannot be attached to substrate proteins. They have been found in 

ubiquitin binding proteins like Rad23 and are believed to play a role for regulatory 

interactions between different components of the ubiquitination machinery.  

 

The N-terminal part of Sharpin (aa 1-172) that does not participate in the Shank interaction 

contains a coiled-coil structure and its function has yet to be determined. Finally, the C-

terminus of Sharpin has been described, based on homology, to have an Npl4 zinc finger 

(NZF) structure. Npl4 (nuclear protein localization 4) is involved in the removal of proteins 

from the ER in the process of endoplasmic reticulum-associated degradation (ERAD). 

Meyer et al. (2002) have shown that Np14 contains a zinc finger that is capable of binding 
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ubiquitin.  Thus, based on the Ubl and the NZF domain homologies, this thesis investigated 

the hypothesis that Sharpin is involved in ubiquitin signaling. 

 

Synaptic proteins that are involved in ubiquitination, recognition of ubiquitin, or the 

ubiquitin-proteasome system (UPS) have recently become a focus of research, since several 

studies demonstrated the importance of the ubiquitination process in the formation and 

plasticity of the synapse. Synaptic plasticity refers to the ability of the synapse to change; the 

connection between the neurons can be either strengthened or weakened. On the 

postsynaptic side, NMDA receptor activation regulates the conductance of AMPA receptors 

or their number in the synaptic membrane, thereby strengthening (more AMPA receptor 

influx) or weakening (less AMPA receptor influx) synaptic efficiency (Abbott and Nelson, 

2000; Colledge et al., 2003). Colledge et al. (2003) show that removal of the AMPA 

receptor from the postsynaptic membrane requires activation of the NMDA receptor as well 

as NMDA-induced proteasome degradation of PSD-95. 

 

In addition to PSD-95, a number of other PSD proteins, including Shank and GKAP, have 

recently been described to be degraded by the proteasome system (Ehlers, 2003). In the 

study by Ehlers, cultured cortical neurons were treated with bicuculline, a GABAA receptor 

antagonist; this treatment increases excitatory synaptic activity by preventing the inhibitory 

action of the GABAergic synapses – so that neurons are exposed to a long excitatory phase. 

Alternatively, the author hindered neuronal activity by treating samples with tetrodotoxin 

(TTX), a Na
+
 channel blocker. By comparing both treatments to untreated controls Ehlers 

found that neurons treated with bicuculline showed specific decreases in protein expression 

of the PSD that were the exact opposite of the changes seen in the TTX treated PSD 

analysis. For example the relative levels of Shank and GKAP to the control were 

approximately two-fold higher in PSD preparations from TTX-treated neurons, whereas they 

were reduced in preparations treated with bicuculline. The reduction of GKAP and Shank is 

due to the UPS, as there was no decrease in PSD preparations from neurons that were treated 

with bicuculline plus proteasome inhibitors (MG132, lactacystine, or epoxomicin). 

 

However, UPS degradation is not only involved in maintaining synaptic plasticity. Studies in 

Drosophila and C. elegans demonstrate that there is also a role for this system in the 
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formation of synapses. For instance, the loss of function of an E3 ubiquitin ligase, a protein 

involved in ubiquitination, leads to an abnormal number and morphology of synapses in 

these organisms (DiAntonio et al., 2001; Liao et al., 2004). This demonstrates the 

importance of the UPS in the formation and maintenance of synapses. 

 

1.1.2. Ubiquitination 
 

Since its discovery in the 1970s, ubiquitin has been shown to be a key regulatory element of 

many eukaryotic cellular processes such as: the cell cycle, membrane transport, cell 

migration, ERAD, NFκB (nuclear factor-kappa B) transcription factor activation, neuronal 

remodeling, DNA repair, as well as targeted protein degradation (Finley et al., 1994; Staub 

and Rotin, 2006; Wang HR et al., 2003; Kostova and Wolf, 2003; Chen, 2005; Ehlers, 2003; 

Schauber et al., 1998; Ciechanover et al., 1984). Ubiquitin is present in all eukaryotic cells; 

it consists of 76 aa residues and has a molecular weight of 8.5 kDa (Stryer et al., 1995). 

Ubiquitin can be covalently attached to lysine residues of other proteins thereby ascertaining 

their participation in appropriate cellular processes. In an energy dependent step ubiquitin 

must be activated, before it can be covalently linked to target proteins. This activation is 

facilitated by a ubiquitin-activating enzyme, an E1 enzyme, in a two step process (see Figure 

1.2A). In the first step of this activation the E1 enzyme, by the hydrolysis of ATP, converts 

ubiquitin to a C-terminal ubiquitin adenylate. In the second step of activation, the ubiquitin 

adenylate is transferred to a cysteine residue present in the active site of the enzyme. The 

resulting high energy E1-ubiquitin thiol ester can donate ubiquitin, by transacylation, to a 

specific cysteine residue in a ubiquitin conjugating enzyme (E2). Then with the help of a 

ubiquitin ligase (E3), ubiquitin is transferred to the ε-amino group of a lysine residue in the 

target protein forming an isopeptide bond (see Figure 1.2B). There are two families of E3 

ligases, the HECT (Homologous to E6AP Carboxy Terminus) family of ligases, and the 

RING (Really Interesting New Gene) ligases. The difference between the two groups lies in 

how the ligase is involved in the transfer of ubiquitin. A cysteine residue from the HECT 

family of ligases receives ubiquitin from the E2 conjugating enzyme, thereby, forming a 

thiol ester with ubiquitin. The HECT E3 ligase then transfers ubiquitin to a lysine residue of 

the target protein. In comparison the RING family of E3 ligases acts rather only as a scaffold 

for the ubiquiting conjugating enzyme and the target protein. In this group of ligases, 

ubiquitin is never transferred from the E2 enzyme to the E3 ligase, rather it is transferred to 
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the substrate directly by the E2 enzyme (Pickart, 2004; Pickart and Eddins, 2004; Hershko, 

1988; Hicke et al., 2005).  
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Figure 1.2 Ubiquitin Activation and Ubiquitination 

Ubiquitin is activated in an energy consuming two-step reaction (A) the ubiquitin activating 

enzyme (E1) induces the formation of a ubiquitin C-terminal adenylate by ATP hydrolysis. 

The activated ubiquitin is then transferred to a specific cysteine residue of the E1 enzyme, 

forming a thiol ester. (B) The transfer of ubiquitin to a specific cysteine residue of the 

ubiquitin conjugating enzyme (E2) by transaceylation. The following step in the 

ubiquitination process depends on the type of E3 ligase family that the E2 enzyme interacts 

with: HECT or RING ligase families. If the E2 interacts with a HECT ligase then ubiquitin is 

transferred from the E2 to a specific cysteine of the E3 ligase, and the E3 alone attaches 

ubiquitin to the ε-amino group of a lysine residue in the target protein by an isopeptide bond. 

The other family that contains the RING ligases acts as a scaffold for the E2 enzyme and the 

target protein. Ubiquitin is then tranferred directly from the E2 enzyme to the ε-amino group 

of a lysine residue in the substrate by an isopeptide bond.      
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Koegl et al. (1999) have discovered another enzyme, E4 to be involved in ubiquitin 

modification of proteins. The E4 enzymes contain a modified version of the RING finger 

domain that is named UFD2 homology domain (U-box). The E4 enzymes in concert with E1 

and E2 enzymes can extend the length of the ubiquitin chains on target proteins, but they 

require an initial ubiquitin moiety to be attached to their substrates by an E3 ligase. 

Recognition of the substrates for ubiquitination is determined by E3 ligases in tightly 

controlled regulatory steps. Some of the known regulatory mechanisms for substrate 

recognition involve the following: N-end rule pathway (recognition of a permissive amino 

acid at the N-terminus of a protein), peptide-induced allosteric activation of the E3 ligase, 

phoshorylation of the substrate, the E3 ligase or both, and recognition of unfolded substrates 

(Glickman and Ciechanover, 2002).  

 

Ubiquitin can be attached to substrate proteins as monomer or polymers – 

monoubiquitination or polyubiquitination. When more than one monomer is attached to 

different lysine residues of a protein this is referred to as multimonoubiquitination. 

Monoubiquitination of target proteins can regulate many different cellular processes like: 

receptor endocytosis, endosomal sorting, histone regulation, DNA repair, virus budding, and 

nuclear export. Multimonoubiquitination has also been shown to regulate endocytosis. The 

attachment of ubiquitin polymers to target proteins is more complex. Ubiquitin contains 

seven lysine residues that can be used to form polyubiquitin chains: Lys6, Lys11, Lys27, 

Lys29, Lys33, Lys48, and Lys63. Of these seven different chain types, the Lys48 and Lys63 

chains are the best described. Lys48 chains were the first polyubiquitin chains to be 

characterized; proteins ubiquitinated with Lys48 chains are targeted for degradation by the 

proteasome. The modification of target proteins with Lys63 ubiquitin chains on the other 

hand has been shown to be a necessary regulatory step in processes such as DNA repair, 

endocytosis, and activation of protein kinases (Haglund and Dikic, 2005). 

 

The ubiquitination of target proteins is specifically recognized by proteins that contain 

ubiquitin binding domains (UBD). The first ubiquitin binding domain was discovered in the 

proteasomal subunit S5a, which contains a ubiquitin-interacting motif (UIM) (Hicke et al., 

2005). Since then sixteen other UBDs have been described and the heterogeneity between 

the structures of these domains is great. Structurally, the domains can be divided into three 
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general groups: helical, zinc-finger, and Ubc-related ubiquitin binding domains. Recent 

studies have shown that ubiquitin presents two interfaces for interaction with its recognition 

domains. One interface encompasses the area around Ile44, the other interface is centered 

around Asp58. UBDs generally have low binding affinities for monoubiquitin; the binding 

constant (Kd) of these interactions is only on the order of 100 µM. This weak affinity is 

compensated for by the fact that a long chain of ubiquitin molecules provides many points 

for interaction, making sure that dissociated UBDs can immediately reassociate. 

Furthermore, adjacent residues of a polyubiquitin chain or neighboring monoubiquitin 

residues in a multiubiquitinated protein augment the binding affinity by simultaneously 

interacting with tandem UBDs within a single ubiquitin recognizing protein. Binding affinity 

can also be strengthened by the fact that more than one interface of the UBD can bind to 

different ubiquitin moieties of a single poly- or multiubiquitinated target protein at the same 

time. Dimerization of UBDs from different ubiquitin recognizing proteins represents yet 

another potential mechanism for strengthening the interaction, since dimers can interact with 

the different binding surfaces of a single ubiquitin molecule (Hurley et al., 2006; Lee et al., 

2006; Hicke et al., 2005, Wang B. et al., 2003).     

 

As previously mentioned, Sharpin is predicted to have a NZF ubiquitin binding domain. 

More than 100 proteins have been found to contain the following consensus sequence for 

NZF domains: x(4)-Trp-x-Cys-x(2)-Cys-x(3)-Asp-x(6)-Cys-x(2)-Cys-x(5) (whereby x 

represents any amino acid, see also Figure 1.3). The four highly conserved cysteine residues 

complex a single zinc ion. Among the NZF domain containing proteins are Npl4 (nuclear 

protein localization 4) and the nuclear pore protein RanBP2. Although both proteins contain 

the consensus sequence outlined above, Npl4 interacts with ubiquitin, whereas RanBP2 does 

not. By comparing the amino acid sequences of NZF domains known to interact with 

ubiquitin with the sequence of RanBP2, Alam et al. (2004) discovered that there were 

certain amino acids that were conserved in those proteins that interact with ubiquitin, namely 

tryptophan 13, phenylalanine 14, and methionine 25 (other hydrophobic aliphatic residues 

can be substituted at position 25). In the structural organization of NZF domains conserved 

tryphophan and aspartate residues stabilize the four short β-strands in the interior of the 

finger by hydrophobic interactions and hydrogen bonding, respectively. (Alam et al., 2004; 

Meyer et al., 2002; Wang B. et al., 2003). NMR experiments by Wang B. et al. (2003) show 
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that the conserved hydrophobic residues of the NZF domain interact with ubiquitin at the 

hydrophobic surface region surrounding Ile44. This region of ubiquitin also includes the 

residues Leu8, Val70, Leu71, and Leu73. Further hydrophilic interactions surrounding this 

hydrophobic interface appear to be an integral factor for orientation and specificity of 

ubiquitin binding. In Figure 1.3, amino acid sequences of the NZF domain of Npl4 and 

Sharpin are aligned and the residues corresponding to the consensus sequence are 

highlighted. The criteria for a ubiquitin binding sequence are perfectly matched by Sharpin; 

a schematic diagram of the proposed NZF finger of Sharpin is also depicted.  
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Figure 1.3 Sharpin Zinc Finger Alignment and Schematic Diagram 

(A) Alignment of the zinc finger domains from Npl4 and Sharpin. The four cysteine 

residues that bind to the zinc ion are underscored. Red and green residues are highly 

conserved, and residues coloured in yellow are moderately conserved. B) Schematic 

diagram of the NZF finger structure of Sharpin. Yellow and green residues predicted to 

contact ubiquitin are underlined and shown in boldface (Meyer et al., 2002; Alam et al., 

2004).   
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The recognition of ubiquitinated substrates by a UBD containing protein may trigger various 

downstream processes. A functional role for UBD containing proteins is well described in 

the endocytic pathway. The surface availability of many membrane receptors, transporters, 

and channels, has been shown to be controlled by ubiquitin-dependent internalization. 

Modification of a membrane protein by monoubiquitination or Lys63-linked diubiquitin 

chains is a signal for ubiquitin receptor proteins to bind. Members of the Epsin family of 

proteins, for example, are capable of interacting with ubiquitin through their UIM domains 

and with the endocytic machinery by their clathrin and clathrin adaptor protein 2 (AP-2) 

binding motifs. The ubiquitinated membrane protein is then internalized through endocytosis 

and an early endosome is formed. At this stage, the internalized proteins can be 

deubiquitinated and recycled to the membrane. However, if the ubiquitinated membrane 

protein is recognized by a ubiquitin receptor its fate is quite different.  In yeast, when the 

ubiquitin residue of an internalized plasma membrane protein is recognized by the UIM of 

Vps27, it is prevented from entering the recycling pathway and is instead sorted into the 

multivesicular endosome (MVE). Vps27 transfers the targeted protein to the UEV (ubiquitin 

conjugating enzyme variant) domain of Vps23 which in turn delivers it to the NZF domain 

of Vps36, another component of the endosomal sorting complex. Before being finally 

sequestered in a MVE vesicle the cargo proteins are deubiquitinated. By fusing with a 

lysosome the MVE delivers its cargo protein to the lysosomal lumen, where the proteins are 

degraded (Hicke et al., 2005; Aguilar and Wendland, 2003; Hicke, 2001). A similar cargo 

sorting pathway with homologous protein components functions also in mammalian cells.   

Proteasome degradation is the best described of the cellular effects regulated by 

ubiquitination. The 26S proteasome is composed of a 20S core particle (20S CP) and two 

19S regulatory particles (19S RP), one at each end of the cylindrical core (see Figure 1.4). 

The following gives an overview based on what is known about the yeast proteasome, but 

this is also applicable to mammalian proteasomes due to their high evolutionary 

conservation among eukaryotes. The 14 different subunits (α1-7, β1-7) that build the 20S 

CP assemble into four rings that are stacked in the order α1-7, β1-7, β1-7, α1-7. The 

peptidase activity of the proteasome is attributed to the β-rings, specifically subunits β1, β2, 

and β5. The 19S RP on the other hand is composed of approximately 17 subunits that 

constitute a base and a lid structure. The base structure consists of three Rpn (regulatory 
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particle non-ATPase) subunits (Rpn1, -2, -10) and six Rpt (regulatory particle triple A 

ATPase) subunits (Rpt1-6). The Rpt subunits consist of ATPases associated with diverse 

cellular activities (AAA-ATPases) and are postulated to form a hexameric ring. The lid 

structure of the 19S RP is composed of eight non-ATPase subunits (Rpn3, -5, -6, -7, -8, -9, -

11, -12) (Miller and Gordon, 2005; Glickman and Ciechanover, 2002; Pickart, 2000). The 

attachment of Lys48-linked ubiquitin chains to lysine residues of target proteins acts as the 

signal for protein degradation by the proteasome. Ubiquitin conjugated to substrate proteins 

in this way is recognized by a ubiquitin receptor for the proteasome. There are two scenarios 

for shuttling ubiquitinated proteins to the proteasome. In one scenario, ubiquitinated proteins 

are directly recognized by the UIMs of certain subunits of the 19S RP, like Rpn10 and Rpt5 

or the mammalian homologues S5a and S6´, respectively. The other scenario involves 

ubiquitin receptor proteins such as Rad23 that contain both UBA (ubiquitin associated) and 

Ubl domains. In addition to binding ubiquitinated proteins through their UBA domains, 

these proteins can also interact with the proteasome via their Ubl domains (Elsasser and 

Finley, 2005; Miller and Gordon, 2005). Once the uniquitinated protein reaches the 19S RP 

of the proteasome, it is either recognized by Rpn10 or the ubiquitin receptor is recognized by 

Rpn1 or Rpn2. The substrate is then deubiquitinated most likely by Rpn11. In ATP-

consuming reactions, the substrate is unfolded by the ATPases of the hexameric ring and 

then channeled into the central barrel of the 20S CP. The substrate is cleaved by β1, β2, and 

β5 subunits in the core particle, which results in short peptides with an average length of 7-9 

aa (Elsasser, et al., 2004; Miller and Gordon, 2005; Glickman and Ciechanover, 2002).    
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Figure 1.4 Schematic Diagram of the Yeast 26S Proteasome 

Outlined above is a representation of the proteasome. Depicted in red and green is the 20S 

core particle that contains four stacked septuplet rings. The outer rings are composed of α1-7 

subunits and enclose the catalytic core made up of the β1-7 subunits. The base and the lid 

components of the 19S particle are depicted in blue and purple. The six dark blue ATPase 

subunits of the base form a hexameric ring, while the non-ATPase componets (shown in light 

blue) recognize ubiquitinated substrates. Finally, the lid structure of the 19 S particle is 

composed of eight subunits, which are involved in deubiquitination of the substrate. 

Formation of the 26 S proteasome from the 19S and 20S particles, as well as the unfolding of 

the ubquitinated substrate requires energy in the form of ATP. Once the deubiquitinated, 

unfolded substrate reaches the β-subunits of the catalytic core it is cleaved into small peptides.  
  

26S                                                    26S 
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An important cellular process that has been tied to protein degradation by the proteasome is 

ERAD. Newly synthesized secretory and membrane proteins are glycosylated and 

recognized by chaperone proteins of the ER lumen (Lodish et al., 2001). Chaperones, like 

calnexin, calreticulin, BiP and yOS-9, bind to nascent proteins in order to ensure their 

correct folding (Meusser et al., 2005; Bhamidipati et al., 2005). Only correctly folded 

proteins can exit the ER to the Golgi apparatus, and this progression is mediated by changes 

in glycosylation. Proteins that are unable to fold and transit to the Golgi apparatus are 

recognized by chaperones that target them to the ER membrane for retrotranslocation. 

Recently, yOS-9 has been identified to play a key role in this process (Bhamidipati et al., 

2005). Although the molecular mechanism of retrotranslocation is not fully understood, it 

has been hypothesized that recognized misfolded proteins are retrotranslocated through an 

import pore like Sec61 (Meusser et al., 2005). Another hypothesis is that Derlin1 is involved 

in this process (Lilley and Ploegh, 2004; Ye et al., 2004). Recently, Wahlman et al. (2007) 

have shown that Derlin1 is responsible for the retrotranslocation of the small unmodified 

protein, ∆gpαf. The process of retrotranslocation requires energy in order to export the 

misfolded protein; this energy is provided by the AAA-ATPase Cdc48p (also known as p97 

or VCP) (Ye et al., 2001). Once the protein reaches the cytosol, it is ubiquitinated by the E3 

ligase, Hrd1p, which has been shown to be essential for the degradation of several 

retrotranslocated proteins in ERAD (Bays, 2001). The ubiquitinated ERAD substrates are 

then shuttled to the proteasome, where they are degraded (Meusser et al., 2005). 

 

Although originally discovered solely in the context of protein degradation, it has meanwhile 

become increasingly clear that the ubiquitination of proteins by E3 ligases and the removal 

of ubiquitin from modified proteins by deubiquitinating enzymes demonstrate as post-

translational modifications the same capacity for cellular signaling as protein 

phosphorylation.  

 

1.1.3.           The Ubiquitin Proteasome System at the Synapse 

 
Many neurodegenerative diseases have recently been linked to the UPS. The best example is 

autosomal recessive juvenile parkinsonism, a disease that has been attributed to mutations in 

a gene named parkin (Kitada et al., 1998). Shimura et al. (2000) described this gene to 

encode an E3 ligase and the parkin gene product was indeed demonstrated to have ubiquitin-



                                                                                                                                                               Introduction 

                                                                                                                            16  

protein ligase activity. Subsequently, Imai et al. (2000) found the parkin mRNA to be up-

regulated during unfolded protein stress. Furthermore, the E3 ligase activity of Parkin was 

demonstrated to protect cells from cell death induced by unfolded protein stress. The 

Angelman syndrome is another example of a UPS deficiency that leads to 

neurodegeneration. Mutations in the gene coding for the ubiquitin ligase Ube3a have been 

shown to cause this syndrome (Kishino et al., 1997). Deficiencies in the UPS have in fact 

been implicated in many neurodegenerative diseases. Accumulation of ubiquitin conjugates, 

often in inclusion bodies, is the hallmark of neurodegenerative diseases, like Alzheimer’s 

disease, Parkinson's disease, and Huntington’s disease (Ciechanover and Brundin, 2003). 

