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General introduction 
 

Structure of an excitatory chemical synapse 
Neurons are specialized cells of the nervous system. Their elementary function is to 
receive, produce and transmit signals, and in the brain, to achieve communication 
within circuitry and across systems. In general, a neuron consists of a cell body, or 
soma, that houses the nucleus, a single axon that branches into axon terminals and 
one or multiple dendrites. Synapses represent the interneuronal connections 
between the axon terminal of the sending cell and the dendrite of the receiving 
one. The axon terminal forms the presynaptic part of a synapse that is separated by 
a synaptic cleft from the dendritic part, the postsynapse. To achieve 
neurotransmission both elements of the synapse have to function in concert.  
 

The presynapse: neurotransmitter release 
The action potential, generated at the axon hillock, a specialized part of the cell 
body, travels along the axon towards the axon terminal. When an action potential 
arrives at a presynaptic nerve terminal, depolarization gates voltage-dependent 
calcium channels. Influx of calcium ions in the presynapse triggers a series of events 
that lead to synaptic vesicle fusion and neurotransmitter release (1). The release of 
a neurotransmitter is a complex multi-step process that consists of vesicle docking, 
priming, fusion, and exocytosis of neurotransmitter (2, 3).  

At rest, only a limited number of vesicles are positioned at the active zone, 
where the neurotransmitter release occurs. Rather, a majority of these are stored 
near the active zone, where they are held through interaction with synapsin-1 that 
binds to actin filaments of the cytoskeleton (4).  

SNARE proteins mediate the Ca2+-mediated intracellular membrane fusion. 
At the presynapse, the SNARE proteins assemble in a complex formed by vesicular 
SNARE protein synaptobrevin and the plasma membrane SNARE proteins syntaxin-
1 and SNAP-25 (5). Syntaxin-1 has to be in an open confirmation in order to 
assemble in a SNARE complex (6, 7). The SM protein Munc 18-1 facilitates the 
conformational switch of syntaxin-1 from the closed to the open state (6, 8). SNARE 
proteins embedded in vesicular and plasma membranes form a closing zipper 
mechanism (9), which forces the fusing membranes into close proximity, 
destabilizing their hydrophilic surfaces, and creating a fusion pore. Opening of the 
fusion pore is triggered by calcium ions. Influx of Ca2+ into the presynapse occurs 
when an action potential depolarizes the presynaptic membrane leading to the 
gating of the voltage-dependent calcium channels.  
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Synaptotagmins are calcium sensors and evolutionarily conserved 
transmembrane proteins that contain two cytoplasmic C2 domains (10, 11) that 
bind Ca2+ (12). Moreover, C2 domains represent protein-protein interaction sites, 
and in case of synaptotagmin-1, bind to syntaxin-1 and to the SNARE complexes 
(13-15). Synaptotagmins do not act alone in fusion but require complexin as a 
cofactor (16). Complexin functions as a priming factor for SNARE complexes, as an 
activator of these SNARE complexes for subsequent synaptotagmin action, and as a 
clamp of spontaneous release (17-24). 
 Fast coupling of an action potential to neurotransmitter release requires 
tethering of Ca2+ channels to docked and primed synaptic vesicles at the active 
zone. A protein complex whose central components are three multidomain 
proteins called RIM, RIM-BP, and Munc 13 mediates this docking and priming of 
synaptic vesicles at the active zone and recruits Ca2+ channels to docked and 
primed vesicles (25). 

The presynaptic terminal also plays an important role in the regulation of 
synaptic plasticity. It is well established that mechanisms of short-term plasticity 
include molecular and cellular processes taking place in the presynapse. For 
instance, vesicle depletion, inactivation of release sites and alterations in calcium 
channels contribute to synaptic depression. Mechanisms of short-term 
enhancement include calcium channel facilitation, local depletion of Ca2+ buffers, 
increases in the probability of release downstream of calcium influx, changed 
vesicle pool properties, and enhanced quantal size (26). 

 

The postsynapse 
Neurotransmitter, released into the synaptic cleft, binds to specific receptors 
localized in the membrane of the postsynapse. In case of an excitatory chemical 
synapse the utilized neurotransmitter is glutamate (27). Glutamate-receptors are 
localized at the postsynaptic membrane. Glutamate binds to specific glutamate 
receptors causing conformational change and the opening of the ion channels of 
those receptors. Influx of positively charged ions into the neuron activates a 
downstream cascade of reactions that serves to generate depolarization and may 
act to generate synaptic plasticity (28).  

Most excitatory synapses are formed onto clear structured dendritic 
spines (29-31). There are several components in the cytoplasm of a dendritic spine: 
the postsynaptic density (PSD), a constellation of numerous different proteins with 
signal transduction properties, a grid of the actin filaments (32), specific ER-like 
elements (33), endosomal membranes (34), and mitochondria (35) (fig. 1).  
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Figure 1. A. Microstructure of the excitatory postsynapse. Excitatory synapses are mainly 
formed onto the head of dendritic spines. The spine cytoplasm contains the PSD (thick 
arrows in EM image), the endocytotic machinery (double thin arrows in right EM image), and 
the F-actin meshwork. Fast-growing ends of F-actin are oriented toward the plasma 
membrane of the spine. However, recent reports indicate that this polarity orientation is not 
strict. Figure reproduced from Advances in Experimental Medicine and Biology, with the 
permission of the publisher Springer (36). B. Protein complex organization in the PSD. The 
postsynaptic density consists of the following proteins: ion channels and membrane 
receptors, scaffold and adaptor proteins, signalling proteins, cell-adhesion molecules and 
components of the cytoskeleton. Ionotropic glutamate receptors AMPA- and NMDA-type 
reside in the cell membrane, NMDAR are localized centrally, AMPARs tend to have more 
peripheral distribution. PSD95-GKAP-Shank proteins create a protein network that binds 
other signalling molecules. Shank proteins constitute the link to actin filaments of the 
cytoskeleton. Pre- and postsynaptic membranes are aligned and connected by specific cell-
adhesion molecules. Figure reproduced from Nature Reviews Neuroscience, with the 
permission of the publisher Nature Publishing group (37).  
 
 

The postsynaptic density is localized beneath the plasma membrane of a 
dendritic spine apposing the presynaptic neurotransmitter release site (29, 30, 37, 
38) (fig. 1). Typically, the PSD has a disk-like structure with a diameter of 200–500 
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nm and a thickness of 30–60 nm (39, 40). The PSD is composed of hundreds of 
different proteins, which are organised into densely packed protein complexes that 
include membrane receptors, scaffold proteins, signal transduction proteins, and 
cytoskeletal proteins (41, 42). Among the transmembrane proteins are 
neurotransmitter receptors; in case of an excitatory synapse the principle ones are 
glutamate receptors of the NMDA-, AMPA- (43, 44) and kainate types (45). It was 
found that the number of NMDA receptors at the PSD is more or less fixed and 
equals approximately 20; the number of AMPA receptors is larger and varies from 5 
to 200 molecules (37). Synaptic scaffold proteins are essential building blocks of the 
PSD as they tether the signalling cascades spatially and temporally to ensure proper 
brain functioning (46). Scaffold proteins that are found at the PSD are members of 
MAGUK family, e.g. PSD95, SAPAPs and Shanks. Typically, the PSD contains 
approximately 300-400 molecules of MAGUK-family proteins and 150 molecules of 
Shank family members (37). It is important to mention that the quantitative 
characteristics of PSD protein composition are variable,  the copy number of PSD 
proteins varies depending on the neuron type and developmental and physiological 
stages of neuron.  

The PSD also plays a role as a platform for the recruitment of protein 
kinases and phosphatases. Their interaction with PSD scaffold is often regulated by 
synaptic activity. The spine cytoplasm is enriched with the actin cytoskeleton (47, 
48), facilitating transport of proteins and dynamically forming the spine head, 
whereas other cytoskeletal filaments are relatively scarce. Thus, postsynaptic 
density has a very important function, aligning and tethering presynaptic glutamate 
release sites with postsynaptic ionotropic glutamate receptors (iGluRs), and serves 
as a scaffold, recruiting multiple signalling molecules, mediating downstream 
cascade of reactions upon binding of glutamate to iGluRs.  

 

Glutamate receptors 
Glutamate receptors consist of ionotropic (iGluRs) and metabotropic G-coupled 
protein receptors (mGluRs) (49-51).  

mGluRs are activated by binding of glutamate. They regulate the 
production of intracellular messengers and indirectly stimulate opening of ion 
channels on the plasma membrane via a cascade that involves GTP-binding 
proteins (G-proteins). These receptors are mostly positioned perisynaptically, and 
are activated by spill over of glutamate from the synapse (52).  

Ionotropic glutamate receptors are grouped in 4 classes based on agonist 
pharmacology: NMDA receptor (N-methyl-D-aspartate receptor; subunits GluN1, 
GluN2A–GluN2D, GluN3A and GluN3B) (53), AMPA receptor (α-amino-3-hydroxy-5-
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methyl-4-isoxazolepropionic acid receptor; subunits GluA1-GluA4) (54), kainate 
receptor (subunits GluK1-GluK5) (55) and the δ receptors (subunits GluD1 and 
GluD2) (56, 57). 
 

AMPA receptors 
AMPA receptors are comprised of four different subunits, GluA1-A4 (58). AMPA 
receptors are heterotetramers that mostly consist of two GluA2 subunits in 
combination with two GluA1 or GluA3 subunits (59, 60). GluA4-containing 
receptors are predominantly expressed in the first postnatal week (61), and have 
low expression level in the adult brain. According to the resolved crystal structure 
of the AMPA receptor, subunits are organised as a dimer of dimers (62, 63). All the 
GluA subunits have an extracellular amino terminal domain (ATD), followed by the 
second extracellular domain, i.e., the ligand binding domain (LBD), the 
transmembrane domains (TMD) and an intracellular C-terminus (CTD) (fig. 2).  

All four AMPA receptor subunits occur in two alternatively spliced 
isoforms – flip and flop (64, 65), taking place in the LBD. Flip isoforms are expressed 
before birth and continue to be expressed during adulthood at a constant level. 
Flop isoforms are present at very low levels before postnatal day 8 in rats. Around 
this time expression of flop isoforms significantly increases throughout the brain 
and reaches the adult level by postnatal day 14. Thus, flop GluA subunits appear to 
be the most abundant receptors in the mature brain. Flip/flop isoforms differ in 
desensitization and deactivation kinetics as well as sensitivity to allosteric 
modulators (66-68), and have different cellular distributions (69). 

In addition, the GluA2 subunit contains a Q/R RNA editing site within the 
second transmembrane domain M2. A glutamine codon (CAG) of the majority of 
GluA2 subunits is edited to an arginine codon (CIG) (70). Edited GluA2-containing 
AMPARs are characterized by low channel conductance and impermeability to 
calcium ions (71-73). GluA2-containing AMPA receptors are inwardly rectifying, 
thus they allow influx and efflux of the cations through the plasma membrane, 
depending on the cell membrane potential. In contrast, GluA2-lacking AMPARs only 
allow cation flow into the cell (59, 72). Also, in GluA2, GluA3 and GluA4 mRNA, an 
arginine codon (AGA) preceding the flip/flop site can be switched to a glycine 
codon (GGA) (R/G); these edited channels possess faster recovery rates from 
desensitization (74).  