Understanding the role of the UPS in the formation and maintenance of the brain may aid in 

the discovery of new therapeutical agents for these diseases.  

 

The UPS has been a recent focus of many aspects of neurobiology like brain development, 

cell migration, axon outgrowth and guidance, synapse development, pre- and postsynaptic 

function, as well as postsynaptic remodeling and plasticity (Patrick, 2006; Yi and Ehlers, 

2005). A study by Ehlers (2003) has demonstrated the importance of the UPS in changing 

the protein composition in the PSD in response to synaptic activity. In addition, Bingol and 

Schuman (2006) have shown that in response to KCl stimulation proteasomes translocate 

from the dendritic shafts into the synaptic spines, and that this translocation can be inhibited 

by the NMDA receptor antagonist AP5. The importance of UPS function for synaptic 

plasticity is also underscored by the work of Zhao et al. (2003). These authors have shown 

by measuring excitatory postsynaptic potentials that in cultured sensory and motor neurons 

from Aplasia californica proteasome inhibition increases the strength of the sensory-motor 

synapse. In addition, treatment of these neurons with proteasome inhibitor resulted in an 

increase in their glutamate-evoked postsynaptic potential; this response is characteristic of 

an increase in either the number of glutamate receptors or their responsiveness. Finally, 

inhibition of the proteasome in these neurons also led to an increase in the length of neurite 

outgrowths as well as an increase in the number of synaptic contacts formed compared to 

non-treated controls (Zhao et al., 2003; Cline, 2003).  

 

Effects of the UPS on the internalization of mGluRs in cultured hippocampal neurons have 

been demonstrated by Patrick et al. (2003). Under normal conditions, treatment with the 
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glutamate agonist AMPA causes internalization of mGluRs in neurons. This effect was 

diminished, when the neurons were pretreated with proteasome inhibitor. Moreover, the 

mGluR internalization in response to AMPA was also diminished, when the cells were 

infected with a Sindbis virus encoding the ubiquitin chain-elongation mutant Ub Lys48Arg. 

This ubiquitin mutant prevents the elongation of Lys48 ubiquitin chains, but allows for the 

synthesis of alternative linkages, like Lys63-linked chains. This demonstrates that 

internalization of mGluRs depends specifically upon the synthesis of Lys48-linked ubiquitin 

chains, and therefore suggests a role of the UPS. In a time course of inhibition, 

internalization of these receptors was prevented by a 2.5 min preincubation with proteasome 

inhibitor, indicating that local protein degradation must occur in the synapse. Even though 

local protein degradation by the UPS at both sides of the synapse has become a focal point 

of research lately, little is known about the role of specific UPS components at the synapse. 

Here, I provide evidence that Sharpin may be involved in the local protein degradation by 

the UPS in the PSD. I found that Sharpin interacts with ubiquitin and binds to ubiquitinated 

proteins. I also identified novel interaction partners of Sharpin that suggest a role for Sharpin 

as part of the UPS in neurons.   
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Chapter 2 Materials and Methods 

2.1. Materials 
 
2.1.1. Chemicals 
The chemicals used in the experiments described here were of analytical grade and 

purchased from Sigma, Merck, or Roth unless otherwise stated. All solutions were prepared 

with deionized water. 

 

2.1.2. Microbial Strains, Cell Line and Laboratory Animals 
Table 2.1 summarizes the organisms and cell line used for this work as well as their sources.  

Bacterial Strain Escherichia coli  
TOP’ 10 

Stratagene 

Bacterial Strain Escherichia coli  
BL21 

Stratagene 

Yeast Strain S. cerevisiae AH109 Clontech 
Cell Line Human Embryonic 

Kidney 293 (HEK293) 
ATCC 

Laboratory Animals Rattus norvegicus (Wistar 
Rat) 

Animal facility at the 
University of Hamburg 
Eppendorf (UKE) 

Table 2.1  Organisms and cell line used in this study 
 

2.1.3. Plasmid DNAs 
2.1.3.1. Bacterial Vectors 

The following vectors were transformed into BL21 cells in order to produce and purify GST 

fusion proteins. 

Vector Notes 
 
pGEX from Amersham 

 
Unfused Glutathione S-Transferase 

GST-S5a The proteasomal subunit S5a cloned into pGEX-6P1 
GST-Ubiquitin Ubiquitin cloned into pGEX-4T2 

Table 2.2  Vectors used for Glutathione S-Transferase Fusion Protein Production 
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2.1.3.2. Yeast Vectors 

The vectors summarized in the table below were transformed into yeast in order to detect 

protein-protein interactions using a yeast two hybrid system. 

Vector Notes 
 
pACT  (Invitrogen) 

 
Prey vector 

pACT Ubiquitin Ubiquitin cDNA derived from a construct provided by the 
ZMNH 

pACT Ubi I44A Ubiquitin with isoleucine (Ile) residue 44 mutated to alanine 
(Ala) 

pACT Ubi D58A Ubiquitin with aspartate (Asp) residue 58 mutated to alanine 
(Ala) 

pACT Ubi I44A D58A Ubiquitin containing both the Ile/Ala and Asp/Ala mutation 
pACT M (Sharpin) Encoding only the middle region of Sharpin (aa 171-304) 
 
pGBKT7 (Invitrogen) 

 
Bait vector 

pGBKT7 CT (Sharpin) Encoding only the C-terminal end of Sharpin (aa 304-381) 
pGBKT7 M (Sharpin) Encoding only the middle region of Sharpin (aa 171-304) 

Table 2.3  Vectors used for Yeast Two Hybrid Interactions 
 

2.1.3.3. Mammalian Vectors 

In order to perform protein-protein interaction studies in living cells, HEK293 cells or 

primary cortical neurons were transiently transfected with the plasmids listed in table 2.4. 

Vector 
 

Notes 

pcDNA 3.1 (Invitrogen) 
 

Mammalian expression vector 

Sharpin FL Sharpin cloned into pcDNA 3.1, Sharpin with C-terminal 
c-myc tag 

OS-9 OS-9 cloned into pcDNA 3.1, OS-9 with C-terminal c-myc 
tag 

  
pCMV 3b (Stratagene) 
 

N-terminal c-myc tag 

pCMV NT PDZ The PDZ domain from Shank1 cloned into pCMV 3b, in 
order to generate a N-terminally c-myc tagged PDZ fusion 
protein. 

Sharpin PDZ Sharpin cloned behind the PDZ tag in the pCMV NT PDZ 
vector; this construct has in addition an N-terminal c-myc tag. 

Table 2.4  Vectors used for Protein Expression in Mammalian Cells 
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2.1.4. Antibodies 
Table 2.5 summarizes the antibodies and their respective working concentrations used for 

Western blotting and/or immunocytochemistry experiments performed in the course of the 

work presented here. 

 

Working Concentration 

Primary Antibody Western Blot Immunocytochemistry Source 

α-c-myc, mouse 1:5000 1:1000 Sigma 

α-Ubiquitin, mouse 1:2000 - Chemicon 

α-PSD-95, mouse 1:10000 - Upstate 
Biotechnology 

α-tubulin, mouse 1:10000 - Abcam 

α-Adaptin γ, mouse 1:5000 - Transduction Labs 

α-EAA1, mouse 1:2500 - BD Biosciences 

α-GAPDH, mouse 1:10000 - Ambion 

    

α-Sharpin, rabbit 1:5000 1:1000 Eunjoon Kim, 
Pusan National 

University 
α-Shank, rabbit 1:5000 1:400 (Aff. Purified) Our Laboratory 

α-beta-COP, rabbit 1:1000 - Affinity 

BioReagents 

α-proteasome, rabbit  1:1000 - Biomol 

    

α-Shank3, guinea pig - 1:1000 Tobias Böckers, 
University of Ulm 

    

Secondary Antibody Western Blot Immunocytochemistry Source 

HRP-coupled α-
mouse IgG 

1:2000 - Amersham 
Biochemicals 

HRP-coupled α-
rabbit IgG 

1:2000 - Amersham 
Biochemicals 

Table 2.5  Antibodies used for Western Blotting and Immunocytochemistry 
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2.2. Methods 
  
2.2.1. Molecular Biology Techniques 

2.2.1.1. Polymerase Chain Reaction (PCR) 
 
Genes of interest were amplified by PCR technology. The pfu DNA polymerase used in 

these reactions was obtained from Stratagene. A typical reaction was performed in a volume 

of 50 μl with 0.1-1 μg of template. The final concentrations of the different reagents were 1x 

for the reaction buffer (Stratagene), 10 pmol of each primer, 1.25% of Dimethylsulfoxide 

(DMSO, Merck), 0.2 mM of each dNTP (Fermentas) and 1 unit of pfu DNA polymerase. 

The annealing temperature of each primer was calculated using the following formula: Tm = 

4(G+C) + 2(A+T). 

 

The reactions were performed either in the T-Gradient PCR machine from Biometra or the 

GeneAmp 2400 Thermocycler from Perkin Elmer. A standard PCR reaction format is listed 

in the following table, however, annealing temperatures and elongation times were 

calculated specifically for each reaction. 

Step Temperature Time 

Initial denaturation 94ºC 3 min 

Denaturation 94ºC 30 s 

Annealing (Calculated Tm) - 5 ºC 30 s-1 min 

Elongation 72 ºC 1 min per 1000 bases 

 4 ºC ∞ 

Table 2.6 Typical PCR cycling 
 

If the PCR product generated was subsequently used for cloning, the entire reaction was 

loaded on a gel and the template DNA and primers were separated from the PCR product by 

gel electrophoresis. The PCR product was excised from the gel and purified prior to 

restriction enzyme digest (see sections 2.2.1.2 and 2.2.1.4). 

2.2.1.2. Restriction Digest 

In order to clone existing DNA or newly synthesized PCR products, restriction digests were 

performed as described by Sambrook et al. 1989. Endonucleases were obtained from either 
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New England Biolabs or Fermentas. The digests were set up according to the manufacturers 

instructions and were incubated for 1h at 37 ºC, unless the enzyme required a different 

temperature. 

2.2.1.3. Agarose Gel Electrophoresis 

Separation of DNA fragments from PCR reactions or restriction digests was achieved by 

horizontal gel electrophoresis carried out in agarose gel chambers (Amersham Biosciences). 

Agarose (Invitrogen) was melted in 1xTAE (100mM Tris/Actetate, 5 mM EDTA, pH8). 

Agarose concentrations between 1 and 2% were used depending on DNA fragment size. 

Prior to pouring the gel, 0.5 μg/ml of ethidium bromide (Merck) was added. To assist in gel 

loading and front monitoring the DNA sample was mixed with 6x gel loading buffer (10 

mM Tris HCl, 0.25% (w/v) xylene cyanol FF, 30 % glycerol (v/v)). After loading the 

samples and DNA Markers (Lambda DNA/EcoR1+HindIII, Gene Ruler™ 100bp DNA 

Ladder, Fermentas), the fragments were separated in 1xTAE buffer by applying a constant 

voltage of between 50 and 150 V, depending on the desired separation time. After separation 

the DNA fragments were visualized using a UV transilluminator (UVT 2035, Herolab). 

2.2.1.4. DNA Extraction from Agarose Gel 

Under UV light, the DNA band was excised from the agarose gel using a scalpel and placed 

in a 1.5 ml tube. The DNA was purified from the gel using the QIAEX Gel Extraction Kit 

from Qiagen as described in the handbook. 

2.2.1.5. DNA Ligation 

In order to create the desired plasmid constructs, insert and vector fragments with 

compatible ends were ligated to each other. A typical 10 μl reaction contained vector and 

insert in a ratio of 1:3, respectively, 1x ligase buffer and 1 unit of T4 DNA Ligase (both 

Fermentas). The reaction was allowed to proceed either at room temperature (RT) for a 

minimum of 30 min or at 16 ºC overnight. 

2.2.1.6. Preparation of Competent Bacteria (KCM Method) 

The preparation was carried out according to Klebe et al. (1983). 200 ml of LB Broth (1.0% 

(w/v) Bacto-Tryptone (Difco), 0.5% (w/v) Yeast Extract (Difco), 1.0% (w/v) NaCl (Merck) 

adjusted to pH 7.0 and autoclaved) was inoculated with an overnight starter culture of 
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TOP10’ bacteria. The culture was incubated at 37 ºC with shaking until an optical density of 

600 nm (OD600) of 0.3-0.6 was achieved. Upon removal of the cultures from the incubator, 

they were placed on ice. The cells were then harvested by centrifugation at 5000 rpm for 5 

min at 4 ºC in a tabletop centrifuge (Eppendorf 5415). The pellet was resuspended in 20 ml 

of ice-cold TBS (1x LB broth (pH 6.1) diluted from a 5x stock solution, 10 % (w/v) 

Polyethylene glycol 3300 (PEG 3300), 5 % (w/v) DMSO, 10 mM MgCl2, 10 mM MgSO4). 

After incubating for 10 min on ice, the cell suspension was aliquoted in 500 μl portions into 

1.5 ml tubes using a pre-chilled 10 ml Stripette. The aliquots were immediately snap-frozen 

in liquid nitrogen and stored at -70 ºC until use. 

2.2.1.7. Transformation of Competent Bacteria 

An aliquot of competent bacteria was thawed on ice. Meanwhile, the DNA to be transformed 

was mixed with 5x KCM (500 mM KCl, 150 mM CaCl2, 250 mM MgCl2) in a 1.5 ml tube 

and brought to a total volume of 100 μl with sterile water. The DNA dilution was placed on 

ice and 100 μl of the thawed competent cells were added, the tube was flicked to mix the 

content and then incubated for 10-20 min on ice. To induce uptake of the plasmid by the 

bacteria, the tube was transferred to 37 ºC for 5 min. After the addition of 800 μl of LB, the 

tube was inverted to ensure mixture and then again incubated at 37 ºC for 20-30 min to 

initiate expression of the resistance genes. The bacteria were pelleted by centrifugation at 

10.5 krpm for 2 min, 800 μl of the supernatant were removed and the pellet was resuspended 

in the remaining LB. The suspension was plated out on LB-Agar plates containing the 

appropriate antibiotic. The inverted plates were incubated at 37 ºC overnight. 

2.2.1.8. Mini Preparation of Plasmid DNA Bacterial Clones 

A single bacterial colony was inoculated in 3 ml of LB containing either 50 mg/ml of 

Ampicillin or 30 mg/ml of Kanamycin in a sterile culture tube. The culture was grown 

overnight at 37 ºC with shaking (225 rpm), after which 1.5 ml of the culture was transferred 

to an Eppendorf tube. The bacteria were collected by centrifugation and the pellet was 

resuspended in 200 μl of P1 Buffer (50 mM Tris-Cl (pH 8.0), 10 mM EDTA, 100 μg/ml 

RNase A). Alkyline lysis of the bacteria was performed by adding 200 μl of P2 Buffer (200 

mM NaOH, 1 % SDS (w/v)) and mixing the tubes by inversion. After a short incubation at 

RT, 200 μl of P3 Buffer (3.0 M K Acteate (pH 5.5)) was added and the tubes were again 

inverted to mix. Removal of the precipitated proteins from the lysate was achieved by a 5 
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min centrifugation step at 14 krpm. The supernatants were transferred to new 1.5 ml tubes 

and 400 μl of isopropanol were added. The Plasmid DNA was precipitated by centrifugation 

at 13 krpm for 5 min. DNA pellets were washed once with 70 % (v/v) ethanol, allowed to 

dry, and reconstituted in TE or water with RNase. Plasmids were analyzed by restriction 

digests. If the plasmid was to be sequenced the plasmid was reprecipitated using 1/10th vol. 

of 3 M Na Acetate (pH 5.5) and 2.5 vol. of 100 % ethanol. After a 5 min centrifugation at 14 

krpm, the pellets were washed with 70 % ethanol, dried and resuspended in water containing 

0.1 mg/ml RNase A. 

2.2.1.9. DNA Sequencing 

In order to verify that the reading frame and the nucleotide sequence of cloned cDNAs were 

correct, DNA sequencing analysis was performed. A 0.5 μl aliquot of the reprecipitated 

plasmid was placed in a 0.5 ml tube, along with 10 pmol of the sequencing primer and 2 μl 

of Big Dye (ABI). In a thermocycler the 10 μl reaction was subjected to the following 

sequencing program cycle. 

 

Step Temperature Time 

Initial denaturation 96 ºC 1 min 

Denaturation 96 ºC 20 s 

Annealing 50 ºC 5 s 

Elongation 60 ºC 4 min  

 4 ºC ∞ 

Table 2.7 Thermocycler program used for sequencing. 

 

After completion of the reaction, the DNA was precipitated by adding 1/10th vol. of 3 M Na 

Acetate (pH 5.5) and 2.5 vol. of ethanol, and centrifuging for 30 min at 14 krpm. After a 

70% (v/v) ethanol wash, the pellets were dried and sent for further analysis. 

2.2.1.10. Midi Preparation of Plasmid DNA 

Applications like mammalian cell transformation with plasmids require highly pure and 

intensely supercoiled DNA. To achieve this quality of plasmid DNA, it was prepared using 

the NucleoBond® Xtra Midi Plasmid DNA Purification Kit from Macherey and Nagel. In 

short, an overnight culture of bacteria (200 ml) containing the desired plasmid was collected 
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by centrifugation. The pellet was resuspended in 8 ml of RES Buffer, then 8 ml of LYS 

Buffer were added, and the contents were gently mixed. After a brief incubation for 5 min, 8 

ml of NEU Buffer were added, and the contents were again gently mixed. The lysate was 

poured onto an equilibrated NucleoBond® Xtra column containing a filter. After all of the 

lysate passed through the column, a wash step with 5 ml of EQU Buffer was performed and 

the filter was removed. The column was also washed with 8 ml of WASH Buffer, before the 

DNA was eluted with 5 ml of ELU Buffer and precipated by adding 4 ml of isopropanol. 

The DNA pellet was washed with 70% (v/v) ethanol, dried and resuspended in water. 

 

2.2.2. Yeast Two Hybrid Techniques 

2.2.2.1. Yeast Transformation 

A single, well isolated colony of Saccharomyces cerevisiae AH109 grown on YPDA agar 

(for agar plates 20 g/l Bacto Agar was added to YPDA medium composed as described 

below) was inoculated into 3 ml of YPDA medium (20 g/l Difco peptone, 10 g/l Difco yeast 

extract, 2 % (w/v) glucose (Merck), 0.2 % (w/v) adenine hemisulfate (SIGMA), 10 mg/ml 

kanamycin; (pH 5.8)). After overnight incubation, a flask with 50 ml YPDA medium was 

inoculated with the starter culture and the yeast were grown at 30 ºC to an OD600 of 0.4-0.5. 

The cells were collected by centrifugation with 3 krpm for 5 min and washed once with 25 

ml of sterile water. The cell pellet was resuspended in 1ml of a 100 mM LiCl, transferred to 

a sterile 1.5 ml tube, and quickly pelleted again at 13 krpm for 15 s in a minifuge. Finally, 

the pelleted cells were resuspended in 400 μl of 100 mM LiCl. Meanwhile, salmon sperm 

DNA (2 μg/ μl) was heat denatured by placing it in a boiling water bath for 5 min and then 

quickly transferring it to ice in order to preserve its single-stranded state. For each 

transformation reaction, 50 μl of yeast cell suspension were placed in a 1.5 ml tube and 

quickly spun down. The following solutions were layering on top of the pellet in the order 

given here: 240 μl of 50 % (w/v) PEG 3300, 30 μl of 1 M LiCl, 50 μl of single stranded 

salmon sperm DNA, 0.1-10 μg plasmid DNA in a total volume of 34 μl. After resuspending 

the cell pellet by vortexing, the reaction was placed at 30 ºC for 30 min. Plasmid uptake was 

assisted by a 30 minute heat shock at 42 ºC, before the cells were collected at 1000 rpm for 

15 s. Finally, the cells were resuspended in 500 μl of sterile water and  100-200 μl aliquots 

of the suspension were plated out on the appropriate Synthetic Defined (SD) selection plate 
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(6.7 g/l Yeast nitrogen base without amino acids (Clontech), 20 g/l bacto-agar, 2 % (w/v) 

glucose, and the appropriate dropout supplement mixture (Qbiogene), 10 μg per ml 

kanamycin; (pH 5.8)). The plates were incubated at 30 ºC until colonies appeared.  

2.2.2.2. Yeast Two-Hybrid Screening 

A yeast two-hybrid screen, using the middle domain of Sharpin as bait, was performed 

according to Clontech’s Matchmaker™ Pretransformed Library User Manual. Amino acids 

171-304 of the rat Sharpin gene were cloned into the pGBTK7 vector and transformed into 

the AH109 strain as described above. A single transformed colony was used to inoculate 50 

ml of SD-Trp medium and grown to an OD600 of 0.8. The cells were collected by 

centrifugation at 1,000 x g for 5 min, and resuspended in 5 ml of SD-Trp medium. An 

aliquot of 1 ml of the S. cerevisiae Y187 strain pretransformed with the rat pACT Library 

was thawed at RT. After a 10 μl aliquot of the library was removed for library titration, the 

rest of was combined with the 5 ml pGBKT7 Sharpin suspension in a 2 l flask containing 45 

ml of 2 x YPDA liquid medium. Mating was propagated at 30 ºC for 26 h with slow shaking 

(40 rpm). The diploid cells were harvested by 10 min centrifugation at 1000 x g, residual 

cells were collected from the flask by rinsing with 50 ml of 0.5 x YPDA and this solution 

was used to wash the pelleted cells. After pelleting by centrifugation, the cells were 

resuspended in 10 ml of 0.5x YPDA, and 200 μl aliquots were plated out onto 25 SD/-Ade/-

His/-Leu/-Trp (QDO) plates (∅15 cm) and 25 SD/-Ade/-His/-Trp +10 mM 3-AT (TDO) 

plates (∅15 cm). The inverted plates were kept at 30 ºC until colonies appeared. 

2.2.2.3. β-Galactosidase Colony-Lift Filter Assay 

To verify positive clones obtained from the screen, each colony was restreaked into one box 

of a grid on a fresh QDO plate (∅10 cm), and returned to 30 ºC to grow. When a lawn had 

grown, the plates were removed from the incubator and sterile 10 cm Whatman #5 filter 

paper was laid over the colonies, smoothened out with forceps, and marked by poking a 

pattern of holes with a sterile needle. The filter was removed and laid in liquid nitrogen to 

permeabilize the cells. Meanwhile, fresh filters were soaked on a tray with Z Buffer (60 mM 

Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 0.27 % (v/v) β-mercaptoethanol, 

0.334 mg/ml 5-bromo-4-chloro-3-indolyl- β-D-galactopyranoside (X-Gal); (pH 7.0)). The 

frozen filters were placed upon the soaked ones and incubated at RT to allow β-

Galactosidase released from the yeast cells to hydrolyze the X-Gal and form a blue 
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precipitate. Colonies that turned blue were inoculated from the grid plate into 3 ml of liquid 

SD-Leu medium and incubated at 30 ºC with shaking for 48 h.  

2.2.2.4. Plasmid Isolation from Yeast 

The 3 ml cultures from confirmed positive clones were collected by centrifuging the culture 

tubes at 3 krpm for 5 min. 100 μl of STET Buffer (50 mM Tris/HCl, 50 mM EDTA, 8 % 

(w/v) sucrose, 5 % (v/v) Triton X-100; (pH 8.0)) were used to resuspend the pellet. The 

suspension was transferred to a 1.5 ml Eppendorf tube and the amount of glass beads (425-

600 microns, SIGMA) that fits into the top of a 0.5 ml tube was added to each cell 

suspension. Mechanical shearing was achieved by placing the 1.5 ml Eppendorf tubes in a 

multi-tube vortex mixer and shaking vigorously for 5 min. Then another 100 μl of STET 

Buffer were added. In order to heat denature their contents, the tubes were placed in a 

boiling water bath for 5 min, and then put on ice to cool. After centrifugation for 10 min at 

14 krpm, 180 μl of each supernatant were transferred to a fresh 1.5 ml tube, 90 μl of 7.5 M 

NH4 acetate were added, and the tubes were chilled at -80 ºC for 1h. Precipitated proteins 

were removed by centrifugation with 14 krpm for 30 min at 4 ºC; again 180 μl of the 

supernatant were transferred to fresh 1.5 ml tubes. Two volumes of 100 % ethanol were 

added and the DNA was allowed to precipitate at -80 ºC for 30 min. The precipitated DNA 

was collected by centrifuging with 14 krpm for 30 min at 4 ºC. The pellet was washed with 

70 % ethanol, dried, and dissolved in 100 μl of water. To further purify the DNA it was 

bound to QIAEX matrix as described by the corresponding QIAGEN manual for DNA 

purification. Eluted plasmids were then transformed into competent E. coli, the amplified 

plasmid DNA was isolated from the bacteria and sequenced as described above. 

 

2.2.3. Cell Biology Techniques 

2.2.3.1. Culture of HEK293 Cells 

Human Embryonic Kidney 293 (HEK293) cells were cultivated in Dulbecco’s Modified 

Eagle’s medium (DMEM, Cambrex) containing 10 % (v/v) Fetal Calf Serum (SIGMA), 

penicillin (100 U per ml) and streptomycin (100 µg per ml). Proper growth was ensured by 

incubation in a 37 ºC humidified atmosphere with 5 % CO2. The cells were regularly spilt to 

maintain optimal growth. Splitting was performed as follows: the medium was aspirated 

from the plates, the cells were washed once with PBS (137 mM NaCl, 8.8 mM Na2HPO4, 
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2.7 mM KCl 0.7 KH2PO4; (pH 7.4)). 1ml of PBS was then added to the plate along with 0.5 

ml of 1x trypsin (Invitrogen), which was diluted in Versene Buffer (137 mM NaCl, 8.8 mM 

Na2HPO4, 2.7 mM KCl, 0.7 KH2PO4, 1 mM EDTA; pH 7.4). As soon as the cells had 

detached from the plate, 3 to 5 ml of DMEM with 10 % FCS was added to stop the 

trypsinization, the cells were resuspended well and appropriately diluted for further culture. 

If the cells were just to be maintained in culture, the suspension was plated out directly, 

whereas if the cells were to be subsequently transfected, the trypsin/EDTA solution was 

completely removed from the cells by centrifugation and resuspension of the cells in fresh 

medium. 

2.2.3.2. Transient Transfection of HEK293 Cells 

In order to transiently express a gene of interest in HEK293 cells, they were seeded onto 

plates at about 70-80% confluency. Note that transfection was done concomitantly with the 

seeding. While the cells were being centrifuged to remove the trypsin, 10 μg of purified 

plasmid DNA were placed in a sterile 1.5 ml tube, along with 426 μl of sterile water, and 64 

μl of 2 M CaCl2. The mixture was pipetted into 0.5 ml of 1xHBSP (1.5 mM Na2HPO4,  10 

mM KCl, 280 mM NaCl, 12 mM glucose, 50 mM HEPES; (pH 7.0); sterile filtered) in a 15 

ml conical tube, while the tube was being vortexed. Precipitates were allowed to form for ~5 

min, while the cells were plated out. Prior to adding them onto the cells, the precipitates 

were briefly pipetted up and down. Each plate was tilted so that all medium collected on one 

side and the precipitates were directly pipetted into the pooled medium. 

2.2.3.3. Cortical Neuron Preparation and Culture 

Preparation and cultivation of rat cortical neurons were performed according to Blichenberg 

et al. (1999). Rat embryos (E18-E20) were removed from a euthanized Wistar Rat. The 

brains of the embryos were dissected and collected in 1x HBSS (10x HBSS from Invitrogen 

diluted to 1x with water and 1.2g  HEPES/1 liter; (pH 7.3); sterile filtered) with 1x 

penicillin/streptomycin. The hindbrain was separated from the cortex, as the meninges were 

removed using dissection forceps. The hippocampus was detached from the cortex and both 

were separately collected in fresh HBSS. 

Using dissection scissors, the collected cortices in HBSS were cut into small pieces. The 

pieces were transferred to a 50 ml conical tube with a 10 ml stripette. The volume was 

adjusted to 36 ml with HBSS and 4 ml of 10x trypsin-EDTA was added (approximately 4 
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ml/10 cortices). Parafilm was wrapped around the lid to prevent water from reaching the 

underside of the lid, and then the conical tube was submersed and immobilized in a 37 ºC 

water bath. After incubating for 30 min, the 50 ml tube was sprayed well with 70 % ethanol 

and the parafilm was removed. Gravity was used to collect the pieces of cortex tissue at the 

bottom of the tube. They were then collected with a 10 ml Stripette and transferred to a fresh 

conical tube. The trypsin solution was diluted by addition of Plating Medium (DMEM 

containing 10 % (v/v) FCS and 3 % (v/v) glucose (Merck)) to a final volume of 

approximately 40 ml. This dilution of the trypsin was repeated a total of three times, before 

the pieces were finally collected in as small a volume as possible. The tissue was dissociated 

by vigorously pipetting it up and down first with a 10 ml pipette, then with a long, fire-

polished glass pipet and lastly with a long, fire-polished, drawn out glass pipet so that the 

opening diameter was further reduced by about half. The volume of the cell suspension was 

adjusted to 45 ml with Plating Medium and it was passed through a cell strainer to remove 

connective tissue and cell aggregates. One day prior to the neuron preparation, 10 cm plates 

or glass cover slips in 12 well dishes were already coated with 1 mg/ml poly-L-lysine 

(SIGMA) in 0.1 M Borate buffer and washed three times with water. Plating medium was 

added to the coated dishes before 106 neurons were seeded on each 10 cm plate. 2x105 cells 

in Plating Medium were dispensed in each well of the coated 12 well dishes. After the 

neurons had attached to the plates, the Plating Medium was replaced with Neurobasal 

Medium (Invitrogen) supplemented with 0.5 % B27 (Invitrogen), 0.5 mM L-glutamine 

(Invitrogen) and 25 μM Glutamate (Merck). To prohibit the proliferation of contaminating 

fibroblasts, 5 μM Cytosine-β-D-Arabinofuranoside (Ara C; SIGMA) was added directly to 

the medium on the plates.  

2.2.3.4. Transfection of Cortical Neurons 

On day seven of culture, the neurons were transfected by the calcium phosphate method. In 

the following brief description of the procedure, the first value given is the amount used for 

2 wells of a 12 well dish and the second value corresponds to the amount used for one 10 cm 

dish. Plasmid DNA (2.5 μl, 37.5 μl) and an equal volume of 1 μg/ μl salmon sperm DNA 

were placed in a 1.5 ml tube. Sterile water (95 μl, 675 μl) was added along with 2.5 M CaCl2 

(10 μl, 75 μl). BBS Buffer (100 μl, 750 μl) was pipetted into a (1.5 ml tube, 15 ml conical 

tube), the DNA containing solution was pipetted into the BBS Buffer while vortexing. 

Calcium phosphate precipitates were allowed to form for 20 min and were then added to the 
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neurons. After incubating for 2-4 hours, the cells were washed three times with HBSS or 

Versene Buffer in order to remove the excess precipitates. Fresh Neurobasal medium was 

added and the neurons were maintained under normal cell culture conditions until fixation 

for immunohistochemistry. 

2.2.3.5. Immunocytochemistry 

In order to visualize the intracellular localization of overexpressed or endogenous proteins, 

transfected or untransfected cells grown on glass coverslips were fixed at 4 ºC for 10 min 

with 4 % (w/v) paraformaldehyde (PFA) in PBS. After removal of unreacted PFA by 

washing three times with PBS, cell membranes were permeablized by incubation with 0.1 % 

(v/v) Triton X-100 in PBS for 5 min. Following incubation in 5 % (v/v) horse serum as 

blocking solution for one hour, the coverslips were inverted and placed in a dampened 

chamber onto 60 μl drops of primary antibody solution diluted in 5 % horse serum. After 

overnight incubation at 4 ºC, the coverslips were returned to the 12-well dishes and washed 

3 times for 5-10 min with PBS. Next the coverslips were incubated with a 1:400 dilution of 

the appropriate species-specific secondary antibody coupled to a fluorescent dye. For this 30 

min at RT with secondary antibody, the coverslips were again inverted and placed in a 

dampened and darkened chamber onto 60 μl drops. After the 30 min incubation, the 

coverslips were returned to the 12 well dishes and washed three times with PBS and finally 

once with water. Using gelatine (SIGMA) the coverslips were mounted onto glass slides and 

dried flat at 4 ºC. Immunofluorescence staining was observed with a Zeiss Axiovert 135 

microscope and documented using a C4742-95-12NRB CCD camera (Hamamatsu) and the 

OpenLab 2.2.5 software (Improvision). Adobe Photoshop 6.0 software was used for further 

processing of the image files. 

 

2.2.4. Biochemical Techniques 

2.2.4.1. Microtiter Format Protein Concentration Assay 
A standard curve was prepared with the following volumes of a 1 mg/ml BSA solution: 0, 2, 

4, 6, 10, 15, and 20 μl. Aliquots of the protein samples to be analysed were pipetted into 

separate wells of the microtiter plate.  Protein standard and sample wells were brought up to 

20 µl final volume with H2O. 180 µl of Bradford reagent were added to each well. The 

absorbance at 600 nm was measured in a microtiter plate reader (Titertek Multiscan Plus, 
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Flow Laboratories) and the protein concentration of the unknown protein samples was 

backcalculated from the linear range of the standard curve. 

2.2.4.2. SDS-Polyacrylamide-Gel-Electrophoresis (SDS-PAGE) 

Proteins were separated based upon their molecular weight by resolving them on 

discontinuous gels according to Laemmli (1970). The upper third of each gel consisted of 

the so-called stacking gel, which contained only 5 % (v/v) polyacrylamide (PAA). The lower 

two thirds of each gel consisted of the so-called resolving gel, which depending upon the 

molecular weight of the proteins of interest contained between 6 and 15 % PAA. All gels 

were cast and run using the PROTEAN II or III system from BioRad. Prior to loading the 

protein samples on the gel, they were completely denatured by boiling for 5 min at 95 ºC in 

1 x Laemmli Buffer (10 % (v/v) glycerol, 20 mM DTT, 1.5 % (w/v) SDS, 60 mM Tris/HCl, 

0.05 % Coomassie G-250; (pH 6.8)). The buffer reservoirs of the electrophoresis apparatus 

were filled with SDS Running Buffer (25 mM Tris, 192 mM glycine, 0.1 % (w/v) SDS). 

After loading the wells with the samples and a molecular weight standard (Full Range Rain-

bow Marker, Amersham Biosciences), proteins were electrophorised by applying a constant 

voltage of 150-200 V. 

2.2.4.3. Western Blotting 

After PAA gel electrophoresis, proteins were transferred to nitrocellulose (PROTRAN, 

Schleicher & Schuell). Electrotransfer was performed in a Mini-transfer-Blot Apparatus 

(BioRad) filled with Blotting Buffer (20 % (v/v) methanol, 192 mM glycine, 25 mM Tris, 

0.02 % (w/v) SDS) with 100 V constant voltage for 1h at 4 ºC. After the transfer, the 

nitrocellulose membranes were washed with water and stained with Ponceau S (SIGMA). 

Blocking was done with a buffer consisting of 5 % (w/v) skim milk powder in TBST (150 

mM NaCl, 50 mM Tris, 0.02 % (v/v) Tween 20; pH 7.9). Primary antibodies were diluted in 

this same Blocking Buffer as specified in table 2.5, and incubated for either for 1h at RT or 

overnight at 4 ºC. Unbound primary antibody was washed away with three changes of 

TBST. Then secondary antibody coupled to horseradish peroxidase (HRP) was added at 

1:5000 dilution in TBST and incubated with the membranes for 30 min. After another three 

washes with TBST, the HRP coupled secondary antibody was detected using enhanced 

chemiluminescence (ECL) (see below). X-Ray film (Cronex 5 Medical) was exposed to the 

membranes and developed. 
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The ECL solution was made in the lab according to Haas et al., (2005). Solution A consists 

of 0.1 M Tris-HCl (pH 8.6) and 0.25 mg/ml Luminol (SIGMA) and Solution B contains p-

Coumaric Acid dissolved (1.1 mg/ml) in DMSO. Just prior to use, the solutions were mixed 

with 35 % H2O2 in the following ratios: 1000 μl Solution A: 0.3 μl H2O2 : 100 μl Solution B; 

The ECL solution was incubated with the membranes for 1 min. 

2.2.4.4. Expression and Purification of GST Fusion Proteins 

For the synthesis of proteins of interest in bacteria, the corresponding genes were cloned in 

frame downstream of the coding sequence for glutathione S- transferase (GST) in the 

bacterial expression vectors pGEX-4T2 or pGEX-6P1. Plasmids with the correct in-frame 

sequences were transformed into BL21 cells and transformants were inoculated into a 3 ml 

overnight culture. After transferring this starter culture into 200 ml LB-AMP, the bacteria 

were grown while shaking at 37 ºC until an OD600 of 0.8 was reached. Then Isopropyl-β-D-

thio-galactopyranoside (IPTG) was added to an end concentration of 0.5 % (v/v) to induce 

expression of the fusion protein for 2 h with shaking at 37 ºC. The bacteria were collected by 

centrifugation at 6000 rpm for 20 min and resuspended in 10 ml of STE Buffer (150 mM 

NaCl, 10 mM Tris (pH 8.0),1 mM EDTA). Lysozyme (1 mg/ml final concentration) was 

added to digest the bacterial cell wall. The protease inhibitors Pepstatin A and PMSF at end 

concentrations of 1 μg/ml and 0.1 mM, respectively, were used to prevent protein 

degradation. Cell membranes and bacterial DNA were sheared by sonification on ice (5 x 10 

s; with maximum intensity) and Triton X-100 was added at 1.6 % (v/v) final concentration. 

Cell debris was removed by centrifugation for 25 min at 16 krpm in a Sorvall A8.24 rotor, 

then the supernatant was collected and mixed with 1 ml of packed volume of washed 

Glutathione Sepharose 4B beads (Amersham Biosciences). The GST fusion protein was 

allowed to bind to the Glutathione Sepharose at 4 ºC with inversion for at least 30 min. The 

beads were then washed three times with STE Buffer and either stored in an equal volume of 

STE or the proteins were eluted from the beads by addition of 1 ml of Elution Buffer (10 

mM glutathione, 50 mM Tris/HCl (pH 8.0)) and then stored in frozen aliquots. 

2.2.4.5. GKAP Affinity Purification 

Taking advantage of the fact that the C-terminal amino acids PEAQTRL of the protein 

GKAP have high affinity for the PDZ domain of Shank1, one can selectively pull down 

proteins containing this domain from cell lysates by using sepharose beads covalently 
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coupled with a peptide of this sequence. Plasmids containing the PDZ domain of Shank1 

either as N-terminal or as C-terminal tag were used to clone genes of interest. After 

transfection of HEK293 cells with these plasmids, the PDZ fusion proteins were transiently 

expressed for 24 to 48h. The cells were washed once with icecold PBS and were lysed on ice 

with 1 ml per 10cm plate of RIPA Buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% 

(v/v) NP-40, 0.5 % (w/v) Na-deoxycholate, 5 mM EDTA, 0.1 % SDS, 100μM PMSF, 1 

μg/ml Pepstatin A, 10 μg/ml leupeptin). After 15 min incubation, the lysates were collected 

and cell debris was removed by centrifugation with 14 krpm for 5 min at 4 ºC. A 30 μl 

aliquot of each supernatant was saved for expression control and the rest was transferred to a 

fresh 1.5 ml tube and 40 μl of a 50% slurry (washed) of the GKAP peptide coupled to NHS-

sepharose (see below) were added. On a rotator wheel, the tubes were incubated at 4 ºC for 

at least 1h, after which the beads were washed three times with RIPA Buffer. Finally, the 

beads were resuspended in 15 μl of 5 x Laemmli Buffer. 

2.2.4.6. Peptide Coupling to NHS Sepharose 

In order to immobilize peptides for affinity purification, they were coupled to N-hydroxy-

succinimide (NHS)-activated sepharose 4 Fast Flow (Amersham Biosciences). A peptide 

with the sequence IYIPEAQTRL was custom synthesized by Biogenes. Polyubiquitin chains 

for coupling were obtained from Boston Biochem. 0.3 mg of the peptides were reconstituted 

in Coupling Buffer (0.1 M NaHCO3, 0.5 M NaCl (pH 7.5-8.0)). Meanwhile, 1 ml of the 

packed NHS sepharose was washed three times with ice cold 1 mM HCl to prevent 

hydrolysis of the active ester groups. After addition of the peptide solution to the washed 

NHS beads, the activated ester group on the sepharose can attack the primary amino group 

of the peptide, thereby forming a stable amide linkage. After rotating the reaction either at 

RT for 4 h or at 4 ºC overnight, the remaining non-reacted coupling groups were blocked by 

incubating the beads in Buffer 1 (0.1 M Tris-HCl (pH 8.0) 0.5 M NaCl) for 30 min with 

rotation. Finally to ensure complete blockage, the beads were washed three times 

successively with 14 ml of Buffer 1 and with 14 ml of Buffer 2 (0.1 M NaAc (pH 4.0), 0.5 

M NaCl). The washed beads were stored at 4°C in Coupling Buffer with 20 % (v/v) 

isopropanol.    
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2.2.4.7. Postsynaptic Density Preparations  

Postsynaptic densities (PSD) of cortical neurons were prepared according to Ehlers (2003) 

(http://www.ehlerslab.org/protocols/psdprep.html) with some modifications. Neurons were 

cultivated on 10 cm plates and the cells were collected from the plates by scraping in a 1 ml 

volume of HEPES-buffered sucrose (0.32 M sucrose, 4 mM HEPES (pH 7.4) 1 tablet of 

Complete™  protease inhibitors (Roche) 50 ml buffer, 2 mM EDTA, 50 mM NaF, 20 mM β-

glycerophosphate, 1mM activated odium orthovanadate). After homogenization with a glass-

teflon homogenizer and centrifugation at 1000 x g for 10 min at 4 ºC, the supernatants were 

collected in a fresh tube. Another 1 ml aliquot of HEPES-buffered sucrose was used to wash 

the 10 cm plate and this wash was used to resuspend the above pellet homogenized and 

centrifuged as before. After taking an aliquot input, the supernatants were combined and 

centrifuged for 15 min at 10,000 x g. The pellets were resuspended in 1 ml HEPES-buffered 

sucrose and spun at 10,000 x g for 15 min. Following resuspension of the pellets in 1 ml of 

ice cold 4 mM HEPES (pH 7.0) with Complete™ protease inhibitors and phosphatase 

inhibitors the suspensions were homogenizedin small glass-teflon homogenizers, and then 

incubated at 4 ºC with rotation for 30 min. The synaptic membranes were collected by 

centrifugation at 20,000 x g for 30 min and resuspended in 500 μl of ice cold 50 mM HEPES 

(pH 7.4) plus Complete™ protease inhibitors and phosphatase inhibitors. After 

homogenization small glass-teflon homogenizers, Triton X-100 was added to 0.5 % (v/v) 

and incubated at 4 ºC for 15 min on a rotator. Finally, the PSDs were collected by 

centrifugation at 32,000 x g for 20 min; the pellets were resuspended in 100-500 μl of 50 

mM HEPES (pH 7.4) plus Complete™  protease inhibitors and phosphatase inhibitors, and 

homogenized as described before. If proteasome inhibitor was added to the neurons in 

culture it was also added to each solution in the preparation, because MG132 is a reversible 

inhibitor. 