Moreover, GluA2 and GluA4 also have additional alternative splicing site in 
the C-terminus resulting in the long and short isoforms, which determine their 
trafficking. Long-tailed AMPAR subunits traffic faster than short-tailed subunits, so 
the GluA1/2 containing receptors exhibit the surface trafficking properties of GluA1 
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subunit. The GluA1 subunit in GluA1/2 receptors masks the ER retention signal of 
GluA2 subunit, allowing GluA1/2 receptor to be quickly mobilized from the 
receptor pool in the ER. GluA2 and GluA3 containing AMPA receptors, but not 
GluA1, traffic from the ER more slowly (70, 75). In general, GluA1 containing 
AMPARs are delivered to synapses in activity-dependent manner and are then 
replaced by GluA2/3 containing AMPA receptors, leading to a net increase in 
synaptic AMPARs during LTP (76). 

 

Synaptic plasticity 
Excitatory synapses exhibit different types of synaptic plasticity, which can be 
divided into two forms – short- and long-term plasticity.  
 

Short-term plasticity 
Expression of short-term plasticity is a feature of virtually all studied synapses from 
different organisms ranging from simple invertebrates to mammals (77). It is 
believed to be important for short-term adaptations to sensory inputs, immediate 
behavioural reactions, and short-lasting forms of memory. 
Well-described types of short-term plasticity are paired-pulse facilitation and 
depression. When the second stimulus arrives shortly after the first one, the 
second response relative to the first can be either enhanced (facilitation), or 
decreased (depression) (77, 78). The most common mechanism of generating 
paired-pulse facilitation lies within the presynapse. After the first stimulus calcium 
ions enter the presynapse, and when the second stimulus arrives residual calcium 
contributes to the enhanced second response. The reason for paired-pulse 
depression is inactivation of voltage-dependent sodium or calcium channels or a 
transient depletion of the ready-releasable pool of vesicles docked at the active site 
of the presynaptic terminal. Tetanic stimulation of the synapses might lead to 
longer-lasting forms of plasticity, i.e., augmentation, that lasts for several seconds, 
and post-tetanic potentiation (PTP), that can last up to several minutes (77). The 
explanation of these phenomena is similar to paired-pulse facilitation; it is 
generated by a build-up of the calcium concentration in the presynaptic terminal 
during the stimulus trains that leads to an increase in the probability of 
neurotransmitter release in response to an action potential. At some synapses, 
repetitive activation leads to depression that can last for several seconds or even 
minutes (77, 79). Partially, this is explained by a transient depletion of the ready-
releasable pool of synaptic vesicles. Modulatory substances originating from the 
activated presynaptic terminals, postsynaptic cells, or even neighbouring cells, can  
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Figure 2. Structure of 
the AMPA receptor. A. 
Primary structure of a 
subunit of the AMPAR. 
SP, signal peptide; ATD, 

Amino-terminal 
domain; LBD, ligand 
binding domain; TMD, 

transmembrane 
domain; CTD, C-
terminal domain. The 
LBD is made of S1 and 
S2 subdomains. The 
TMD contains alpha 
helices M1–M4. B. 
Domain structure of a 
subunit of the AMPAR. 
The rectangle indicates 

the membrane. The ATD, LBD, TMD, and CTD are coded in the same colour as in A. C. 
Tetrameric structure of the AMPAR. In the tetramer, a pair of ATD dimer (2 x ATD) is located 
most distal from the membrane. A pair of LBD dimer (2 x LBD) forms the middle layer and 
the tetrameric TMD is embedded in the membrane. The organization of the four CTD (4x 
CTD) in the cytoplasm is currently not understood but predicted to be flexible. Each modular 
unit is colour coded as in A and B. Figure adapted from Journal of Molecular Neurobiology 
with the permission of the publisher Springer, (80)). 
 
 
also contribute to the decrease in synaptic strength by initiating a signalling 
cascade that leads to inhibition of the presynaptic release machinery (81). The  
postsynaptic terminal may also play a role in modulation of short-term plasticity - 
desensitization of glutamate-gated receptors, embedded in the postsynaptic 
membrane, make the target neuron less sensitive to neurotransmitter. 
 

Long-term plasticity 
Life experiences modify subsequent behaviour and lead to formation of memories 
that can be stored for a long time. Memory formation occurs through activity 
dependent, long-lasting modifications of synaptic strength. In the late 1940s 
Donald Hebb postulated that associative memories are formed in the brain by a 
process of synaptic modification that strengthens connections when presynaptic 
activity correlates with postsynaptic firing (82).  

In the early 1970s it was shown that repetitive activation of excitatory 
synapses in the hippocampus caused a potentiation of synaptic strength that could 
last for hours or even days (83, 84). This phenomenon was termed long-term 
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potentiation (LTP), and it is now widely accepted that LTP represents the molecular 
basis for memory formation (85-88).  

LTP is most studied at excitatory synapses on CA1 pyramidal neurons in 
hippocampal slices. Similar or identical forms of LTP have been observed at 
excitatory synapses throughout the brain. Thus, hippocampal LTP is considered to 
be prototypical (fig. 3), and has been studied in great detail.  

Induction of LTP requires NMDA receptor activation. At resting membrane 
potential only AMPA receptors are open and allow influx of Na+ and K+ ions into the 
postsynaptic terminal. Extracellular Mg2+ blocks the channel of the NMDA receptor 
at a negative membrane potential (89, 90). When the postsynaptic membrane is 
depolarized, magnesium dissociates from NMDA receptor allowing the inward 
current of ions through NMDAR channel. Importantly, unlike AMPAR, NMDAR are 
permeable to sodium, potassium, and calcium ions (91, 92). 

A large increase in the postsynaptic concentration of calcium leads to 
activation of cytoplasmic signalling cascades and triggers LTP and a long-lasting 
increase in synaptic strength (93, 94). One of the key components of the molecular 
machinery directly responsible for the triggering of LTP is calcium/calmodulin 
(CaM)-dependent protein kinase II (CaMKII) (95-98). Several other kinases, such as 
protein kinase A (PKA) (99-101), extracellular signal-regulated kinase 
(Erk)/mitogen- activated protein kinase (102, 103), Src kinase (104) and protein 
kinase C and in particular the atypical PKC isozyme, PKMζ, (86, 105-107) have been 
implicated as important players in triggering LTP, but experimental evidence is 
most solid for CaMKII. Once CaMKII is activated, it phosphorylates serine-831 in the 
intracellular C-terminus of the GluA1 subunit, resulting in a significant increase in 
single-channel conductance of homomeric GluA1 receptors (108, 109). More 
importantly, at the same time, additional AMPARs are incorporated into the PSD 
via vesicular fusion and lateral movement within the plasma membrane. Newly 
inserted AMPA receptors are anchored at the PSD via TARP- mediated binding to 
scaffold proteins, e.g. PSD95 (110). It was shown that TARP is phosphorylated after 
CAMKII activation (111) and that this may be critical for LTP (112). Insertion of 
AMPA receptors is accompanied by morphological changes in the dendritic spines 
and synapses themselves. Those changes are the growth of new dendritic spines, 
enlargement of pre-existing spines and their postsynaptic densities, and the 
splitting of single PSDs and spines into two functional synapses (113-115). A 
plausible explanation is that membranes of recycling endosomes, that carry 
AMPARs to the plasma membrane, build into the synaptic membrane, and enlarge 
the synapse (34, 116-118). The size of the presynaptic active zone always closely 
matches the size of the PSD; this coupling is likely to be driven by changes in the   
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Figure 3. Basic 
principles of LTP and 
LTD. Glutamate 
triggers activation of 
postsynaptic NMDA 
receptors that can 
lead to long-term 
changes in synaptic 
function through 
regulation of the 
number of 
postsynaptic AMPA 
receptors. NMDAR 
activation leads to 
influx of Ca2+ through 
the receptor, which, 
depending on the 

spatiotemporal 
activation profile, can 
initiate LTP or LTD. An 
increase in the 
number of AMPAR in 

postsynaptic 
membrane increases synaptic strength during LTP, while during LTD a number of 
postsynaptic AMPARs decreases. An enhanced AMPAR number during LTP can be mediated 
through both exocytosis of AMPARs and/or lateral diffusion of AMPARs from extrasynaptic 
site towards the synapse. Conversely, LTD leads to AMPAR diffusion away from the synapse 
and receptor endocytosis. Figure adapted from Dialogues in Clinical Neuroscience with the 
permission of the publisher Les Laboratoires Servier©, Suresnes, France (119). 

 
 

PSD releasing a retrograde messenger. Such messenger remains elusive; one 
prominent candidate is brain-derived neurotrophic factor (BDNF) (120). 

Studies of long-term plasticity showed that changes in synaptic strength 
can be bidirectional, i.e., long-term potentiation (LTP) versus long-term depression 
(LTD) (121, 122). This provides support for the idea that memories are encoded by 
the distribution of different synaptic activities in neural circuits, not simply by LTP. 
Initially, a model was suggested that acts similarly to LTP. LTD is dependent on 
NMDA receptor activation and influx of calcium ions through NMDAR channel (100, 
123-125). The current hypothesis is that ion flux through the NMDA receptor is not 
required for NMDAR-dependent depression of synaptic AMPAR to occur (126). 

As discussed above, LTP occurs due to Ca2+-dependent activation of 
protein kinases and mainly CaMKII. Opposite to LTP, LTD requires no Ca2+ influx 
through the NMDAR, but involves activation of a metabotropic function of NMDA 
receptor (126). It was proposed that glutamate binding to the NMDA receptor 
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during low frequency stimulation  produces conformational changes in its GluN2 
subunits, which are linked to intracellular signalling pathways (independent of ion 
flux) that subsequently generate long term depression (126). Nabavi and colleagues 
suggest that NMDAR is involved in the metabotropic signalling through 
downstream activation of p38 MAPK, which was shown previously to play a role in 
LTD (127).  

In contrast to LTP, during which AMPARs are inserted into the PSD, during 
LTD AMPARs are endocytosed (109, 128-130). The exact mechanism of AMPA 
receptor endocytosis during LTD is not clearly understood. Most likely endocytosis 
occurs when AMPARs dissociate from their anchors within the PSD, then move 
laterally more perisynaptically where they are endocytosed (131-133). Calcium-
dependent dephosphorylation plays a key role in the process of endocytosis (128, 
134, 135). The substrates of phosphatases are components of the endocytotic 
machinery (128, 136, 137), AMPAR subunits themselves (135) as well as TARPγ2 
(alternatively called stargazin). As stated earlier, TARP mediates the interaction 
between PSD95 and AMPARs during LTP. During LTD, TARPγ2 is dephosphorylated 
by PP1. This dephosphorylation permits the dissociation of γ2 from PSD95, leading 
to destabilization of AMPA receptors at the plasma membrane and their 
subsequent synaptic loss (138). It was observed that the size of dendritic spines 
shrinks during LTD (139, 140); the loss of AMPARs via endocytosis may cause the 
shrinkage (141). Moreover, similar to LTP, new protein synthesis may be needed 
for the long-term expression of LTD (142). 