2.2.4.8. In vivo labeling of Proteins with [S35]-Methionine 

In order to determine protein stability, HEK293 cells overexpressing full-length Sharpin 

were plated onto 6 cm dishes coated with poly-D-Lysine (SIGMA). One hour prior to 

labeling, the cells were washed three times with PBS and then incubated in starvation 

medium (DMEM with dextrose, without glutamine, without methionine (Catalog # 1642254; 

MP Biochemicals Inc), with 0.1 % BSA and 1 x Glutamax (Invitrogen)). Cellular proteins 
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were labeled by incubating the cells in 37 ºC incubator with 5 % CO2 for 1 h in starvation 

medium containing 50 μCi [S35]-Methionine per 700 μl medium. To minimize radioactive 

contamination of the incubator, the cell culture plate with the labeling medium was placed 

inside a 15 cm plate lined with charcoal filters on the lid. After this ‘pulse’ labeling, the 

radioactive medium was removed and the plates were washed once with PBS. The ‘chase’ 

was initiated by giving 1 ml of Chase Medium (DMEM, 10 % (v/v) FCS, 0.25 μg/ml non-

radioactive methionine) to each plate and incubating for various time periods. Immediately 

after the labeling period, those plates chosen as labeling controls were washed three times 

with PBS and lysed in RIPA buffer as described before. After removal of cell debris, the 

supernatants were stored frozen at -20 ºC until the samples of the chase reactions had also 

been collected. For the chase kinetic, the cells were incubated in Chase Medium for 1.5, 3 

and 6 h, respectively. After each time point, cells of the corresponding sample were lysed 

and frozen as described above for the labeling controls. When the samples for all of the time 

points had been gathered, they were thawed together, given 40 μl of Protein A/G Plus 

Agarose (Santa Cruz) pre-washed three times with RIPA buffer, and rotated for 1h at 4 ºC. 

This incubation served to deplete proteins that unspecifically bound to Protein A/G Plus 

Agarose. The beads were spun down and the precleared supernatants were transferred to 

fresh 1.5 ml tubes. After adding 5 μl of anti-c-myc antibody to each tube and rotating the 

samples for 1 h at 4 ºC, 40 μl of pre-washed Protein A/G agarose were added to capture the 

antibody and the rotation was continued for another 30 min. After that the beads were 

washed once with 1 ml of Wash Buffer 1 (1x PBS, 0.6 M NaCl, 0.1 % (v/v) SDS, 0.05 % 

NP 40), then with 1 ml of Wash Buffer 2  (1 x PBS, 1 % (v/v) Triton X-100, 2 M KCl) and 

finally twice with Wash Buffer 3 (0.1 x PBS, 15mM NaCl). The beads were then boiled in 

Laemmli Buffer. Note that for Sharpin immunoprecipitation DTT was omitted from the 

Laemmli Buffer, because the reduced heavy chains of the antibody run at the same height as 

Sharpin and the specific signal for Sharpin is then compromised. After separating the 

samples by SDS-PAGE, the gels were dried and exposed to a phosphoimager screen capable 

of detecting S35. 

2.2.4.9. DNA Fragmentation Assay 

HEK293 cells and neurons were treated with or without proteasome inhibitor (MG132) 

overnight. Cells were lysed in 500 μl of TTE Buffer (10 mM Tris-HCl, 10 mM EDTA, 0.2 

% (v/v) Triton X-100; pH 7.4) and the cell debris was removed by centrifugation with 14 
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krpm for 5 min at 4 ºC. Supernatants were then extracted twice with phenol-chloroform (1:1 

mixture). To the extracts 1/10th vol. of 3 M sodium acetate, 1 μg/μl glycogen (SIGMA), and 

2.5 volumes of 100 % ethanol were added, and DNA precipitation was enhanced by 

incubating for 30 min at -70 ºC. Precipitated DNA was collected by centrifugation with 10 

krpm for 15 min at 4 ºC, washed once with 70 % (v/v) ethanol and dried. The DNA was 

resuspended in water containing 0.1mg/ml RNase A, and incubated for 1 h at 37 ºC to digest 

all RNA. Fragmentation analysis was done on a 2 % Agarose gel.  

2.2.4.10. Subcellular Fraction by Sucrose Gradient Centrifugation 

The cell lysate was fractionated by a modified version of the protocol used by Wente et al. 

(2005). HEK293 cells overexpressing c-myc, OS-9, and PDZ-Sharpin constructs were 

treated overnight with proteasome inhibitor. After 16 h of treatment, the cells were harvested 

by scraping them in 1 ml of isotonic buffer (20 mM Hepes-HCl (pH 7.4), 1 mM MgCl2, 1 

mM EGTA, 250 mM sucrose). The cells were disrupted with ten strokes of a glass-teflon 

homogenizer. Centrifugation with 1100 x g at 4ºC for 5 min removed the nuclei and cellular 

debris. 1.6 mg of the supernatant were applied to the top of 11 ml of a discontinuous sucrose 

gradient (0.6-2.0 M sucrose in isotonic buffer). After centrifugation with 100,000 x g for 20 

h at 4ºC, 1 ml aliquots of the gradient were removed successively from the top. The fractions 

were analyzed by Western blotting. 
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Chapter 3 Results 

 
3.1. Novel Protein Binding Partners of Sharpin 
 

3.1.1.   Yeast Two-Hybrid Screen with the Central Domain of Sharpin 
 
One series of experiments performed in the course of this work was aimed at identifying 

novel interaction partners of Sharpin that could potentially shed some light on its cellular 

function. In order to elucidate the role of Sharpin in the cell, the central ubiquitin-like 

domain of Sharpin was used as bait to perform a yeast-two hybrid screen. Employing the rat 

brain pretransformed library from Clontech, 3.1 x 106 clones were screened for interaction 

with Sharpin. Ten of the 33 different confirmed positive clones listed in Table 3.1 were 

found more than once. The most frequently found protein was OS-9, which had originally 

been identified due to the fact that it is highly expressed in osteosarcomas. OS-9 is a protein 

with a signal peptide and has been described extensively in yeast with regard to its role in 

endoplasmic reticulum associated degradation (ERAD) (Friedmann et al., 2002). In 

mammals, OS-9 has not yet been shown to play a similar role in ERAD, but rather seems to 

be involved in the hypoxic response, since it interacts with hypoxia-inducible factor 1α and 

HIF-1α prolyl hydroxylases. Litovchick et al. (2002) showed that one isoform of 

mammalian OS-9 is localized in the peripheral membrane of the ER and described a role for 

it in the secretory pathway.  

 

Another multiply found protein that bound to the middle region of Sharpin as bait was the 

E3 ligase EDD1. It is a HECT (Homologous to E6-Assoicated Protein C-Terminus) domain 

E3-ligase that is mainly localized in the nucleus of cells, probably due to its interaction with 

importin α. It has been shown to upregulate progesterone receptor transcription activity 

(Henderson et al., 2002). Altered expression of EDD1 has been described in many different 

types of cancers and this is attributed to its role in the activation of the DNA damage 

checkpoint kinase (Henderson et al., 2006). The interactions with OS-9 (upregulated in 

osteosarcoma protein 9) and EDD1 (E3 Ubiquitin-protein ligase, 100 kDa protein) were 

chosen for further investigations as potentially having physiological relevance for the 

cellular function of Sharpin.  
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Identified Interacting Partner # of clones Accession # 

upregulated in osteosarcoma OS-9 9 BC085907 

stathmin-like 3 Stmn 3 4 NM_024346 

succinate dehydrogenase complex 
subunit B, iron sulfur 

4 XM_216558 

EDD100 kDa protein E3 ligase 3 X64411 

glyceraldehyde 3-phosphate dehydrogenase 3 NM_017008 

PREDICTED dynactin 6 3 XM_214362 

S100 protein, beta polypeptide 2 BC087026 

plectrin 1 (Plec 1) 2 NM_022401 

MUS81 endonuclease 2 BC098853 

translocase of inner mitochondrial membrane 50 homolog 2 BC010303 

PREDICTED sperm associated antigen 8 1 XM_432826 

PREDICTED similar to KB07 protein 1 XM_344580 

NADH dehydrogenase (ubiquinone) Fe-S protein 1 BC082067 

superoxide dismutase 2,mitochondrial 1 BC070913 

mitochondrial genome 1 MIRNXX 

calcitonin gene-related peptide-receptor component protein 1 BC059117 

ATP synthase, H+ transporting, mitochondrial 1 BC059139 

PREDICTED similar to FAD104 1 XM_226988 

mitochondrial genome 1 MIRNXX 

PREDICTED similar to SERTA 1 XM_234301 

PREDICTED poly (rC) binding protein 4 1 XM_343468 

Nicotiana tabacum mRNA for MAP kinase 1 NTA302651 

Mus musculus ES cells DNA 1 AK082773 

Similar to RIKEN cDNA B230219D22 1 XM_573984 

PREDICTED: palmitoylated 6 (MAGUK p55 subfamily 
member 6) (predicted) (Mpp6_predicted) 

1 BC070913 

general transcription factor 1 NM_212501 

Translation elongation factor 1 alpha 1 NM_175838 

guanine nucleotide binding protein gamma 3 1 AK032646 

autophagy protein 5 1 AM087012 

cartilage acidic protein 1 1 BC089944 

Pals-beta splice variant 1 AF199010 

 Table 3.1  Proteins that Interacted with the Central Domain of Sharpin 

Gene products identified in a yeast two-hybrid screen are listed with the number 
of clones found for each candidate and the NCBI accession number of the 
corresponding nucleotide sequence as reference. 
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3.1.2. Sharpin/OS-9 Interaction 

3.1.2.1. MG132-Induced Sharpin/OS-9 Interaction in HEK293 Cells 

Under normal cellular conditions, it was difficult to detect an interaction between OS-9 and 

Sharpin in HEK293 cells. As both proteins may play roles in protein degradation, one 

possible explanation was that complexes between OS-9 and Sharpin only exist transiently 

and are dissociated or degraded rapidly after fulfilling their role in the UPS. In order to 

determine whether such complexes could be stabilized, when the UPS does not operate 

normally, the proteasome inhibitor MG132 was added to transfected cells prior to cell lysis.  

 

Under these conditions OS-9 clearly coprecipitated with PDZ-tagged Sharpin in pull-downs 

with GKAP-coupled sepharose. In the course of this work, it became apparent that for 

reasons unknown PDZ- and EGFP-tagged Sharpin molecules are more stable in HEK293 

cells than the myc-tagged. 
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Figure 3.1 OS-9 Coprecipitation with PDZ-tagged Sharpin 
HEK293 cells were transfected with c-myc-tagged OS-9 and PDZ-tagged Sharpin 
constructs. After overnight expression the cells were equally split onto two plates.   
24 h post-transfection, 10 μM MG132 was added for 16 h prior to lysis. The lysates  
were incubated with GKAP-coupled sepharose and the bound proteins were eluted  
in Laemmli buffer. OS-9 was detected with the α-c-myc antibody and Sharpin with  
the α-Sharpin antibody 
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3.1.2.2. No Effect of ER or Oxidative Stress on Sharpin/OS-9 Interaction  

In addition to inhibiting the proteasome, MG132 has been shown to also have secondary 

effects in cells in particular it induces ER and oxidative stress. Yeast OS-9 and mammalian 

OS-9 have been described to play a role in both of these MG132-induced stresses. Trying to 

further pinpoint the "stimulus" regulating the Sharpin/OS-9 interaction, HEK293 cells were 

treated with known ER and oxidative stressors. As a disulfide reducing agent, DTT increases 

the number of reduced and hence misfolded proteins in the ER lumen, which promotes ER 

stress. Thapsigargin causes ER-stress by triggering the release of calcium from the lumen of 

the ER (Shang et al., 2002). Oxidative stress was evoked by the addition of H2O2 (Gosslau et 

al., 2001). HEK293 cells transfected overnight with PDZ-tagged Sharpin and c-myc-tagged 

OS-9 constructs were treated with the reagents mentioned above and analyzed for 

Sharpin/OS-9 interaction. As shown in Figure 3.2 on page 40, OS-9 only coprecipitated with 

Sharpin in GKAP sepharose pull-downs from the sample that was treated with MG132. 

None of the other stress-inducing agents tested here could promote complex formation 

between the two proteins to any detectable extent. Because neither DTT nor Thapsigargin 

nor H2O2 treatment resulted in enhanced binding of Sharpin and OS-9, it appears that this 

interaction is indeed a specific result of proteasome inhibition and not due to secondary 

effects of MG132 treatment like induction of ER or oxidative stress.    

 

3.1.2.3. No Effect of ERAD Inhibition on OS-9/Sharpin Interaction 

As shown in the previous section, oxidative or ER stress did not induce OS-9/Sharpin 

complex formation, whereas adding MG132 to cells in culture did. Since proteasome 

inhibitors, like MG132, disrupt not only normal cellular protein degradation but also ERAD, 

it seemed plausible that ERAD inhibition could actually be the stimulus for OS-9/Sharpin 

interaction, especially given that yeast OS-9 had already been shown to play a role in 

ERAD.  The non-competitive mannosidase I inhibitor 1-deoxymannojirimycin (dMM) is 

known to block the degradation of misfolded ER-proteins by inhibiting the ERAD pathway 

(Farinha and Amaral, 2005).     
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Figure 3.2  ER and Oxidative Stressors do not Promote Sh
Interaction 

HEK293 cells were transfected with c-myc-tagged OS-9 and PDZ-tagged 
Sharpin constructs. Prior to lysis the cells were treated with eithe
overnight or thapsigargin for 1 h or H2O2 for 4 h or DTT for 1 h. PDZ-Sharpin 
was precipitated from cell lysates with GKAP-coupled sepharose. Proteins 
eluted from the beads with Laemmli buffer were analyzed 
OS-9 coprecipitated with Sharpin only in the presence of proteasome

arpin-OS-9 

r MG132 

by Western blotting. 
 inhibitor.  
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In order to determine whether ERAD inhibition is sufficient to induce the OS-9/Sharpin 

interaction, HEK 293 cells overexpressing PDZ-tagged Sharpin and c-myc-tagged OS-9 

were treated overnight with dMM. In parallel with the dMM treatment, lactacystine, another 

proteasome inhibitor, was tested to further confirm that the complex formation between OS-

9 and Sharpin is triggered by inhibition of the UPS. In contrast to MG132, lactacystine is a 

non-reversible inhibitor, therefore, unlike MG132, it was only added to the cells, but not to 

the lysis buffer.    

 

As seen in Figure 3.3, the ERAD inhibitor dMM was not capable of inducing any detectable 

coprecipitation of OS-9 with Sharpin. On the other hand lactacystine as well as MG132 were 

both able to promote this interaction. This result clearly shows that the interaction between 

OS-9 and Sharpin is directly related to the inhibition of the proteasome and not caused by 

blocking ERAD. 
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Figure 3.3 ERAD Inhibition does not Promote Sharpin-OS-9 Intera
HEK293 cells were transfected with PDZ-tagged Sharpin and c-my
constructs. At 24 h post transfection inhibitors were added for overnight 
incubation as follows: 75 and 150 μM 1-deoxymannojirimycin (dMM), 5 and 10 
μM lactacystine, and 5 and 10 μM MG132. 36 h post transfec
lysed and the lysate was incubated with GKAP-coupled sepharose. The 
precipitated proteins were eluted as before and analyzed by We
Sharpin was detected with the α-Sharpin antibody and OS-9 was dete
α-c-myc antibody. 

ction 
c-tagged OS-9 

tion, the cells were 
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3.1.2.4. Subcellular Fractionation Analysis of the Sharpin/OS-9 Interaction 

As mentioned above, mammalian OS-9 has been described to be subcellularly localized to 

the cytoplasmic side of the ER membrane. Given that the Sharpin/OS-9 interaction occurs

only in the presence of proteasome inhibitor, one possible explanation was that diff

subcellular localizations of Sharpin and OS-9 prevent their interaction in non-treated cells. 

In order to determine, where this interaction occurs, a subcellular fractionation was 

performed on HEK 293 cells overexpressing c-myc-tagged OS-9 and PDZ-tagged Sharpin. 
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Figure 3.4 OS-9 and Sharpin Interaction analyzed by Sucrose Gradient 
Cellular Fractionation  

HEK293 cells were transfected overnight with c-myc-tagged OS-9 and PDZ-
tagged Sharpin constructs. At 24 h post transfection, DMSO or 10 μM MG132 was 
added for another 16 h. Then cells were homogenized and supernatants free of 
nuclei and cellular debris were loaded onto discontinuous sucrose gradients. After 
equilibration centrifugation, the gradients were fractionated and 80 μl of each 
gradient fraction were retained for Western blotting (top panel). Pull downs with 
GKAP sepharose (bottom panel) were done with the remaining 500 μl of each 
fraction. The precipitated proteins were analyzed by Western blotting. Sharpin was 
detected with the α-Sharpin antibody and OS-9 was detected with the α-c-myc 
antibody. The red arrow depicts the fraction with the highest extent of OS-9/ 
Sharpin coprecipitation.   
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A change in the distribution of both, Sharpin and OS-9, in the different fractions of the 

gradient was observed, when cells were treated with proteasome inhibitor. In the DMSO 

treated samples, Sharpin was seen predominately in the first four fractions and OS-9 

primarily in the first two fractions, but also to a lesser extent in fractions 6-8. In comparison, 

ounts of both proteins in all 
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the samples treated with MG132 showed an increase in the am

fractions of the gradient. This could mean that upon proteasome

become part of a higher molecular weight complex thereby changing

localization. To eludicate in which of the different fractions complex f

Sharpin and OS-9 occurred, each fraction was submitted to a GKAP pull-down assay and the 

precipitated proteins were analyzed by Western blotting.  

 

As shown in Figure 3.4, dependence of the OS-9/Sharpin interaction on proteasome

inhibition was once again confirmed. Complexes of these two proteins we

the fractions with lower sucrose concentration (fractions 1-7) and a clear peak of 

coprecipitation was seen in fraction 3. In order to determine where dif

organelles migrate in the sucrose gradient, aliquots of the i

with available antibodies directed against subcellular markers. The an
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Figure 3.5 Sucrose Gradient Fractionation Analysis 
Aliquots from each fraction of a gradient were separated by SDS PAGE and 
probed with antibodies against the following subcellular marker proteins: β-COP, 
EEA1, Adaptin γ, 20S proteasome subunit, and GAPDH. 
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detecting the Golgi apparatus (directed against GM130 and 58 K proteins) and the 

endoplasmic recticulum (directed against GRP 78) gave no signal in Western blots (data not 

shown), which is most likely due to low sensitivity or poor quality of the antibodies. 

However, antibodies recognizing β-cop (a marker for retrograde COP1 vesicle transport 

from the ER to the Golgi), EEA1 (an early endosome marker), adaptin γ (a protein involved 

in the sorting between the TGN and endosomes), the 20 S proteasome subunit, and the 

soluble cytosolic marker protein GAPDH, all gave reliable results. As indicated by the α-

GAPDH Western blot in Figure 3.5, the majority of the cytosolic proteins are located in 

fractions 1 and 2 and progressively lesser amounts occur in the fractions 3 to 6. Given that 

the peak of Sharpin/OS-9 interaction is detected in fractions 2 to 4, it seems that the 

interaction does not primarily occur in the cytosol. Furthermore, the Western blots show that 

β-COP is most prominently found in fractions 2 to 4 and that the 20S proteasome subunit is 

found exclusively in fractions 3 and 4. So the distribution patterns of both proteins 

overlapped with that of the Sharpin-OS-9 complexes, whereas the distribution patterns of the 

endosomal markers EEA1 and adaptin γ correlated poorly. Interestingly, fraction 3 contained 

the highest amounts of both Sharpin/OS-9 complexes as well as 20S proteasome subunit.    

  

 

3.1.2.5. Sharpin/OS-9 Colocalization in MG132-Treated Cortical Neurons  

In order to see, whether proteasome inhibitor-induced complex formation between Sharpin 

and OS-9 also occurs in a more physiologically relevant cell type, tagged constructs for both 

proteins were cotransfected into primary cortical neurons and their subcellular localization 

was analyzed by immunocytochemisty. When the cells were left untreated, Sharpin staining 

was concentrated in the nucleus, whereas OS-9 staining was largely cytoplasmic with the 

highest intensity in the vicinity of the nucleus. In contrast, when the neurons were treated 

with proteasome inhibitor, the majority of the Sharpin staining was seen in the cytoplasm, 

especially around the nucleus, and this cytoplasmic distribution coincided largely with that 

of OS-9. The colocalization of Sharpin and OS-9 in neurons after proteasome inhibition 

strongly suggests that also in this cell type complex formation is induced by blocking the 

UPS. 

 45
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Figure 3.6 Colocalization of Sharpin and OS-9 upon Proteasome 
Inhibition 

Flag-tagged Sharpin and c-myc tagged OS-9 were cotransfected in cortical neu-
rons (DIV 7), proteasome inhibitor was added on day 8 and the cells were finally 
fixed in 4% PFA on day 9. Sharpin was detected using α-Sharpin primary antibody 
and an α-rabbit Alexa 488 (green) secondary antibody. OS-9 was detected with α-
c-myc primary antibody and an α-mouse Cy3 (red) secondary antibody. 
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3.1.3. Sharpin/Rpt1 Interaction 
 

To better understand the dependence of the Sharpin/OS-9 interaction on proteasome 

inhibition, it was investigated, whether Sharpin bound directly to components of the 

proteasome. Enenkel et al. (1998) described the generation of an EGFP-tagged subunit of 

the 19S proteasome regulatory particle Rpt1, an ATPase that forms part of the hexameric 

ring in the 19S particle. In this construct, the Rpt1 cDNA had been cloned in frame behind 

the green fluorescent protein. The fusion protein was still incorporated into the 19S complex 

and also into functional 26S proteasomes. Therefore, it seemed possible to create a PDZ-

tagged Rpt1 protein that can still be integrated into the 26S proteasome. Using GKAP-

coupled sepharose, intact proteasomes could then be precipitated from lysates of cells 

overexpressing PDZ-tagged Rpt1.  

 

 

Figure 3.7 shows that Sharpin massively coprecipitates with the PDZ-tagged 19S 

proteasome subunit upon proteasome inhibition. This effect was confirmed in three more, 

independently performed experiments. However, antibodies directed against S5a, another 

protein in the 19S particle, and against the 20S proteasome subunit did not detect these 

proteins in the pull-down, suggesting that the interaction of Sharpin and Rpt1 does not 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Sharpin Coprecipitates with Rpt1, a 19S Proteasome Subunit  
HEK293 cells were transfected with PDZ-tagged Rpt1 and c-myc-tagged Sharpin 
constructs. The cells were treated with MG132 or left untreated. After cell lysis, 
Rpt1 was pulled down with GKAP-coupled sepharose. Precipitated proteins were 
eluted as before and analyzed by Western blot. Sharpin was detected with 
antibody and Rpt1 was detected with α-PDZ antibody. 

α-c-myc 
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require the structural context of an intact proteasome. So while it is clear that complexes of 

Sharpin and Rpt1 formed only in the presence of proteasome inhibitor, it cannot be 

concluded from these experiments that the transient nature of this interaction in the absence 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 shows that EDD1 indeed coprecipitated with Sharpin, but again the interaction 

was only seen in the presence of proteasome inhibitor.  

of MG132 is due to rapid degradation of the complex or one of the binding partners by intact 

proteasomes also present in the complex. 

 

 

3.1.4. Sharpin/EDD1 Interaction 
 

In the yeast two-hybrid screen with the middle region of Sharpin as bait, EDD1 had been 

found as a Sharpin binding protein. This is particularly interesting with regard to a possible 

role of Sharpin in the UPS. To test whether the interaction between Sharpin and the E3 

ligase EDD1 could be confirmed in mammalian cells, Sharpin and EDD1 were co-

overexpressed in HEK293 cells. Using the GKAP pull-down assay described before, PDZ-

tagged Sharpin was precipitated from cell lysates and blotted for the presence of EDD1. 
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Figure 3.8 Sharpin Coprecipitates with the E3 Ligase EDD1 
HEK293 cells were transfected with PDZ-tagged Sharpin and c-myc-tagged EDD1 
constructs. The cells were left untreated or treated with MG132 overnight. After cell 
lysis, Sharpin was precipitated using GKAP-coupled sepharose. Coprecipitating pro-
teins were eluted as before and analyzed by Western blot. Sharpin and EDD1 were 
both detected with α-c-myc antibody, as the Sharpin construct used in addition to the 
PDZ-tag also had a c-myc tag. 
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3.2. Association of Sharpin with Components of the  
                  Ubiquitin Proteasome System 
 
3.2.1. Sharpin/Ubiquitin Interaction  

3.2.1.1. Ubiquitin Binding via Sharpin’s NZF Domain 
 
Proteins containing Npl4 zinc finger domains (NZF) homologous to Sharpin’s zinc finger 

domain have previously been shown to bind ubiquitin (Alam et al., 2004). In order to 

determine whether or not Sharpin is also capable of ubiquitin binding, a GST-ubiquitin 

fusion protein was synthesized in E. coli and bound to glutathione sepharose. These 

ubiquitin beads were then incubated with a lysate of HEK293 cells overexpressing Sharpin. 

As a positive control for Sharpin binding, a GST fusion protein of the ankyrin repeat domain 

of Shank1 was used, while beads coated only with GST served as negative control.  

 

As shown in Fig. 3.9, Sharpin indeed strongly interacted with the GST-ubiquitin fusion 

protein. The amount of pull-down was similar to that seen with a fusion protein containing 

the Ankyrin repeats of Shank. The fact that GST without a fusion moiety did not detectably 

bind Sharpin shows that the interactions detected were not mediated by the GST portion of 

the fusion proteins.To verify that the C-terminal NZF domain of Sharpin was responsible for 
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Figure 3.9 GST-Ubiquitin Pull-down  
A c-myc Sharpin tagged construct was overexpressed in HEK293. Different 
aliquots of the same cell lysate were incubated with GST-Ankyrin repeats (Ank), 
GST, or GST-ubiquitin (Ubi) fusion proteins bound to glut
beads. Sharpin bound to the beads was eluted and immunoblotted with 
antibody. Sharpin bound to GST-ubiquitin equally well as to GST-Ankyrin 
repeats, whereas it did not bind to plain GST. The Sharpin 
a higher molecular weight than usual, because it contains a portion o
besides the c-myc-tag. 
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its interaction with ubiquitin, the yeast two hybrid system was employed. The part of the 

Sharpin cDNA encoding the NZF domain was cloned into the yeast-two hybrid bait vector 

pGBTK7, thereby generating a fusion protein with the DNA binding domain (BD) of the 

Gal4 protein that is a transcription activator. The ubiquitin cDNA was cloned into the prey 

vector pACT, which allows for the translation of a fusion protein with the activation domain 

(AD) of the Gal4 protein. If an interaction between Sharpin and ubiquitin occurs, yeast 

clones should grow on minimal agar plates without adenine, histidine, tryptophan, and 

leucine (quadruple drop-out (QDO) plates) due to transcription of the corresponding 

auxotrophy genes. When a single yeast colony containing both plasmids was serially diluted 

and spotted onto QDO plates, growth was observed even at a 10-4 dilution confirming that 

the interaction between Sharpin and ubquitin is indeed quite strong. 

 

The majority of interactions between UBDs and ubiquitin occur through the isoleucine 44 

residue of ubiquitin, which sits on one side of the ubiquitin molecule (Hicke et al., 2005). 

Recently, however, a novel interaction between an UBD and ubiquitin has been described. 

Penengo et al. (2006) have shown that one of the UBDs from Rabex-5 (Rab5 guanine-

nucleotide-exchange factor) interacts with the aspartate 58 residue of ubiquitin, which is 

located on the opposite side of the ubiquitin molecule. A single UBD bound to Asp 58 does 

not simultaneously make contacts with the Ile 44 residue. In the same study, it was shown 

that two Rabex-5 molecules can interact with the same ubiquitin molecule. The A20 zinc 

finger of one Rabex-5 molecule interacts with the Asp 58 residue, while the other binds to 

the classical Ile 44 residue of ubiquitin with a MIU domain (motif interacting with 

ubiquitin), which is the second type of UBD in Rabex-5. In an attempt to elucidate the role 

of these two different ubiquitin residues for complex formation with Sharpin, the following 

point mutations were introduced in the pACT-ubiquitin construct: Ile44Ala, Asp58Ala, and 

an Ile44Ala/Asp58Ala double mutation. The yeast strain AH109 was then cotransformed 

with the plasmid coding for the C-terminal NZF domain of Sharpin (pGBTK7) and the 

plasmids for these different ubiquitin mutants. As summarized in Table 3.2, no difference 

was seen in the extent of auxotrophic growth due to the interaction of Sharpin with either 

wild-type ubiquitin or one of the two different single point mutants. However, the interaction 

between the double point mutant and Sharpin’s NZF domain was clearly weaker. This result 

suggests that the NZF domain of Sharpin can bind with comparable affinities to Asp 58 and 

 50
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Ile 44 of ubiquitin, but in the absence of both residues its binding to ubiquitin is considerably 

diminished. 

Plasmids cotransformed with the  

Sharpin NZF domain (pGBKT7) 
Growth 

pACT Ubi +++ 

pACT Ubi Ile 44 Ala +++ 

pACT Ubi Asp 58 Ala +++ 

pACT Ubi Ile 44 Ala + Asp 58 Ala + 

 

 

 

 

 

3.2.1.2. Sharpin Pull-Down with K48- and K63-Linked Ubiquitin Chains 

As shown above, Sharpin interacts with GST-ubiquitin monomers. In cells, ubiquitination 

comes in different forms: mono-, multimono-, and polyubiquitination. The latter can be 

further divided into groups based upon which lysine residue is used in the isopeptide bonds 

(Hicke et al., 2005). Ubiquitin has seven lysine residues that have been shown to form 

linked ubiquitin chains; Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63 (Peng et al., 

2003). The functions of Lys11, Lys27, and Lys33-linked ubiquitin chains are unclear to date, 

Lys6-linked chains have been associated with DNA repair, and Lys29-linked chains are 

involved in proteasome degradation (Pickart and Fushman, 2004). The best studied forms 

are Lys48- and Lys63-linked chains. The majority of proteins targeted for proteasome 

degradation are modified with Lys48-linked ubiquitin chains (Finley et al., 1994). Proteins 

ubiquitinated with Lys63-linked chains have been shown to be involved in receptor endo-

cytosis and subcellular sorting, DNA damage repair, stress response, translation, as well as 

the NFκB signaling pathway (Hicke, 1997; Sun and Chen, 2004; Arnason and Ellison, 1994; 

Spence et al., 2000; Deng et al., 2000). In order to determine, whether Sharpin preferentially 

binds to a certain type of polyubiquitin chains, pull down experiments with Lys48- and 

Lys63-linked ubiquitin chains coupled to NHS-sepharose were performed. Some 

representative results are shown in Figure 3.10 on the next page.  

Table 3.2  NZF domain of Sharpin Interacting with Ubiquitin variants 

Plasmids containing the cDNA for Sharpin’s NZF domain as bait and wildtype or point 
mutated ubiquitin as prey were cotransformed in AH109 cells. From each cotrans-
formation single colonies (∅ 1 mm) were serially diluted. An aliquot of each dilution 
was plated onto QDO and analyzed for growth. 
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Figure 3.10 Sharpin Coprecipitates with K48- and K63-linked Ubiquitin 
 Chains 
HEK293 cells were transfected with c-myc-tagged and PDZ-tagged Sharpin con-
structs and treated with MG132 as before. Cell lysates were equally divided in 
three portions. One was incubated with Lys48-linked polyubiquitin beads and 
another with Lys63-linked polyubiquitin beads. A control fraction was incubated 
with monoubiquitin-GST bound to glutathione beads. After washing the beads, 
attached proteins were eluted with Laemmli buffer and analyzed by Western 
blotting with α-Sharpin and α-ubiquitin antibodies. The position of the Sharpin 
band is marked by an arrow. Question marks label two unknown proteins that 
were prominently found in the ubiquitin-GST pull-downs. The asterisk denotes 
the band representing the GST-ubiquitin fusion protein itself. 
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For these experiments, HEK293 cells were transfected with a c-myc-tagged as well as with a 

PDZ-tagged Sharpin construct; the cells were split and treated with MG132 as described 

above. The lysate was equally divided in three portions and 40 µl of Lys48-linked 

polyubiquitin beads were added to one fraction, while another one was mixed with 40 µl of 

the Lys63-linked polyubiquitin beads. As positive control 10 µl of GST-ubiquitin bound to 

glutathione sepharose beads were added to the third fraction.  It is evident from Figure 3.10 

that Sharpin coprecipitated with Lys48- and Lys63-linked ubiquitin chains as well as with 

monoubiquitin. However, especially when comparing the lanes with samples that were not 

treated with proteasome inhibitor, it appears that the interaction of Sharpin with Lys63-

linked polyubiquitin chains was the strongest. Two different Sharpin constructs were tested 

in these experiments: one resulting in Sharpin that was fused to the PZD domain of Shank1 

and one encoding C-terminally c-myc-tagged Sharpin. Comparing the intensities of the 

Sharpin bands in the left (PDZ-tagged Sharpin) and the right (c-myc-tagged Sharpin) panels 

of the figure above, suggests that the Sharpin-PDZ fusion protein is either expressed at a 

higher level or is more stable in cells than c-myc-tagged Sharpin; the reason for this is 

presently unclear. In addition to the primary band of the expected molecular weight for 

Sharpin, the α−Sharpin antibody also detected additional bands of higher molecular weight 

that could represent variously ubiquitinated forms of Sharpin. However, when the 

membranes were probed with the α-ubiquitin antibody, these same bands were not detected, 

indicating that they do not represent polyubiquitinated Sharpin. However, it cannot be ruled 

out that the antibody used is not sensitive enough for detection of multimonoubiquitinated 

Sharpin.  

 
3.2.2. Sharpin/Rad23 Interaction  
 

Polyubiquitinated proteins are translocated to the active proteasome by ubiquitin receptor 

proteins that contain ubiquitin binding motifs and at the same time interact with the 

proteasome. Rad23 is such a carrier protein. It contains two ubiquitin-associated (UBA) 

motifs that bind polyubiquitinated proteins and it also has an ubiquitin-like element through 

which it binds to the proteasome (Chen et al., 2001; Chen and Madura, 2002). To test 

binding of Sharpin to these UBA domains, pull-down experiments were done with a 

commercially available kit that utilizes beads coated with Rad23-derived UBA motifs for 

enrichment of ubiquitinated proteins. Lysate of HEK293 cells transiently overexpressing 
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Sharpin-EGFP was incubated with 40 µl of these beads. Proteins in the pull-down were 

separated by SDS PAGE and immunodetected with α-Sharpin antibody. 

 

 

Sharpin clearly coprecipitated with the Rad23 beads. However, coprecipitated Sharpin ran as 

a single sharp band, whereas proteins that normally coprecipitate with Rad23 show a typical 

broad smear towards higher molecular weight due to the heterogeneity of their degree of 

polyubiquitination. Since Sharpin bound to Rad 23 domains was apparently not 

polyubiquitinated, it might have also indirectly bound to Rad23 by interacting with other 

proteins in the lysate that were in turn then captured by the Rad 23 UBA beads due to their 

polyubiquitination.  

  

ated 
BA) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 Pull-down with UBA domain of Rad23 
An EGFP-tagged Sharpin was overexpressed in HEK293 cells for 36 h. 
Lysates of untransfected or  Sharpin-overexpressing cells were incub
with 40 μl of beads coated with GST-Rad23 Ubiquitin-associated (U
domains. Bound proteins were eluted with Laemmli buffer and 
immunoblotted with α-Sharpin antibody.  
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3.2.3. Sharpin/S5A Interaction  
 

The proteasome subunit S5a is another ubiquitin receptor and contains two ubiquitin 

interaction motif (UIM) domains. These domains belong to the same helical UBD structure 

group as the UBA domains from Rad23, but they have a slightly different tertiary structure. 

In order to test interaction of Sharpin with this second kind of UBD, the coding region for 

human S5a was amplified from HEK293 cDNA and cloned into the pGEX6P1 vector. S5a-

GST fusion protein immobilized on glutathione beads was then used, as described, to isolate 

ubiquitinated proteins from cell lysates.  

 

Figure 3.12 shows that GST-S5a, like the RAD23-derived fusion protein, was able to pull 

down Sharpin from lysates. As before, Sharpin that was precipitated with the ubiquitin 

binding protein gave a discrete single band in the western blot indicating again that it was 

not polyubiquitinated. Therefore, Sharpin may only interact indirectly via binding to other 

polyubiquitinated proteins with S5a. An attempt was made to clarify, whether Sharpin 

interacts directly or indirectly with ubiquitin receptors, like Rad23 and S5a, by using the 

yeast two-hybrid system. Full length Sharpin cDNA and truncated constructs coding for only 
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Figure 3.12  Sharpin Coprecipitates with S5a  
Sharpin was overexpressed in HEK293 cells and the lysate was divided equally. 
Ubiquitin-GST and S5a-GST fusion proteins were added to the ly
incubated. Sharpin was detected with anti-c-myc antibody. The band marked by 
an asterisk is an unspecific band recognized by the c-myc antibody. 
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the N-terminus (aa 1-170), the middle part (aa 171-304) or the C-terminus (aa 305-381) were 

cloned into the bait vector pGBKT7. The S5a cDNA was cloned into the prey vector pACT. 

After cotransfection into the AH109 yeast strain and appropriate selection, a single colony 

was serially diluted and spotted onto QDO-Agar. There was no interaction between S5a and 

any of the deletion mutants of Sharpin. However, whether or not full length Sharpin interacts 

with S5a could not be determined, because expression of full length Sharpin alone in the test 

strain was sufficient to activate the galactose operon that controls all auxotrophy markers. 

3.2.4. Intramolecular Regulation of Sharpin/UPS Interactions  
 

According to Kang et al. (2007) some proteins containing both a ubiquitin-like (Ubl) and a 

ubiquitin binding domain (UBD) form an intramolecular complex between these two 

domains thereby regulating their binding to ubiquitin. As Sharpin contains both of these 

domains, such an intramolecular interaction could also occur in Sharpin.  

The cDNA coding for the ubiquitin-like domain from the middle part of the Sharpin 

molecule was cloned into pACT and the cDNA coding for the C-terminal NZF-UBA domain 

was cloned into pGBKT7. After cotransformation and selection, a single colony was serially 

diluted and plated onto QDO agar. Up to a 10-3 dilution, growth occurred, clearly 

demonstrating that the two domains interacted with each other. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sharpin

N-terminus                        Ubiquitin-like                    C-terminal
middle domain NZF-domain 

Sharpin

N-terminus                        Ubiquitin-like                    C-terminal
middle domain NZF-domain 

Sharpin

N-terminus                        Ubiquitin-like                    C-terminal
middle domain NZF-domain 

Diagram 3.1 Proposed Intramolecular Interaction of Sharpin 
A schematic representation of the proposed intramolecular interaction of Sharpin. 
Using the yeast two-hybrid system the C-terminal NZF-domain of Sharpin has 
been shown to have affinity for the ubiquitin-like middle domain.  
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eza (2003), who had 
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3.3. Sharpin/Shank Interaction 
 
3.3.1. Effect of MG132 on Coprecipitation of Sharpin and Shank  
 

Figure 3.13 shows experiments confirms previous findings by Mam

previously shown that the N-terminus of Shank (1-171 aa) can form an intramolecular 

interaction with the ankyrin repeat domain of Shank.  