 

AMPA receptor mobility 
AMPA receptors undergo constitutive and activity-dependent translocation to, and 
removal from, synapses, which is determined by guided lateral diffusion (143), and 
by receptor endo-/exocytosis events (144, 145). 

As described above, it is postulated that the number of AMPA receptors 
present at the PSD regulate synaptic activity (85, 121, 146). For instance, 
hippocampus-dependent learning triggers LTP in the CA1 region, which is 
attributed to a recruitment of additional AMPARs at synapses (87, 147). At present, 
a three-step model describes best how AMPA receptors are inserted and retained 
at the PSD. The first step is exocytosis of the intracellular pool of AMPARs at 
extrasynaptic and/or perisynaptic sites, the second step is the lateral diffusion of 
AMPARs from the point of exocytosis to synaptic sites and the last step is the 
retention at synapses via scaffolding interactions (148). AMPA receptors have a low 
affinity for glutamate, and thus need to be properly aligned with the presynaptic 
active zone of neurotransmitter release (149). AMPA receptors are inserted into 
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the plasma membrane at the extrasynaptic sites. AMPARs are highly mobile within 
the plasma membrane, and they are in continuous lateral exchange between the 
synaptic and extrasynaptic sites (150-153). More than 50% of AMPA receptors 
present at the neuronal membrane are mobile and more than 90% if only 
extrasynaptic pool is considered (150, 153, 154). The macroscopic mobility of 
AMPA receptors is characterized by free and anomalous Brownian diffusion. Thus, 
extrasynaptic AMPA receptors serve as a ready pool for the recruitment of the 
AMPARs to the PSD. Extrasynaptic AMPARs, entering the synaptic site, may or may 
not be retained within the PSD, meaning that under basal condition there is a 
limited number of slots available for the trapping of AMPA receptors (153, 155). 
Diffusional block, i.e., trapping of receptors is necessary for the synaptic 
localization of the AMPARs. Upon synaptic activity, e.g. NMDAR-dependent LTP, 
AMPARs are retained and anchored at the PSD mainly through the interaction with 
PDZ domain-containing scaffold proteins (156). The most prominent PDZ-
containing scaffold proteins belong to the MAGUK (membrane-associated 
guanylate kinases) family (PSD95, PSD93, SAP97, and SAP102) (156, 157). PSD95 is 
believed to be particularly important for controlling the number of AMPARs (158-
161). The C-terminus of the AMPA receptor contains a PDZ domain-binding site 
that allows direct interaction between AMPARs and scaffold proteins. For instance, 
PDZ domain-containing scaffold proteins interact directly with the AMPAR GluA2 
subunit, through binding of GRIP1 (162) and PICK1 (163) and to GluA1 via SAP97 
(164-166). SAP97 undergoes alternative splicing, which generates several isoforms 
of the SAP97 protein (161, 167-169). Palmitoylated α-isoform, that shares almost 
identical amino-terminal sequence with PSD95 and PSD93, targets GluA1-
containing AMPARs to the PSD (170, 171), whereas the L27 domain-containing β 
isoform targets primarily to non-PSD, perisynaptic regions (172). SAP97 isoforms do 
not shuttle AMPARs, rather they create docking sites to transiently tether AMPA 
receptors at the cell surface (172). Alternatively, AMPARs form a complex with the 
TARPγ2 protein via a PDZ domain interaction, and TARP in its turn binds to PSD95, 
thus providing a link between the AMPAR and PSD95 (110, 150). It is proposed that 
docking mechanisms of AMPARs at the cell surface provided by SAP97 and 
PSD95/TARP are similar (172).  

It is likely that the underlying mechanism of LTD represents the reverse 
order of events during LTP. Thus, during LTD, firstly, synaptic AMPARs should be 
destabilized, then trafficked to extrasynaptic and/or perisynaptic sites via lateral 
diffusion and lastly internalized via endocytosis. This hypothesis is supported by the 
finding that dephosphorylation of TARPγ2 is necessary for LTD (112), which is 
opposite to what happens during LTP when TARPγ2 is phosphorylated. 
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AMPA receptor auxiliary subunits 
Before continuing, it is important to define the criteria for an AMPA receptor 
auxiliary subunit. A bona fide AMPA receptor transmembrane auxiliary subunit 
(173): 

a) avidly and selectively binds to mature AMPA receptors as part of a stable 
complex at the cell surface, 

b) can modulate the functional characteristics of the AMPA receptor, 
c) may also mediate surface trafficking and/or targeting to specific subcellular 

compartments, such as synapses, 
d) has no gating properties by its own. 