In
pu

t

kDa

75

50

G
K

A
P 

pu
lld

ow
n

Shank
N-Terminus

In
pu

t

kDa

75

35

G
K

A
P 

pu
lld

ow
n

A B

Shank

Sharpin

In
pu

t

G
K

A
P 

pu
lld

ow
n

kDa

75
75

HEK293

Cortical neurons

C

Sharpin

ShankShank

In
pu

t

kDa

75

50

G
K

A
P 

pu
lld

ow
n

G
K

A
P 

pu
lld

ow
n

In
pu

t

Shank
N-Terminus

kDa

75

35

G
K

A
P 

pu
lld

ow
n

A B

ShankShank

SharpinSharpin

In
pu

t

G
K

A
P 

pu
lld

ow
n

kDa

75
75

HEK293

Cortical neurons

C

Figure 3.13  Shank-Sharpin Interaction in HEK293 Cells and Neurons 
A) A construct encoding Flag-tagged, N-terminally deleted Shank (aa 194-
774) and one consisting only of the N-terminus of Shank (aa 72-174) fused in 
frame with EGFP were coexpressed in HEK293 cells. Using GKAP-coupled 
sepharose, the N-terminally deleted Shank was precipitated from lysates. 
Precipitated ShankΔNT and co-precipitated ShankNT were detected with α-
FLAG and α-EGFP antibodies, respectively. B) A GKAP pull-down was 
performed with lysates of HEK293 cells coexpressing Shank (aa 72-774) with 
c-myc-tagged Sharpin. Shank and Sharpin were detected with α-Shank and α-
c-myc antibodies, respectively. C) EGFP-tagged Sharpin and flag-tagged 
Shank (aa 72-774) constructs were transfected in cortical neurons (DIV 7). In 
GKAP pull-downs from lysates prepared 48 h post transfection, Sharpin and 
Shank were immunoblotted with α-EGFP and α-FLAG antibody, respectively. 
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This interaction was confirmed here by coprecipitation of a construct that only comprised 

the aminoterminus of Shank with an N-terminally deleted Shank construct (see panel A of 

Figure 3.13). On the other hand, Lim et al. (2001) had previously also described binding of 

Sharpin to Shank mediated by the N-terminal ankyrin repeat domain of Shank. In an attempt 

to also reproduce this interaction, a GKAP pull-down was performed with lysates of 

HEK293 cells cotransfected with cDNAs for Shank (aa 72-774) and Sharpin. However, as 

ound, binding of Sharpin to 

ary cortical 

y be dependent on the cellular 

uli tested were ionomycin, 

istate-13-acetate), which 

r, and the proteasome 

e inhibitor MG132 at 

 

 

 

 

 

 

 

 

 

 

 

 

 

Input                             GKAP pulldown

shown in panel B of Figure 3.13, no Sharpin band was found in such pull-downs. Since 

failure to detect an interaction could be due to the cellular backgr

the N-terminal ankyrin repeat domain of Shank was also assessed in prim

neurons. When an EGFP-tagged Sharpin construct was coexpressed with Shank in cortical 

neurons, an interaction between both proteins was readily detectable. Taken to together, 

these results suggested that the Shank/Sharpin interaction ma

context or on a certain stimulus. In order to test this, HEK293 cells overexpressing Shank 

and Sharpin were treated with various chemicals. Among the stim

which raises intracellular Ca2+ levels, PMA (phorbol 12-myr

activates protein kinase C, stauroporine, a broad kinase inhibito

inhibitor MG132. After treating the cells for 16 h with the proteasom

10 µM final concentration, we observed a strong increase in the interaction between Shank 

and Sharpin. 

+                           +      MG132 

Shank

SharpinSharpin

kDa
75
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Figure 3.14  Shank/Sharpin Interaction in the Presence of Proteasome 
Inhibitor  

Sharpin and a N-terminal Shank construct (aa 72-774) were co-overexpressed in 
HEK293 cells, and the cells were treated with 10 µM MG132 as before. GKAP 
pull-downs were performed with the lysates. MG132 not only increased the 
protein level of Sharpin dramatically, but also the amount of Sharpin that 
coprecipitated with Shank.  
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As shown in Figure 3.14, the amount of Sharpin present in whole cell lysate as well as in 

GKAP pull-downs increased dramatically by MG132 treatment, whereas levels of Shank 

protein remained unchanged. This cannot be due to differences in transfection efficiency 

between the treated and untreated samples, as the cells for both samples originated from the 

same transfection plate. If Sharpin were normally rather instable in the cellular environment, 

disrupting the steady state equilibrium between its permanent degradation by the proteasome 

and replenishment by de novo synthesis with a proteasome inhibitor could explain the 

massive accumulation of Sharpin seen after MG132 addition. However, the experiments 

described in Section 3.1 demonstrate that, even when the expression of Sharpin was 

stabilized by fusing it to the PDZ domain of Shank1, its interaction with OS-9 still required 

the presence of proteasome inhibitors. Therefore the most plausible explanation seems that 

Sharpin interacts with its partners in a transient complex that is stabilized by inactivation of 

the proteasome.  

 
 
3.3.2. Protein Stability Analyses of Sharpin and Shank  

3.3.2.1. Pulse-Chase Experiments in HEK293 Cells 

The hypothesis outlined above assumes that the Sharpin pool in cells is normally rapidly 

turned over. In order to test this, the half-life of Sharpin was determined in a pulse-chase 

experiment. To this end, Sharpin was overexpressed in HEK293 cells and an in vivo pulse 

labeling of cellular proteins was performed using radiolabeled 35S-methionine as described 

in Section 2.2.4.8. After different chase periods with medium containing non-radiolabeled 

methionine, Sharpin was immunoprecipitated with anti-c-myc antibody from the cell lysates. 

Figure 3.15 illustrates that radiolabeled Sharpin had almost completely disappeared from the 

cells within 6 h of the chase period.  By quantifying of the immunoprecipitated protein 

bands in panel A the half-life of Sharpin was calculated to be approximately 1.5 h. A similar 

value was also obtained in two other, independently performed experiments. So Sharpin is 

indeed a very short-lived protein in HEK293 cells and the large effect of MG132 treatment 

on its cellular abundance suggests that proteasomal degradation is a major contributing 

factor to its rapid turn-over in HEK293 cells. 
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In order to also determine the half-life of Shank and to test whether Sharpin affects the 

cellular turn-over rate of Shank, a similar pulse-chase experiment as described above was 

performed using HEK293 cells transfected with a HA-tagged Shank expression plasmid 

either alone or together with a full length Sharpin construct.   

 

 
Shank was immunoprecipitated with an α-HA-antibody and autoradiographically quantified. 

Cotransfection of Sharpin together with Shank resulted in a ~50% decrease of labeled Shank 

in comparison to transfection of Shank alone (compare the bars labeled “pulse” +/- Sharpin 

in panel B of Figure 3.16). However, the kinetic of disappearance of radiolabeled Shank was 
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Figure 3.15  In vivo labeling of Sharpin  
A) Sharpin was overexpressed in HEK293 cells and cellular proteins were labeled 
with 35S methionine for 1 h. After the initial pulse labeling,
chase medium for 1.5 h, 3 h, and 6 h and the disappearance of labeled Sharpin was 
autoradiographically monitored in immunoprecipitates with α-c-m
B) Bar chart diagram of the measured band intensities plotted versus the 
incubation time with non-radioactive chase medium. 

 the cells were given 

yc antibody.  
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unchanged by the presence of Sharpin. The amount of labeled Shank protein declined by 

roughly 30% within a 6 h chase period, whether Sharpin had been cotransfected or not. The 

results outlined above demonstrate that Shank is a much more stable protein in HEK293 

cells than Sharpin (t1/2 >6h versus t1/2 = 1.5 h, respectively) and that in these cells 

coexpression of Sharpin does not significantly alter the half-life of Shank. 

 

  

3.3.2.2. Cycloheximide Experiments with Cortical Neurons 

In order to determine, whether endogenous Sharpin is also a short-lived protein in cortical 

neurons, its stability was assessed by treating neurons with cycloheximide. This inhibitor of 

protein translation was added to the medium of cortical neurons (DIV 14) at different time 

periods before lysis (between 0.5 and 32 h).  

d for over-

 of the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.16  In vivo labeling of Shank 
A pulse-chase experiment as described above was also performe
expressed Shank with and without cotransfection of Sharpin. A) Autoradiograph 
of α-HA immunoprecipitated, radiolabeled Shank. B) Bar chart diagram
measured band intensities plotted against the chase duration. 
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Figure 3.17 Sharpin Stability in Cortical Neurons 
A) Cortical neurons (DIV 14) were treated with 10 µg/ml cycloheximide or 
vehicle for the time periods indicated. After that the neurons were lysed and 
equal amounts of protein for each sample were analyzed by Western blot 
with specific antibodies against Sharpin, Shank1 and Shank3, respectively. 
B) The intensities of the bands in panel A were quantified and plotted against 
the treatment duration.  

 

α-Shank 1 

α-Shank 3 
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Cell lysates were then immunoblotted with antibodies against Sharpin, Shank1 and Shank3. 

As shown in Figure 3.17, endogenous Sharpin was quite stable in cortex neurons. Even 32 h 

after blocking de novo protein synthesis, the Sharpin level in neurons had only declined by 

about 20 %. In contrast, the levels of Shank1 and Shank3 protein declined within 5 h after 

cycloheximide addition by about 50 %, and then remained flat for the rest of the time period 

analyzed. In summary, the turn-over rates of Sharpin and Shank seem highly dependent on 

the cellular background and their order of stability is completely reversed in cortical neurons 

as compared to HEK293 cells. However, it cannot be ruled out that the observed discrepancy 

can also be due to the difference in methods used for assessing protein stability in neurons 

versus HEK293 cells (cycloheximide treatment versus pulse-chase labeling). 

 

3.3.3. Postsynaptic Density Analyses  
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Figure 3.18 Verification of PSD Enrichment 
PSD was prepared from cultured cortical neurons (DIV 14). Aliquots of the un-
purified input material and the purified PSD preparation are compared by Western 
blotting with a specific antibody against the PSD marker protein-PSD-95. 

3.3.3.1. Effect of Bicuculline and MG132 on Shank1 Levels in P

According to Ehlers (2003), when cortical neurons are 

bicuculline, a GABAA receptor antagonist that increases excitatory synaptic ac

a decrease in the amount of Shank1 in PSD preparations compared to unstim

This decrease of Shank protein in overstimulated synapses

function, because the author showed that the amount of Shank1 rema

the neurons are concomitantly treated with proteasom

involved in targeting Shank1 for proteasomal degradation in response to synaptic 

overstimulation of neurons, we tried to confirm the results published 

his protocol for preparing PSD from cultured cortical neurons.  
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g this protocol by 

-95 in an aliquot of the 

material. Next PSD-

les were compared for 

s were immunoblotted 

independently.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Shank1 band intensities were normalized to tubulin as a loading control. A substantial 

decrease in the amount of Shank1 present in PSDs from the bicuculline treated neurons 

Figure 3.18 documents successful enrichment of PSD proteins usin

showing a substantial increase in the PSD marker protein PSD

purified PSD fraction versus an aliquot of the unpurified starting 

enriched fractions from bicuculline-treated and untreated samp

changes in Shank1 content. Three preparations of cortical neuron PSD

using an α-Shank1 antibody and each preparation was analyzed twice 
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Figure 3.19 PSD Preparations Analyzed for Shank1  
A) Cortical neurons (DIV 14) were treated as indicated above with 40 µM 
bicuculline for 48 h and 10 µM MG132 for 16 h prior to harvesting. Post-synaptic 
densities were prepared and analyzed by immunoblotting with the α-Shank1 
antibody. B) A qualitative evaluation of the data shown in panel A. The effect of 
MG132 treatment on the ratio of Shank1 protein levels in the PSD in the presence 
of bicuculline versus in the absence of bicuculline. The data is given as mean ± 
SEM.   

α-Shank1 

α-Tubulin 
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could be verified (Compare the first and third lane in panel A of Figure 3.19). Proteasome 

inhibition with MG132 partially prevented this decrease (compare the third and fourth lane 

in panel A of Figure 3.19).  There was a statistically significant reduction of  Shank protein 

levels in PSDs after bicuculline treatment in the absence of MG132 (p=0.016), whereas there 

was only a statistically non-significant trend toward lower Shank protein levels in PSDs after 

bicuculline treatment of MG132 inhibited cells (p=0.11) As illustrated by panel B of Figure 

3.19, the ratio of the Shank1 levels in PSDs in the presence versus absence of bicucullin 

treatment was improved by approximately  50%, when cells were concomitantly treated with 

MG132. This seems primarily due to MG132 treatment partially preventing bicuculline-

induced Shank1 degradation in PSD, rather then a general increase in Shank levels in the 

presence of proteasome inhibitor, because repeated experiments showed that in the absence 

of bicuculline treatment, proteasome inhibition with MG132 alone did not cause a detectable 

increase in the amount of Shank1 present in the PSD fraction. 

  

3.3.3.2. MG132-Induced Sharpin Accumulation in the PSD 

The purified PSD fractions were also immunoblotted with an antibody against Sharpin. 

When the intensities of the bands from the vehicle control samples and the proteasome 

inhibitor treated samples are compared (see Figure 3.20; third and fourth lane of the top blot 

in panel A), a strong increase in the amount of Sharpin present in the PSD is evident. 

Quantification of the Sharpin band intensities normalized to the tubulin loading control re-

vealed that the amount of Sharpin found in the PSD after proteasome inhibition had more 

than doubled. This 115% increase was statistically significant (p=0.0448, Student’s t-Test). 

The fact that at the same time there was no substantial increase in the Sharpin levels detected 

in the unpurified input material after MG132 treatment (compare first and second lane of the 

top blot in panel A of Figure 3.20) suggests that proteasome inhibition increased the locali-

zation of Sharpin in the PSD rather than the overall Sharpin protein level in the neurons. 
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Figure 3.20 Accumulation of Sharpin in the PSD upon Proteasome     
Inhibition 

A) PSDs were prepared from cortical neurons (DIV 14) with or without protea-
some inhibition by MG132 treatment for 16 h. B) The averag
Sharpin bands were normalized to a loading control (tubulin
average ±SEM; n=6.  

Tubulin

Input                              PSD 

Sharpin

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Control                               MG132             A
ve

ra
ge

 C
or

re
ct

ed
 In

te
ns

ity

MG132                      +                                   +

A

B

kDa
50

50 Tubulin

Input                              PSD 

Sharpin

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Control                               MG132             A
ve

ra
ge

 C
or

re
ct

ed
 In

te
ns

ity

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Control                               MG132             A
ve

ra
ge

 C
or

re
ct

ed
 In

te
ns

ity

MG132                      +                                   +MG132                      +                                   +

A

B

kDa
50

50



                                                                                                                                                                       Results 
                                                         

 67

 of 

or 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22 shows representative pictures of DAPI and α-Sharpin antibody stained cortical 

neurons. While in vehicle-treated control neurons some cytosolic distribution of Sharpin is 

3.3.4. Immunocytochemical Analyses 

3.3.4.1. MG132-Induced Change in the Subcellular Localization of Sharpin 

The massive accumulation of Sharpin in the PSD region upon proteasome inhibition

cortical neurons was also investigated by immunocytochemistry. To this end, cultured 

cortical neurons (DIV 7) were transfected with a flag-tagged Sharpin vector. The next day 

vehicle or MG132 (10 µM final concentration) were added. Another 24 h later the neurons 

were fixed with 4% PFA. Sharpin was detected using the α-Sharpin antibody followed by an 

Alexa 488(green)-labeled secondary anti-rabbit antibody. In order to quantify this effect, 70 

neurons from untreated and MG132-treated samples were scored positive or negative f

cytoplasmic localization of Sharpin based upon the criterion, whether staining intensity was 

greater in the cytosol or nucleus, respectively. As illustrated in Figure 3.21, the number of 

cells with Sharpin accumulated in their cytoplasm increased approximately six fold in the 

presence of the proteasome inhibitor.  
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Figure 3.21 Quantification of the Change in Sharpin Localization 
Neurons immunostained with α-Sharpin antibody (as shown in Figure 3.22 below) 
were analyzed for subcellular distribution of Sharpin. For both treatment groups, 
70 neurons were scored and the number of cells that stained positive for Sharpin 
primarily in the cytoplasm is graphed. 
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visible, the majority of Sharpin molecules are clearly localized in the nucleus. Th

confirmed by co-staining with DAPI (4',6-diamidino-2-phenylindole). Upon proteasom

inhibition, however, most of the Sharpin molecules were exported from

accumulated in the cell soma and in the dendrites. 
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Figure 3.22 Intracellular Localization of Sharpin 
Flag-tagged Sharpin was overexpressed in cortical neurons (DIV 7), 10 µM of 
proteasome inhibitor (MG132) was added on day 8 and the cells were fixed in 4% 
PFA on day 9. Sharpin was detected using an α-Sharpin primary antibody and an 
anti-rabbit Alexa 488 secondary antibody. The nuclei were visualized with DAPI 
staining.  
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It has been reported in the literature that proteasome inhibitor treatment induces cellular side 

effects like ER stress and apoptosis (Paschen and Mengesdorf, 2003, Suh et al., 2005). 

Looking at the morphology of the proteasome treated neurons, the irregular accumulation of 

proteins in aggregrates along the dendrites could represent an apoptotic feature known as 

blebbing. In order to determine, whether or not the treated cells are undergoing apoptosis, a 

method described by Aharoni et al. (1997) was employed to visualize apoptotic cells by 

DAPI staining of the nucleus. Under a fluorescence microscope nuclei of apoptotic cells can 

be clearly distinguished from those of healthy cells by DNA fragmentation and nuclear 

condensation. As shown in Figure 3.23, the nuclei of vehicle control and MG132 treated 

cells are indiscernible and appear to be normal and healthy in both cases, when compared to 

the DAPI staining pattern of an apoptotic nucleus.  

 

 

Lack of DNA-fragmentation suggested by the DAPI staining method illustrated in Figure 

3.23 was independently confirmed by a DNA fragmentation assay. After treatment for 16 h 

with vehicle or MG132, cortical neurons (DIV 9) were lysed in TTE Buffer. Fragmented 

DNA was precipitated using glycogen as a carrier and analyzed by agarose gel electro-

phoresis.   
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Figure 3.23 Morphological Comparison of DAPI-stained Nuclei  
The nuclei of the same cells as depicted in Figure 3.22 are shown here for com
parison to a nucleus from an apoptotic cell. While the nucleus of
on the right is clearly fragmentated, the nuclei of the DMSO as well as the MG132 
treated cells look morphologically normal and healthy. 

-
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While some degree of DNA fragmentation was observed in both samples, there was no 

significant increase in the extent of DNA fragmentation by MG132 versus control (compare 

the third and second lane in Figure 3.24). 
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Figure 3.24  DNA Fragmentation Assay 
Cortical neurons (DIV 8) were treated for 16 h with proteasome 
lysis. Using glycogen as a carrier, fragmented DNA was pr
on a 2 % agarose gel. A characteristic ladder of fragmented
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3.3.4.2. MG132-Induced Sharpin/Shank Colocalization in Dendritic Aggregates  

As shown above in Figure 3.22, the amount of Sharpin staining in the cytoplasm and 

dendrites increased, when neurons were treated with proteasome inhibitor. Also the amount 

of Sharpin in PSD preparations was shown here to increase in MG132-treated cortical 

neurons (see Figure 3.20). Both these observations raise the question as to whether 

proteasome inhibition increases cellular co-localization of Sharpin with Shank1. To test this 

possibility, DIV-7 cortical neurons cotransfected with Shank1 and Sharpin expression 

constructs were immunofluorescently  labeled with α-Shank1 and α-Sharpin antibodies.  

 

Figure 3.25 shows that in cells treated with DMSO both antibodies show weak, but 

homogeneously distributed staining of cytoplasm and dendrites, while the nucleus stains 

strongly for both Sharpin and Shank1. As the neurons in this experiment were only cultured 

for 9 days they had not yet developed mature spines; therefore the typical spine puncta, 

normally seen when neurons are stained for Shank, are not seen here. In contrast to the 

homogeneous staining of the dendrites in vehicle-treated neurons, irregularly shaped 

aggregates that strongly stained for Shank became visible in the dendrites of neurons that 

were treated with proteasome inhibitor (see panel A in Figure 3.25). Furthermore, it appears 

that Shank and Sharpin colocalize in these areas. This can be seen better in the enlarged 

views of the boxed areas that are shown in horizontal orientation directly underneath panel 

A of Figure 3.25.  

 

Panel B of Figure 3.25 depicts a shorter exposure of a proteasome inhibitor treated cell 

costained with DAPI and α-Sharpin antibody to illustrate the marked decrease in nuclear 

Sharpin staining compared to the DMSO-treated cells in the top row of panel A. The DAPI-

staining also confirms that there were no signs of nuclear fragmentation in the same cell. 
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Figure 3.25 Colocalization of Shank1 and Sharpin 
A) Shank1 and Sharpin were overexpressed in cortical neurons (DIV 7). Protea-
some inhibitor was added on day 8 for 16 h before fixing the cells with 4 % PFA. 
Sharpin and Shank were detected with α-c-myc and α-Shank1 antibodies, respec-
tively. The white boxes depict regions that are shown enlarged at the bottom of 
panel A. B) A shorter exposure of an MG132-treated cell from panel A shown to 
illustrate the much reduced Sharpin staining in the nucleus. The DAPI staining 
also reveals that there were no signs of nuclear fragmentation. 