Thus, auxiliary subunits bind the receptor, and have a distinct functional role. The 
view that AMPA receptors do not have auxiliary subunits changed when the small 
transmembrane protein TARPγ2 was discovered (174). First, it was shown that 
TARPγ2 plays a critical role in the function of AMPA receptors (175-177). TARPγ2 
has a crucial function in the trafficking and ultimate synaptic targeting of AMPARs 
(176). It directs AMPA receptor trafficking in neurons by targeting them to synapses 
through binding to PDZ domain-containing proteins of the MAGUK family, and 
notably to PSD95. Furthermore, TARPγ2, in addition to its role in trafficking is also 
involved in modulating gating properties of the AMPA receptors. It is reported that 
TARPγ2 slows the rate of desensitization and enhances the amplitude of steady-
state currents in response to glutamate, as compared with GluA1 or GluA2 alone 
(178, 179). The co-expression of the AMPA receptor with TARPγ2 slows the rate of 
deactivation and speeds up recovery from desensitization (178-181). TARPγ2 
belongs to an extended family of transmembrane AMPAR regulatory proteins 
(TARPs) (182) (fig. 4). Members of the TARP family were shown to act as AMPA 
receptor auxiliary subunits (183-186). 

Recently, using a proteomics approach many AMPAR interacting proteins 
were discovered, potentially acting as auxiliary subunit (fig. 4). A new family, the 
Cornichon family, of the AMPA receptor auxiliary subunits was identified, which 
includes two cornichon homologs -2 and -3 (CNIH-2 and CNIH-3) (187). It was 
shown that AMPARs associate primarily with CNIHs and that AMPA receptors 
associated with TARPs represent a smaller and mainly non-overlapping population. 
Co-expression of CNIHs with the AMPA receptor in heterologous cells enhances 
AMPAR surface expression and slows the deactivation and desensitization kinetics 
of agonist-evoked currents to an even greater extent than TARPγ2 (187-190). In 
addition to being an auxiliary subunit, it is discussed whether cornichons have 
another function related to maturation of the AMPAR in the ER (191). Initially 
cornichon was identified in Drosophila, where the Cni protein (CNIH orthologue in 
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fly) binds to Gurken, the EGF-like ligand. In flies Cni acts as a cargo receptor for 
recruitment of Gurken into COPII vesicles. In the absence of Cni, export from ER 
and secretion of ligand are disrupted (192, 193). Moreover, it was shown that in 
HeLa cell line CNIH-2 altered the glycosylation pattern of GluA2 subunit (191) and 
in C. elegans Cni-1 (cornichon orthologue in worm) limited the export of AMPARs 
from the ER (194). It remains to be explored if CNIH-2 and -3 play similar roles in 
AMPAR maturation in neurons. 

In 2010, the AMPAR-modulating protein Shisa9, initially named CKAMP44 
(cystine-knot AMPA receptor modulatory protein), was added to the list of AMPA 
receptor auxiliary subunits (195) (fig. 4). Shisa9 is a brain-specific type I 
transmembrane protein that is widely expressed throughout the brain at modest 
levels. Shisa9 belongs to the Shisa protein family (196).  

In addition, SynDIG1 (synapse differentiation-induced gene 1), SOL-1 and -
2 (suppressor of Lurcher), and GSG1L (germ-cell-specific gene 1-like) have been 
proposed as AMPAR auxiliary subunits (197-199). 

SynDIG1 is a type II transmembrane protein, that contains one 
transmembrane domain (fig. 4). SynDIG1 colocalizes with AMPA receptors at 
synapses and extrasynaptic sites and regulates AMPA receptor content in 
developing synapses. Potentially, SynDIG1 is involved in the synaptic trafficking of 
AMPA receptors, but the effect is not well-understood (200, 201). Overexpression 
of SynDIG1 in hippocampal neurons increases mEPSC amplitude and frequency, 
indicating enhanced synaptic clustering of AMPA receptors (197). 
 SOL-1 and -2 are type I transmembrane proteins, containing extracellular 
CUB domains (fig. 4). In C. elegans SOL-1 and -2 regulate the rate of GLR-1 (AMPA 
receptor homolog in worms) desensitization and the recovery from desensitization, 
but they do not play any essential role in assembly or trafficking of the AMPAR 
complex (198, 202). SOL-1 and -2 proteins are established GLR-1 auxiliary subunits 
in worms, but it remains to be established whether there are mammalian 
homologs of the SOL proteins, acting as AMPA receptor auxiliary subunits.  

A proteomics-based interactome study revealed a new AMPAR auxiliary 
subunit – GSG1L (199) (fig. 4). GSG1L is structurally related to the TARPγ2 protein. 
Yet, GSG1L has an opposite to TARPγ2 effect on AMPAR channel kinetics, it slows 
down recovery from desensitization (199), similarly to Shisa9 (195). GSG1L 
increases surface expression of the AMPA receptor in HEK 293 cells, suggesting 
contribution of GSG1L in the trafficking of AMPARs (199).  
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Figure 4. A schematic of the AMPA receptor subunits, its auxiliary subunits and scaffold 
proteins. GluA1-4 AMPA receptor subunits; TARPs, GSGL1, CNIH-2, -3, Shisa6, 9, and SOL-1, -
2 auxiliary to AMPAR subunits, PSD95 scaffold protein. N, N-terminus; C, C-terminus; PSD, 
postsynaptic density; CUB, complement C1r/C1s, Uegf, Bmp1 domain; GK, guanylate kinase 
domains; PDZ, post synaptic density protein (PSD95)–Drosophila disc large tumor suppressor 
(Dlg1)–zonula occludens-1 protein (zo-1); SH3, SRC homology 3 domain. Figure adapted 
from The Journal of Biochemistry with the permission of the publisher Oxford University 
Press (203).  

 
 

The best characterized AMPA receptor auxiliary subunits belong to the 
TARP family. The role of newly discovered AMPA receptor auxiliary subunits is 
poorly understood. Presence of numerous classes of structurally unrelated auxiliary 
subunits provides broad possibility for the regulation of function and trafficking of 
the AMPA receptors, processes that underlie cognitive functions of the brain, such 
as learning and memory.  

 
The Shisa family of AMPA receptor auxiliary subunits 
The Shisa family of AMPA receptor auxiliary proteins includes 11 proteins (196), 
including Shisa9. The characteristic feature of all members is a cysteine-rich stretch 
of amino acids in the N-terminus. This region might form a cystine-knot structure 
(204-206). The function of this structure is unknown yet (195, 207), but the intact 
cystine-knot is a prerequisite for the AMPAR modulation by Shisa9. However, the 
interaction between Shisa9 mutant with disrupted cystine-knot and AMPA receptor 
is retained (207). Each family member is a type-I transmembrane protein with 
extracellular N-terminus and intracellular C-terminus. The C-terminus of four family 
members, Shisa6-9, ends in a type II PDZ domain-ligand motif (EVTV) (fig. 5). Genes  
  

GluA1-4 TARPs, GSGL1 CNIH-2, -3 SynDIG1 Shisa6, 9 SOL-1, -2 PSD95

AMPAR subunits Auxiliary subunits Synaptic scaffold
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Figure 5. The Shisa family of proteins. A. Schematic of proteins which belong to Shisa family. 
SP – signal peptide, C-knot – cystine knot, TM – transmembrane domain, EVTV (Glu-Val-Thr-
Val) – PDZ domain-binding site. B. Expression profile of Shisa9, Shisa6 and Shisa7 genes - 
members of Shisa family (pictures obtained from Allen Mouse Brain atlas; Shisa9 
(http://mouse.brain-map.org/experiment/show/71809079), Shisa6 (http://mouse.brain-
map.org/experiment/show/74821852) and Shisa7 (http://mouse.brain-
map.org/experiment/show/70429052).   
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encoding these Shisa proteins are expressed in the brain, except for Shisa8. 
According to an in situ hybridization study, Shisa9, Shisa7 and Shisa6 have different 
expression profiles; Shisa9 is expressed in hippocampus dentate gyrus, Shisa6 - in 
hippocampus dentate gyrus, CA1-3 regions and in the cerebellar Purkinje cell layer 
(Allen Mouse Brain Atlas). Shisa7 is localised throughout the hippocampus and in 
the top cortical layers (Allen Mouse Brain Atlas) (fig. 5).  

Shisa9 and -6 are shown to be AMPA receptor auxiliary subunits. Both are 
expressed postsynaptically and directly bind to the AMPA receptor in a subunit 
nonspecific manner (195), (Klaassen et al., 2014, submitted). It is shown that the 
physical association between Shisa9 and GluA subunits occurs intracellularly, 
involving 20 amino acids directly downstream of the transmembrane region of 
Shisa9 (207). The function of Shisa7 remains to be explored.  

Shisa9 modulates synaptic short-term plasticity by influencing kinetics and 
channel properties of AMPARs; Shisa9 increases receptor desensitization, slows 
down deactivation and recovery from desensitization, and reduces steady-state 
current (195). Shisa6 also affects synaptic short-term plasticity, it decreases 
receptor desensitization and increases steady-state current, an effect that is 
opposite to that of Shisa9. Both Shisa9 and -6 prolong deactivation time. Whereas 
Shisa9 slows down recovery from desensitization, Shisa6 has no effect on it (195), 
(Klaassen et al., 2014, submitted).  

Shisa9 and -6 are likely to be involved in the trafficking and anchoring of 
the AMPA receptors at the PSD via interaction with PSD95. This mechanism might 
be similar to the one of TARP/PSD95-mediated synaptic anchoring of AMPAR (208), 
(Klaassen et al., 2014, submitted).  

Moreover, Shisa9 and TARPγ8 might bind simultaneously to the same 
AMPA receptor complex in the dentate gyrus. Likely, TAPRγ2/4 are also present in 
the AMPAR/TARPγ8/Shisa9 complexes in the hippocampus, though stoichiometry 
of the interaction remains to be defined (207). Another important observation is 
that both proteins TARPγ8 and Shisa9 modulate the AMPA receptor in a similar 
fashion. They increase the time constant of deactivation and promote surface 
expression of the AMPA receptor in the dentate gyrus granule cells. But, Shisa9 and 
TARPγ8 show opposite effects on AMPA receptor desensitization and recovery 
from it. Furthermore, Shisa9 and TARPγ8 demonstrate differences in the regulation 
of short-term plasticity, which originate from the opposite influence on 
desensitization (207).  

As formulated by von Engelhardt and colleagues, synergistic influence of 
different classes of auxiliary subunits on the AMPA receptor raises new questions  
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regarding how the expression of auxiliary subunits is regulated on the cellular level 
and whether such regulation is dynamic and activity-dependent (207).  
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Aim and outline of this study 
The main aim of this study was to characterize aspects of the function of the newly 
discovered Shisa family of AMPA receptor auxiliary subunits, in particular Shisa9, -6 
and -7. The list of AMPA receptor auxiliary subunits has grown fast, and it is 
important to systematically establish the role of auxiliary subunits, as these 
proteins might perform much more complicated functions than just regulating 
gating properties of the AMPA receptor channel. 