           α-Sharpin                           DAPI                           Overlay  
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Chapter 4 Discussion 

 

In the brain synapses are constantly being modified or remodeled depending upon neuronal 

activity. This activity-dependent ability of synapses to change has been termed synaptic 

plasticity, and lies at the foundation of most learning, memory, and synaptic development 

models (Abbott and Nelson, 2000). The synapse may undergo short-term modifications 

lasting only up to a few minutes. These modifications are generally of a post-translational 

nature like changes in the phosphorylation status of protein components. On the other hand, 

long-term modifications may last from a few hours to a number of years. These persistent 

modifications require more stable changes that involve the transcription of new mRNAs, 

synthesis of new proteins, and potentially new synaptic growth. Until recently these were the 

main paradigms for changes in synaptic architecture, but an increasing number of studies 

implicating local protein degradation by the proteasome in synaptic plasticity has reshaped 

this view (Hegde, 2004) and has directed more attention to ubiquitination as another 

important posttranslational modification that influences the remodeling of synapses. It 

appears that synergistic action between protein synthesis and protein degradation is crucial 

for synaptic plasticity, Fonseca et al. (2006) have shown that balance between the synthesis 

and degradation of PSD proteins is a key factor for the late phase of long-term potentiation, 

which results in enhanced synaptic transmission. 

 

Sharpin was originally identified by Lim et al. (2001) as a protein that interacted with 

Shank. It was subsequently shown to interact and colocalize with Shank1 at the synapses of 

hippocampal neurons. Interestingly, in silico analysis of Sharpin using bioinformatics tools 

like MotifScan and SMART identifies two relevant ubiquitin signaling motifs: a type 2 

ubiquitin-like domain (Ubl) in the middle of the protein and a NZF ubiquitin binding domain 

at its C-terminus. NZF domains have been reported to mediate binding to mono- and poly-

ubiquitin side chains of proteins, suggesting that Sharpin might specifically interact with 

proteins that are modified by ubiquitination. To date, 16 different ubiquitin binding domains 

(UBD) have been identified. These can be categorized into three main groups: helical 

ubiquitin-binding domains, ZnF domains, and Ubc-related domains (Hurley et al. 2006). The 

NZF domain of Sharpin belongs to the ZnF domain group. Experiments performed in the 

course of this thesis provided clear evidence that Sharpin is indeed involved in some aspect 
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of the ubiquitin pathway. In vitro pull down assays confirmed that Sharpin interacts with 

monoubiquitin. Monoubiquitination has been shown to act as a signal for diverse processes 

like endocytosis, protein trafficking, and gene silencing (Pickart and Fushman, 2004). 

Consequently, proteins that interact with ubiquitin, termed ubiquitin binding proteins or 

ubiquitin receptors, regulate important cell signaling mechanisms, for instance via trans-

location of ubiquitin-conjugated proteins to the proteasome or via endocytosis of cell surface 

receptors. Using the yeast-two hybrid system, I was able to prove that ubiquitin binding of 

Sharpin occurs through its NZF domain. The C-terminal glycine (Gly76) residue of ubiquitin 

can be attached to lysine residues of target proteins through an isopeptide bond. To form a 

polyubiquitin chain, subsequent molecules of ubiquitin can be attached to this starter mole-

cule through linkages with one of seven lysine residues. The type of ubiquitin chain linkage 

is known to be a key factor in the recognition of these chains by different ubiquitin binding 

proteins, which in turn determines the functional consequences of the modification. Proteins 

modified with Lys 48-linked polyubiquitin chains are generally targeted to the proteasome 

for degradation. The ubiquitin binding proteins that shuttle substrates to the proteasome 

primarily recognize Lys 48 chains consisting of at least four ubiquitin moieties or more 

(Thrower et al., 2000; Hofmann and Pickart, 2001). In contrast to this, proteins modified by 

Lys 63-linked ubiquitin chains rather play a role in DNA damage tolerance, kinase activa-

tion, protein trafficking, and translation (Pickart, 2004). As Sharpin was shown here to 

interact with both of these types of ubiquitin side chains as well as with unconjugated mono-

ubiquitin, the functional role of this interaction cannot be easily predicted. In fact, it can also 

not be ruled out that Sharpin only interacts with the single monoubiquitin molecule that is 

found at the end of each of the two types of polyubiquitin chains. 

 

Many of the proteins that, like Sharpin, have been described to contain both a UBD and a 

Ubl domain are known to act as ubiquitin receptors that translocate ubiquitin-conjugated 

proteins to the 26S proteasome for degradation. The Rad23 and Dsk2 families of substrate 

adaptors for the proteasome are the best described examples for this. These proteins have a 

C-terminal UBA domain that binds to the ubiquitinated substrate and an N-terminal Ubl 

motif that interacts with the Rpn1 or Rpn2 subunit of the 19S regulatory particle of the 26S 

proteasome. By analogy, Sharpin could simultaneously bind proteasome targets via its C-ter-

minal NZF domain and a subunit of the proteasome through the Ubl domain that, in case of 
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Sharpin is not located at its N-terminus, but rather in the middle of the molecule. An obvious 

target protein marked by Sharpin for degradation would be Shank1, since Ehlers (2003) had 

previously shown that Shank1 is highly ubiquitinated and degraded in a neuronal activity-

dependent fashion in cortical neurons. Therefore, the hypothesis was tested, whether Sharpin 

interacts specifically with ubiquitinated Shank and promotes its degradation by the ubiquitin 

proteasome system (UPS). This hypothesis would predict that high levels of Sharpin 

expression adversely affect protein stability of Shank. A pulse-chase experiment in HEK293 

cells revealed, however, that this is not the case. In fact, there was no difference in the turn-

over rate of Shank, whether it was overexpressed alone or co-overexpressed with Sharpin. 

This result could also indicate that another protein involved in Sharpin-mediated Shank 

degradation is limited or missing in HEK293 cells. Therefore, it was further investigated, if 

Sharpin could promote the degradation of endogenous PSD proteins in cortical neurons. To 

this end, PSDs were isolated from cultured cortical neurons with or without proteasome 

inhibitor treatment. Western blot analysis of PSD preparations clearly demonstrated an 

increase in the amount of endogenous Sharpin present in the PSD prepared from neurons 

treated with proteasome inhibitor compared to PSD from untreated control cells. However, 

none of the other proteins that were analyzed by Western blot showed significant 

accumulation in the PSD after proteasome inhibition. Therefore, at this time it is not clear, 

whether Sharpin accumulates in the PSD, because its complex formation with a yet 

unidentified PSD component that it would normally target for UPS degradation is stabilized 

by proteasome inhibition or whether instead the transport of Sharpin to the PSD is somehow 

enhanced in the presence of proteasome inhibitor.           

 

Although a role for Sharpin in enhancing the degradation of co-overexpressed Shank1 in 

HEK293 cells or in controlling the degradation of any of the analyzed PSD proteins in 

neurons could not be shown, I was able to link Sharpin to the UPS through its coprecipi-

tation with the ubiquitin binding proteins Rad23 and S5a. Rad23 binds to the 19S regulatory 

particle subunits and S5a itself is a component of the 19S proteasome regulatory particle. 

Many of the polyubiquitinated target proteins of Rad23 and S5A that coprecipitate in GST-

pull-down assays show a characteristic band smear toward higher molecular weights, when 

analyzed by Western blotting. In contrast to this, immunodetection of coprecipitating 

Sharpin gave a single band at its normal molecular weight position indicating that Sharpin in 



                                                                                                                                   Discussion 

76                     

these complexes was not polyubiquitinated. There are two possible explanations of this 

result. One possibility could be that Sharpin interacts with ubiquitin chains of other substrate 

proteins that are coprecipitated with the S5a or Rad23 beads. This would explain, why 

Sharpin is found in the precipitate, and yet it is not ubiquitinated. The other possibility could 

be that Sharpin interacts directly with S5a or Rad23 through its Ubl domain. A direct 

interaction between the Ubl domain of Sharpin and these two ubiquitin receptors would also 

explain the Sharpin pull-down in the absence of polyubiquitination of Sharpin. In order to 

test, whether there is a direct interaction between S5a and the ubiquitin-like domain of 

Sharpin, the yeast-two hybrid system was employed. Using various truncated constructs of 

Sharpin, including one that consisted mainly of its ubiquitin-like domain with few adjacent 

areas, no interaction was seen with S5a. This strongly argues against the latter model 

outlined above, although it cannot be entirely excluded that the residual adjacent areas of the 

truncated construct somehow interfered with S5A binding. Unfortunately, the interaction 

between full-length Sharpin and S5a could not be tested in this system, since the expression 

of full length Sharpin was by itself sufficient to fully activate the promoter that drives the 

yeast auxotrophy markers.   

 

Rpt1 is another proteasome subunit that Sharpin coprecipitated with, when the two proteins 

were cotransfected in HEK 293 cells. This interaction was not an artifact of co-over-

expression, since it was only seen in lysates from cells treated with proteasome inhibitor. 

The AAA-ATPase Rpt1 forms part of the hexameric ring of the 19S regulatory particle of 

the 26S proteasome. It has recently been shown to be necessary for cotranslational protein 

degradation, a process that occurs simultaneously with the translation of proteins. Due to 

their lack of secondary and tertiary structure, nascent polypeptides leaving the ribosome, 

may mimic unfolded proteins by exposing hydrophobic residues, which may be recognized 

by the UPS, thereby targeting the corresponding proteins for degradation as they are being 

synthesized (Turner and Varshavsky, 2000). Chuang et al. (2005) have shown that the 

translation elongation factor 1A (eEF1A), which mediates cotranslational degradation of 

nascent protein, interacts with Rpt1. Furthermore they demonstrated that degradation of 

these proteins is inhibited in yeast cells that have a temperature sensitive mutation in Rpt1 

preventing its interaction with eEF1A. In the experiments described in this thesis, I used the 

yeast Rpt1 cDNA, however similar findings are to be expected with its mammalian homolog 
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given the high degree of structural and functional conservation between the regulatory 

particles from yeast and mammals throughout the course of evolution. In fact, the yeast Rpt1 

ATPase has 76% identity with its human homolog S7 (Glickman et al., 1998). Furthermore, 

Bingol and Schuman (2006) have shown that an ectopically expressed yeast Rpt1-GFP 

fusion protein was incorporated into the proteasome of mammalian cells with approximately 

77% efficiency compared to the endogenous subunit. Thus the interaction between Sharpin 

and Rpt1 shown here could indicate that Sharpin plays a role in cotranslational degradation 

of certain target proteins. Due to constant rapid degradation of these protein complexes, the 

steady-state level of Sharpin associated with proteasome subunits might be undetectably 

small under normal conditions and only upon proteasome inhibition enough of these 

transient complexes would accumulate to allow detection by coprecipitation analysis. While 

binding of Sharpin with Rpt1 suggests a role for Sharpin in cotranslational protein 

degradation, additional functions of the Sharpin/Rpt1 complex could also be envisioned, 

since Rpt3 and Rpt6, two close homologs of Rpt1, have recently been shown to also have 

non-proteasome-related functions in the nucleus of cells (Hedge, 2004). 

 

Similar findings as reported here for Sharpin have recently also been published by 

Seibenhener et al. (2004) for the protein sequestosome 1/p62 (p62). This protein has first 

been found to interact with p56lck and the atypical protein kinase Cζ. The authors mentioned 

above showed that p62 also interacts with ubiquitin chains and the proteasome. Using 

similar techniques as applied in the work presented here, they also demonstrated that p62 

precipitates in an S5a pull-down assay, but runs as a single band in Western blots indicating 

that, like Sharpin, p62 in S5A pull-downs is not polyubiquitinated. Moreover, the authors 

demonstrate that p62, like Sharpin, interacts with Rpt1 in a stimulus-dependent manner. As 

mentioned above Rpt1 is part of the 19S regulatory particle and has been implicated in 

cotranslational UPS degradation. Seibenhener et al. (2004) also show that p62 has a 

preference for binding to Lys63-linked ubiquitin chains. This is somewhat unexpected since 

Lys63-linked chains are primarily associated with non-proteasome related functions in the 

cell. However, there have been reports of Lys63-linked substrates degraded by the UPS 

(Hofmann and Pickart, 2001).   
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In the study presented here, it was shown that the interaction between Sharpin and several of 

its binding partners in HEK293 is increased after treatment with proteasome inhibitor. This 

is true for its previously described interaction with Shank1 as well as for its binding to the 

novel interacting partners found in the course of this work: OS-9, EDD1 (discussed below), 

and Rpt1. These interactions did not seem to be dependent on polyubiquitination, as the 

analysis by Western blotting showed individual bands for each of the coprecipitated proteins 

instead of a typical polyubiquitin smear pattern. The fact that the interaction between these 

proteins only occurred in the presence of proteasome inhibitor could be explained, if Sharpin 

was stabilized under those conditions allowing the interaction to be detected. However, 

using a Sharpin construct that was intrinsically more stable due to the presence of a PDZ-tag 

at its C-terminus, showed that complex formation still only occurred in HEK293 cells 

treated with proteasome inhibitor. Taken together, this leads to the conclusion that the 

interaction in HEK293 cells between Sharpin and its interacting partners may be due to a 

secondary effect of proteasome inhibition like the formation of protein aggregates, the 

induction of oxidative stress, or induction of the heat shock protein response (Bush et al. 

1997). 

 

In immunocytochemical analyses of cortical neurons overexpressing Sharpin, the majority of 

the anti-Sharpin antibody staining was seen in the nucleus of transfected neurons (DIV 9). 

When such neurons were incubated with proteasome inhibitor prior to fixing, the 

intercellular localization of Sharpin changed so that the majority of the fluorescence signal 

was seen in the cytoplasm. The cytoplasmic staining pattern of Sharpin strongly resembled 

staining patterns reported for ER marker proteins, however costaining with antibodies for 

such ER markers was not possible due to poor sensitivity of the available anti-ER marker 

antibodies.  Strong anti-Sharpin staining was also observed in the dendrites of the treated 

neurons, where it appeared to form aggregate-like inclusions. In fact these inclusions may be 

true aggregates, as it has been shown that inhibition of the proteasome leads to the 

accumulation of ubiquitinated proteins in aggregrates (Bence et al. 2001). In neurons 

cotransfected with Sharpin and Shank1 or Sharpin and OS-9 both proteins colocalized in 

dendritic aggregate-like formations. It would be interesting to determine, whether these same 

inclusions are also stained by anti-ubiquitin antibodies as this would provide additional 

evidence that they are aggregates of ubiquitinated proteins. In addition to ubiquitinated 
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proteins, aggregrates have also been shown to colocalize with non-ubiquitinated proteins 

like proteasomes, heat shock proteins, and unfolded proteins (Wigley et al. 1999; Garcia-

Mata et al. 1999). 

 

Interestingly, in coprecipitation studies with cortex neurons the interaction between 

overexpressed Shank and Sharpin occurred regardless of proteasome inhibition. This starkly 

contrasts to the results obtained in HEK293 cells where the interaction between Shank and 

Sharpin was only seen after proteasome inhibition. In these cells some important factors may 

be missing for this interaction to occur. 

 

Although the Ubl domain is best described for its interaction with 19S regulatory particle 

subunits of the proteasome (Rpn1 and 2), there have been recent reports that Ubl domains 

also interact with non-proteasome proteins. For example the Ubl domain of Rad23 has been 

shown by Kim et al. (2004) to interact with the E4 ubiquitination enzyme Ufd2. This 

enzyme elongates ubiquitin side chains by adding further ubiquitin residues to an existing 

ubiquitin moiety on a substrate protein (Koegl et al., 1999). It was shown that the Ubl of 

Rad23 interacts with either the E4 enzyme or with Rpn1, but not with both at the same time. 

The authors propose that the mutually exclusive interaction of the Rad23 Ubl domain with 

either Ufd2 or Rpn1 allows for regulation of the transport of substrates from the 

ubiquitination machinery to the proteasome without inadvertent degradation of the 

ubiquitinating enzymes themselves. Another example of an alternative function for a Ubl 

domain interaction can be found in the context of the regulation of epidermal growth factor 

receptor (EGFR) endocytosis. Parkin is a Ubl domain containing E3 ubiquitin ligase (Sakata, 

2003). The Ubl domain of Parkin has been shown to interact with the ubiquitin interacting 

motif (UIM) of the epidermal-growth-factor receptor pathway substrate 15 (Eps15). Eps 15 

is a crucial protein in the clathrin-mediated endocytic pathway and is involved in the early 

stages of clatherin coated vesicle formation (Benmerah, 1995). Through binding of Parkin’s 

Ubl domain its adjacent RING domain is brought into close proximity with Eps15, thus 

allowing Parkin to ubiquitinate Eps15 (Fallon et al. 2006). Since Ubl containing proteins can 

interact with E3 ligases like Parkin, the possibility that Sharpin may also be part of a ligase 

complex or interact with an E3 ligase directly was investigated. To this end a yeast-two 

hybrid screen was performed using the region of Sharpin that includes the Ubl domain as 
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bait. In this screen the E3 ligase EDD1 was one of the proteins identified. The interaction 

between the Ubl domain of Sharpin and EDD1 occurs in the region of EDD1 that contains 

part of its HECT (homology to E6-AP carboxyl terminus) domain. This interaction was 

further confirmed by coprecipitation studies in HEK293 cells. However, coprecipitation was 

again only observed in the presence of proteasome inhibitor suggesting that the interaction is 

transient as long as the UPS is functional, but becomes more stable when further processing 

is blocked.  

 

Another protein identified in this same yeast-two hybrid screen was OS-9. Again 

confirmation of this interaction in HEK293 cells was possible, but only after treatment with 

proteasome inhibitor. Mammalian OS-9 has originally been identified as a protein of 

unknown function that is upregulated in osteosarcoma. Its yeast homolog (yOS-9) has been 

described to play a role in endoplasmic reticulum associated protein degradation (ERAD). 

This highly controlled cellular degradation process removes incorrectly folded proteins from 

the ER. While target selection occurs by a quality control system residing in the ER, 

elimination of the target proteins is ultimately performed by the cytoplasmic UPS. It is one 

of the unique features of ERAD that it requires retrotranslocation of the target proteins from 

the ER to the cytoplasm. However, in mammals a role for OS-9 in ERAD has not yet been 

confirmed. A recent publication by Baek et al. (2005) suggests that OS-9 plays a role in the 

hypoxia response of mammalian cells by mediating hydroxylation and degradation of   

HIF1-α and it may also be involved in subcellular HIF1-α transport.  

 

After the experimental work for this thesis was completed, a new paper by Seymour et al. 

(2007) shed new light on a role for Sharpin in the non-canonical NF-κB signaling pathway. 

The authors reported that spontaneous mutations that cause the chronic proliferative 

dermatitis (cpdm) phenotype in mice actually occur in the Sharpin gene. In two indepen-

dently arising mouse models for this disease, C57BL/KaLawRij-cpdm/ cpdm and 

OBy.OcB3-cpdmDem/ cpdmDem, it was shown that frame-shift mutations in exon 1 resulting 

in premature stop codons within the Sharpin coding region caused this disease. In the 

C57BL/KaLawRij-cpdm/ cpdm mice the deletion of a single base pair shifts the reading 

frame and results in the translation of a truncated Sharpin protein that stops after the addition 

of 3 nonsense amino acids at position 68. A deletion of 14 base pairs is responsible for the 
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reading frame shift in the OBy.OcB3-cpdmDem/ cpdmDem mice. This mutation generates a 

protein that is only 44 amino acids in length and deviates from the Sharpin amino acid 

sequence after the sixth amino acid. Both of these mutations in the coding region of Sharpin 

result in a complete loss of functional Sharpin gene product in these mutant mice. 

 

cpdm/ cpdm mutant mice were originally described by an inflammation of the stratified 

squamous cell epithelia of skin, lungs, lymph nodes, tongue, esophagus and forestomach 

caused by esosinophil infiltration. These mice also have enlarged spleens and dermatitis 

caused by an increase of granulocytes in these tissues (HogenEsch et al., 1999; Gijbels et al., 

1996).  In addition, there is an increased expression of the type 2 helper T cell (TH2) 

cytokines interleukin-4 (IL), IL-5, and IL-13, which are involved in the humoral immune 

system, as well as an impaired production of the type 1 helper T cell (TH1) cytokine 

interferon-γ, which regulates the cellular immune response (HogenEsch et al., 2001). 

Furthermore, there are acute structural abnormalities in the immune system of these Sharpin-

deficient animals. Peyer’s patches are absent in cpdm/ cpdm mice (HogenEsch et al., 1999). 

Peyer’s patches are oval areas of lymphoid tissue found in the wall of the small intestine 

primarily in the ileum. Here they play a humoral role in the body’s primary defense to 

intestinal antigens. Peyer’s patches contain naïve B cells, follicular dendritic cells (FDCs), 

and areas rich in T cells (Doe, 1989; Spahn and Kucharzik, 2004). Other secondary organs 

in the immune system like the spleen, lymph nodes, and nasal-associated lymphoid tissue 

were present in cpdm/ cpdm mice, but these tissues had poorly defined follicles and lacked 

germinal centers and FDCs (HogenEsch et al., 1999). Due to their lack of germinal centers 

and FDCs, cpdm/ cpdm mice have a lower serum concentration of immunoglobin (Ig) G, 

IgA, and IgE compared to control mice, although IgM concentration was normal 

(HogenEsch et al., 1999). 

 

The phenotype seen in cpdm/ cpdm mice is very similar to phenotypes seen in knock-out 

mice in which genes of the NF-κB pathway have been deleted. NF-κB signaling can occur 

through two pathways – one is termed the canonical and the other the non-canonical 

pathway. The canonical pathway of NF-κB signaling, which results in the activation of NF-

κB/p50 (NF-κB1), is essential for the innate immune response. In comparison, the non-

canonical pathway, which leads to the activation of NF-κB/p52 (NF-κB2), is crucial for the 



                                                                                                                                   Discussion 

82                     

development of lymphoid organs and the adaptive immune response. In order to determine 

the functions of the many proteins involved in the NF-κB pathways, many groups have 

generated mouse models specifically lacking these gene products. Upon analysis of these 

animals, it became clear that the canonical and non-canonical pathways play different roles 

in the development of the immune system and that the genesis of secondary lymphoid 

organs involves intricate signaling mechanisms. Table 4.1 gives an overview of the 

phenotypes of knock-out mice lacking genes of various NF-κB signaling components. 

 



        Table 4.1              Phenotypes of Gene Knock-out Mice and Naturally Occurring Mutations from the NF-κB pathways  

Mouse 

mutant 

Peyer’s 

patches 

FDCs Lymph 

nodes 

GCs Spleen 

morphology 

Marginal 

zone 

Immune 

response 

1º B cell 

Follicles 

LymphoФ organ 

infiltration 

Ref. 

cpdm/cpdm - - abnormal - abnormal - ↓ IgA,G,E  P/D sp ln + a 

Non-canonical NFκB pathway 

Ltα-/- - - -1 - abnormal - ↓ IgA - + b,c,d,e,f 

Ltβ-/- - - -2 -sp, +mln abnormal abnormal ↓ IgA - + d,e,f 

Ltβr-/- - - - -3 abnormal - ↓4 - + g 

Nfκb2-/-

p52/p100 

- - abnormal - abnormal abnormal ↓ IgG1, 

G2b,A 

- N/R h,i 

aly/aly 

NIKG855R 

- - - - abnormal - ↓ IgM  

⇓ IgG,A 

- N/R j,k,l,m,n 

relB–/– - - - - abnormal abnormal N/R N/R + o,p,q,r 

Ikkα–/– r/c5 -6   - abnormal  ↓IgM,G,A   s,t,u 

Canonical NFκB pathway 

Tnfα-/- +7 - +8 - abnormal enlarged normal IgA - - d,v,w 

Tnfr1-/-p55 +7 - +8 - abnormal abnormal normal IgA - - d,v,w 

Tnfr2-/-p75 + + + + normal N/R N/R + normal d,x 

Nfκb1-/-

p50/p105 

+ + + + N/R abnormal ↓IgG1,E,A9 + N/R q,y 

83
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As shown in Table 4.1, all of the proteins with a phenotype similar to that seen in mice 

containing a spontaneous Sharpin mutation are components of the non-canonical NF-κB 

signaling cascade.    

 

The NF-κB (Rel) family of transcription factors consists of RelA, RelB, c-Rel, NF-κB/p50, 

and NF-κB/p52. NF-κB family members all contain a highly conserved REL-homology 

domain (RHD) that is necessary for dimerization, nuclear translocation, and DNA binding. 

In the cytoplasm, NF-κB dimers are inhibited by interaction with an IκB protein. There are 

five IκB proteins, including NF-κB/p105 and NF-κB/p100 themselves. IκB proteins contain 

an ankyrin repeat domain that inhibits the NF-κB proteins by interacting with their RHD 

________________________________________________________________________ 

Table 4.1  Phenotypes of Gene Knock-out Mice and Naturally Occurring Mutations 
from the NF-κB Pathways  

 
1Few abnormal structures present in mesenteric fat were reported.   
2Lacked peripheral lymph nodes, but mesenteric and cervical lymph nodes were present. 
3Aberrant formation of GCs.    
4Impaired affinity maturation in GCs.          
5Ikkα–/– mice die in utero. Single-cell suspensions of fetal livers harvested from embryonic 
day 16 mice were injected into the tail vein of lethally irradiated 8-week-old C57BL/6-
CD45.1 female hosts thus producing Ikkα–/– bone marrow chimeras. 
6 IkkαAA (Ser176Ala and Ser180Ala) knock-in mice were used to determine the role in 
Peyer’s patch formation. 
7 Present in reduced numbers and are smaller than controls, have architectural abnormalities 
compared to controls. 
8 Present, but have architectural abnormalities compared to controls. 
9These mice have a decrease in T cell dependent antibody response. 
 
Abbreviations: cpdm, chronic proliferative dermatitis; GCs, germinal centers; Ig, 
immunoglobin; ln, lymph node, LymphoФ, Lymphocyte; Lt, lymphotoxin; mln, mesenteric 
lymph nodes; nfκb, nuclear factor κB; NIK, NF-kappaB-inducing kinase; N/R, not reported; 
P/D, poorly defined, r/c radiation chimeras; r, receptor; sp, spleen; Tfnr1, tumor necrosis 
factor receptor p55; ↓ decreased; ⇓ highly decreased 
 
aHogenEsch et al., 1999; bDe Togni et al., 1994; cBanks et al., 1995; dvon Boehmer, 1997; 
eKoni et al., 1997; fAlimzhanov et al., 1997; gFütterer et al., 1998; hFranzoso et al., 1998; 
iPaxian et al., 2002; jKoike et al., 1996; kShinkura et al., 1996; lMiyawaki et al., 1994; 
mYamada et al., 2000; nShinkura et al., 1999; oBarton et al., 2000; pYilmaz et al., 2003; 
qWeih et al., 2001; rWeih et al., 1995; sSenftleben et al., 2001; tMatsushima et al., 2001; 
uKaisho et al., 2001; vPasparakis et al., 1997; wMayrhofer, 1997; xErickson et al., 1994; ySha 
et al., 1995 
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domain and masking the nuclear locatization signal (NLS). The C-terminal IκB-like ankyrin 

repeat domains of NF-κB/p105 and NF-κB/p100 are degraded by the proteasome producing 

the active forms NF-κB/p50 (NF-κB1) and NF- κB/p52 (NF-κB2), respectively. In the 

canonical pathway processing of NF-κB/p105 to NF-κB/p50 by the proteasome occurs 

constitutively in cells. The activation of NF-κB/p50 is regulated by an inhibitory interaction 

with IκBα that masks the NLS and retains the NF-κB/p50-RelA heterodimer in the 

cytoplasm. In contrast to this, processing of NF-κB/p100 to NF-κB/p52 by the proteasome is 

tightly regulated and occurs only upon activation by IKKα-mediated phosphorylation. 

Ultimately, activation of the canonical and non-canonical NF-κB pathways results in the 

release of NF-κB heterodimers from inhibition and subsequent translocation to the nucleus 

where they promote transcription of genes involved in many cellular responses. As part of an 

autoregulatory feedback mechanism they also activate transcription of genes that inhibit the 

NF-κB pathways (Bonizzi and Karin, 2004; Hayden et al., 2006; Xiao et al., 2006).  

 

An overview of both NF-κB signaling cascades is schematically depicted in Figure 4.1. As 

the canonical NF-κB pathway has been discovered first and is important for TNFα (tumor 

necrosis factor α) signaling, this cascade has been the focus of much research and is 

exemplary shown on the left in Figure 4.1, although nuclear translocation of NF-κB1 in this 

pathway can also be induced by other plasma membrane receptors and ligands.  Binding of a 

TNFα homotrimer induces trimerization of TNFR1. This initiates the recruitment of TNFR-

associated death domain protein (TRADD), which in turn recruits TNF-receptor-associated 

factor (TRAF) 2 or 5 to the cytoplasmic C-termini of the receptors. TRAF 2 or 5 are E3 

ligases and appear to function interchangeably. Once recruited to TRADD they oligomerize 

and autoactivate by transubiquitination. Activated TRAF6 in collaboration with 

Ubc13/Eev1A promotes Lys63-linked polyubiquination of RIP1 (serine/threonine kinase 

receptor interacting protein 1), which acts as a scaffold for components of the IKK complex. 

This complex is composed of four kinases: IKKα, IKKβ, IKKγ, and TAK1 (TGF-β-activated 

kinase1). Lys63-linked chains attached to RIP1 have been shown to play a pivotal role for 

the phosphorylation of the IKK complex. Upon activation, the IKK complex in turn 

phosphorylates IκBα, the inhibitor of the NF-κB/p50-RelA heterodimer, which is a signal for 

its ubiquitination and subsequent degradation by the UPS. Once freed of its inhibitor NF-

κB/p50-RelA can translocate to the nucleus (Adhikari et al. 2007; Beinke and Ley, 2004; 
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Bonizzi and Karin, 2004; Chen, 2005; Hayden et al., 2006; Kanayama et al., 2004; 

Scheiderheit, 2006; Tian et al., 2007; Xiao et al., 2006).             

 

While the canonical pathway was discovered almost twenty years ago, the non-canonical 

pathway has only been unraveled in 2001 (Sen and Baltimore, 1986; Senftleben et al., 

2001). Therefore the signaling cascade involved in activation of NF-κB/p52 is much less 

well understood. The non-canonical pathway is also stimulated by different ligand/ recaptor 

combinations. The right side of Figure 4.1 depicts as an example its activation by the 

lymphotoxin beta receptor (LTβR) and its ligand lymphotoxin (LTα1β2). Sharpin appears to 

be a crucial component of this pathway. The ligand binding and trimerization of LTβR by 

LTα1β2 has been shown to activate the NF-κB-inducing kinase (NIK). The exact signaling 

events leading to NIK activation are not clear at the moment. NIK appears to be recruited to 

LTβR through an interaction with TRAF 2 or TRAF 5, however, this recruitment alone is 

probably not enough to induce NIK activation. The stability of NIK seems to be highly 

regulated by another TRAF protein. In the absence of stimulation, TRAF 3 has been shown 

to interact with NIK and promote the ubiquitination and degradation of NIK by the UPS. 

Indeed, upon stimulation of the non-canonical pathway, the expression of NIK becomes 

more stable due to the degradation of TRAF 3 (Beinke and Ley, 2004; Hauer et al., 2005; 

Liao et al., 2004; Xiao et al., 2006). Stabilized NIK activates IKKα and also acts as a 

docking protein by mediating the interaction between IKKα and the NF-κB/p100-RelB 

heterodimer. After being brought into close proximity IKKα activates NF-κB/p100 by 

phosphorylation, which in turn triggers its ubiquitination by the SCF-βTrCP ligase resulting 

in partial degradation of NF-κB/p100 to NF-κB/p52 by the proteasome. After proteasome 

processing, the NF-κB/p52-RelB heterodimer can translocate to the nucleus. (Bienke and 

Ley, 2004; Senftleben et al., 2001; Xiao et al., 2001; Xiao et al., 2004; Xiao et al., 2006).  
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Figure 4.1 NF-κB Signaling Pathways        
A schematic diagram of the activation of the transcription factors NF-κB/p50 and 
NF-κB/p52 is depicted. In both pathways, receptor activation leads to the 
translocation of the NF-κB transcription factors to the nucleus. These pathways are 
highly regulated by both phosphorylation and ubiquitination. Refer to the above 
text for further details on the signaling cascades. Ubiquitin (Ub) chains depicted in 
green represent Lys63 linkages and chains depicted in yellow represent Lys48 
linkages. 
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Because mice deficient in various components of the non-canonical pathway that leads to 

NF-κB/p52 activation have a similar phenotype as cpdm/cpdm mice with a spontaneous 

mutation in the Sharpin gene, Sharpin is very likely to play a role in the non-canonical NF-

κB signaling pathway. As shown in this study, Sharpin can bind to ubiquitin through its NZF 

domain and interacts with the ubiquitin ligase EDD1. It may also play a role in shuttling 

proteins to the UPS for degradation, since it coprecipitates with S5a and Rpt1. Therefore it is 

feasible that Sharpin binds to a signaling component of the non-canonical pathway and 

assists in the degradation of that protein. Recently, Tian et al. (2007) have shown that 

RBCK1 interacts with TAB2 and TAB3, which are proteins in the canonical NF-κB pathway 

that form a complex with TAK and recognize the polyubiquitin chains of RIP1. The protein 

RBCK1 (RBCC protein interacting with protein kinase C1) exhibits 45% homology with the 

region of Sharpin that contains the type 2 Ubl and the NZF domains (Lim et al. 2001). In 

addition to the region homologous to Sharpin, RBCK1 also contains a RING-IBR (Really 

interesting new gene - in-between-RINGS) region. Proteins containing this region have been 

shown to be E3 ubiquitin ligases (Marin and Ferrus, 2002). TAB2 and TAB3, have very 

similar structures at the N-terminus. They have a ubiquitin binding domain called CUE 

(coupling of ubiquitin conjugation to endoplasmic reticulum degradation). At the C-terminus 

they also have a coiled-coil (CC) and an NZF domain. The region of RBCK1 that has 

homology to Sharpin was shown to interact with the C-terminal CC and NZF region of TAB 

2 and TAB 3. This interaction was shown to induce the degradation of TAB2 and TAB3 by 

the UPS. Furthermore, overexpression of RBCK1 inhibited the TAB2 and TAB3 mediated 

activation of NF-κB by TNFα and IL-1. Conversely, silencing of RBCK1 by RNAi 

technology enhanced the activation of NF-κB by TNFα and IL-1 (Tian et al. 2007). To date, 

there has been no report of TAB proteins involved in the non-canonical pathway, but similar 

molecular mechanisms might also play a role here.  

 

Despite many structural similarities between Sharpin and RBCK1, a major functional 

difference between the two proteins is that Sharpin seems to play an activating role in the 

non-canonical pathway, whereas RBCK1 has a negative regulatory role in the canonical 

pathway. The phenotype of Sharpin mutant mice points towards a role in the activation of 

NF-κB2. A point in the non-canonical signaling cascade, where Sharpin might play such a 

role could be in promoting the degradation of TRAF3. As mentioned before TRAF3 inhibits 
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NIK activity by constitutively targeting NIK for degradation by the UPS. Upon activation of 

the non-canonical pathway TRAF3, itself, is degraded by the proteasome resulting in 

increased levels of NIK protein and activity (Liao et al. 2004). A role for Sharpin in 

shuttling the NIK inhibitor TRAF3 to the proteasome for instance would fit with the 

inhibition of the non-canonical NF-κB seen in the cpdm/cpdm mice. Alternatively or 

additionally, Sharpin may play a role in the activation of TRAF2 or 5. A similar mechanism 

as outlined above has been described for sequestosome 1/p62 (Siebenhener et al., 2007).   

 

Since the NF-κB signaling pathway was originally described in the field of immunology, the 

majority of information known about this pathway is tied into immune response and 

inflammation. However, more recently NF-κB signaling has also been described in other 

areas of biology like the nervous system. NF-κB is a ubiquitiously expressed transcription 

factor and its activity has been detected in various areas of the central nervous system 

(CNS), in particular in the hippocampus and cortex. In these brain regions, NF-κB can be 

activated in response to many different stimuli that induce synaptic plasticity like glutamate, 

depolarization, changes in intracellular Ca2+, neuropeptides, N-CAM (neural cell-adhesion 

molecule), as well as the cytokines TNFα and IL-1, and oxidative stress. Neuronal activity 

of the NF-κB pathway has been shown to play a role in learning and memory. In neurons, 

NF-κB is present at both sides of the synapse. A current model for NF-κB signaling in 

neurons assumes activation of NF-κB at the synapse and retrograde transport of activated 

NF-κB to the nucleus for gene transcription. This model ties the activity of synapses to the 

transcription of genes for long-term changes in the synapse. To date, most studies have only 

focused on the activetion of the canonical NF-κB/p105-p50 pathway in neuronal activity 

(Kaltschmidt et al., 2005; Romano et al., 2006; Mémet, 2006). Recently, Hu et al. (2005) 

have proposed a novel role for NIK in neurons. In contrast to its normal function in the non-

canonical pathway, NIK may activate the canonical NF-κB pathway in neurons. A novel 

protein, NIBP (NIK and IKK  binding protein) was shown to concomitantly interact with 

both NIK and IKKβ. NIBP expression enhanced NF-κB activation, most likely by mediating 

the activation of IKKβ by NIK. Moreover, in PC12 cells NIK induced neurite outgrowth and 

protected the cells from apoptosis (Foehr et al., 2000). Neuronal expression of      NF-

κB/p100-p52 has been detected (Franzén et al., 2003). Taking in consideration all the 

observations summarized above, future studies of a potential role for Sharpin in the non-
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canonical pathway in the CNS are certainly warranted. The recent finding that Sharpin plays 

an integral role in the non-canonical pathway will greatly aid elucidating its role in neurons, 

since it offers a number of cellular read-outs for Sharpin function. Experiments that 

investigate, how overexpression of wildtype Sharpin or of deletion mutants of Sharpin affect 

NF-κB2 processing and activation in neurons seem feasible now. It would also be interesting 

to see, if Sharpin can indeed promote the degradation of TRAF3 in neurons. This could be 

monitored by a decrease in TRAF3 levels and a concomitant increase in the expression of 

NIK as well as in the processing and nuclear translocation of NF-κB2.  
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Chapter 5 Summary 

Sharpin is a protein which has been initially described as an interacting protein for the post-

synaptic protein Shank. Shank functions as a scaffold protein at the glutamatergic synapse in 

neurons of the central nervous system. However, as Sharpin is widely expressed, and even in 

neurons is not exclusively localized to synaptic sites, it is likely that the cellular function of 

Sharpin is not limited to a role at the synapse. 

This work set out to identify and characterize novel protein-protein interactions of Sharpin in 

order to shed some light on its potential cellular functions. Sharpin contains two domains 

that in the context of other proteins have previously been described to play a role in the ubi-

quitin proteasome system (UPS): a Npl4 zinc finger (NZF) domain and a type 2 ubiquitin-

like domain (Ubl). The NZF domain of Sharpin was shown here to bind to ubiquitin in a 

yeast two-hybrid system. The interaction was demonstrated for monoubiquitin as well as for 

Lys48- and Lys63-linked polyubiquitin chains. Interestingly, in a yeast two-hybrid screen 

with the Ubl domain of Sharpin (aa 171-304) as bait, OS-9, a protein upregulated in osteo-

sarcoma, and the E3 ubiquitin ligase EDD1 were identified here as novel interaction partners 

of Sharpin. In human cells, all these interactions of Sharpin (including the interaction with 

Shank) were confirmed but required previous inhibition of the proteasome by MG132. 

Subcellular fractionation revealed that Sharpin/OS-9 complexes were predominantly present 

in the fractions with the highest amount of proteasome subunits again linking this interaction 

to UPS function. Sharpin also interacted with coexpressed Rpt1, a 19S proteasome subunit.  

MG132 treatment of cultured cortical neurons resulted in a substantially increased amount of 

endogenous Sharpin present in postsynaptic density preparations. Under these conditions, 

also the subcellular localization of ectopically expressed Sharpin changed significantly. A 

reduction in the nuclear localization of Sharpin was accompanied by its accumulation in the 

cytoplasm, where it was found colocalized with Shank1 in aggregate-like structures. Taken 

together the results presented in this work suggest a possible shuttling role for Sharpin in the 

UPS. Via its interaction with OS-9, Sharpin could be involved in regulating the ubiquiti-

nation and degradation of components of the hypoxia response pathway. Based on the recent 

identification of a mouse line which suffers from severe immunological deficits due to a 

spontaneous mutation in the Sharpin gene, it can also be speculated that Sharpin similarly 

plays a role as a ubiquitin shuttling protein for components of the non-canonical NF-κB 

signaling pathway.  
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Appendix  

 

List of Primers Used in this Study 
 

Construct Sequence 5’-3’ 

SharpinFL for    cccaagcttgccgccaccatgtcgccgcccgccggc 

 rev    ggaattcggtggaagttgcagtaaggg 

Sharpin NT for    cccaagcttgccgccaccatgtcgccgcccgccggc 

 rev    ggaattcctagagaagaaaaaagttcaaaggtc 

pCMV PDZ Nterm for    aaggatccatggatgggattggc 

 rev   aagaattccctggtgaccatcac 

Rpt1 for    aactcgagaccatgggtcaaagtcag 

 rev    aaaaagcttaagagatagaccccctc 

Sharpin PDZ for    aaaaagcttatgtcgccgcccgcc 

 rev    aaagtcgacggtggaagttgcagtaag 

EDD1 for    aagaatccgccaccatgatgtctgctcgaggg 

 rev    actcgagcacaaaaccaaaattcttgg 

OS-9 for    aactcgaggatccatatggcggcggaggcgc    * 

 rev    ttgctagcgtcgacgaagtcaaactcatcc 

S5a for    aagaattcatggtgttggaaagcactatgg 

 rev    aactcgagtcacttcttgtcttcctccttc 

Asp58Ala for    gctgtctgcttacaacattc 

 rev    atgttgtaagcagacagcg 

Ile44Ala for    gattggcctttgccggtaag 

 rev    taccggcaaaggccaatc 

Ubiquitin for    aggaattcagattttcgtcaagactttg 

 rev    agcctcgagttaaccacctcttagccttag 

pACTM for    aagaattcatgccgccatggagctggctacacacctg 

 rev    aagaattcatgccgccatgggacacagccctcaacactcc 

 

∗ PCR product was generated with these primers, but the OS-9 signal peptide 

  was subsequently removed using an internal Hind III site. 

 

for = forward primer 

rev = reverse primer 
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