Chapter 2 is dedicated to the first discovered AMPA receptor auxiliary 
subunit of the Shisa family – Shisa9. In the previous research we established that 
Shisa9 is an AMPA receptor auxiliary subunit, meaning that this protein is involved 
in the regulation of biophysical properties of the AMPAR. We aimed at 
identification of Shisa9 functions mediated through its interactions with 
cytoplasmic proteins. First, we identified the cytoplasmic interactome of Shisa9 by 
means of yeast two-hybrid screen and showed that Shisa9 binds to scaffold 
proteins, such as PSD95, via a PDZ domain. Furthermore, we demonstrated that the 
disruption of the interactions between Shisa9 and PDZ domain-containing proteins 
affects the AMPAR gating properties and network activity in hippocampal slices.  

Following the discovery of Shisa9 as an auxiliary subunit, it was shown that 
the other member of the Shisa family, Shisa6, also serves as an auxiliary subunit to 
AMPA receptors. In chapter 3 we used a similar approach as in chapter 2, the yeast 
two-hybrid screen, to identify the cytoplasmic interactome of Shisa6. We showed 
that like Shisa9, Shisa6 interacts with PDZ domain-containing proteins. In addition 
to that, Shisa6 also interacts with proteins that contain SH3 domains, indicating 
that functions of Shisa6 and Shisa9 proteins might partially overlap but at the same 
time Shisa6 might have additional properties. Moreover, we performed the 
immunoprecipitation of native Shisa6 complexes from hippocampus and 
cerebellum and showed that there is a partial overlap between interactors 
identified by means of yeast two-hybrid screen and immunoprecipitation from 
brain tissue.  

Chapter 4 focuses on the Shisa7 family member, that potentially also plays 
a role of an AMPA receptor auxiliary subunit. Like in chapter 2 and 3, we performed 
a yeast two-hybrid screen and identified the cytoplasmic interactome of Shisa7. We 
showed that Shisa7 and Shisa6 have similar interactome profiles, that differ 
considerably from the one of Shisa9. This suggests that Shisa6 and Shisa7 might 
execute similar functions in different brain regions (Shisa6 is expressed in 
cerebellum, Shisa7 is expressed in cortex) and overlap in function in hippocampus 
where they both are present. 
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NEDD4, an E3-ubiquitin ligase, was identified in the yeast two-hybrid 
analysis as Shisa6 and Shisa7 binding partner. In chapter 5 we focus on the 
potential involvement of Shisa6 and Shisa7 in the process of AMPA receptor 
ubiquitination. It is established that NEDD4 ubiquitinates the GluA1 subunit of the 
AMPA receptor, but the mechanism of regulation of AMPAR ubiquitination is not 
known. We showed that Shisa6 and -7 bind directly to NEDD4 in yeast and HEK293 
cells, and the presence of NEDD4-Shisa6-AMPAR native complexes was confirmed 
by means of immunoprecipitations from brain tissue. We propose that Shisa6 and 
Shisa7 serve as mediators, recruiting NEDD4, in the process of AMPA receptor 
ubiquitination. 

Finally, chapter 6 of this thesis summarizes the obtained data and 
discusses the roles and potential functions of Shisa proteins in the regulation of the 
AMPA receptor in the mammalian brain.  
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Abstract 
Shisa9/CKAMP44 has been identified as auxiliary subunit of the AMPA-type 
glutamate receptors and was shown to modulate its physiological properties. 
Shisa9 is a type-I transmembrane protein and contains a C-terminal PDZ domain-
binding site that potentially interacts with cytosolic proteins. In this study, we 
performed a yeast two-hybrid screening that yielded eight PDZ domain-containing 
interactors of Shisa9, which were independently validated. The identified 
interactors are known scaffold proteins residing in the neuronal postsynaptic 
density. To test whether C-terminal scaffolding interactions of Shisa9 affect 
synaptic AMPA receptor function in hippocampus, we disrupted these interactions 
using a Shisa9 C-terminal mimetic peptide. In the absence of scaffolding 
interactions of Shisa9, glutamatergic AMPA receptor-mediated synaptic currents in 
the lateral perforant path of the mouse hippocampus had a faster decay time, and 
paired-pulse facilitation was reduced. Furthermore, disruption of the PDZ 
interactions between Shisa9 and its binding partners affected hippocampal 
network activity. Taken together, our data identifies novel interaction partners of 
Shisa9, and shows that the C-terminal interactions of Shisa9 through its PDZ 
domain interaction motif are important for AMPA receptor synaptic and network 
functions. 
 

Introduction 
The AMPA-type glutamate receptor (AMPAR) is widely expressed in the brain and 
mediates the majority of fast excitatory neurotransmission. The AMPAR is a 
transmembrane glutamate-gated ion channel comprised of four pore-forming 
subunits GluA1–4 (209). The subunit stoichiometry determines aspects of AMPAR 
function, including channel conductance, receptor trafficking and subcellular 
localization (70). In addition, a group of auxiliary transmembrane proteins regulates 
membrane expression and function of AMPAR. These include TARPs (173), the 
Cornichons CNIH-2 and CNIH-3 (187). Recently, the AMPAR-modulating protein 
Shisa9, initially named CKAMP44, was added to this list (195). Shisa9 modulates 
synaptic short-term plasticity by influencing kinetics and channel properties of 
AMPAR via direct interaction. Shisa9 is a type-I transmembrane protein, which is 
localized postsynaptically and predominantly expressed in neurons of the 
hippocampal dentate gyrus and in the cerebral cortex. Shisa9 belongs to the Shisa 
protein family (196), which is characterized by the presence of a cystine-knot motif 
in the extracellular N-terminus and a PDZ type II binding motif Glu-Val-Thr-Val 
(EVTV) at the distal intracellular C-terminus.  
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AMPARs are known to anchor at their postsynaptic site in order to align 
with the presynaptic transmitter release machinery. Anchoring of AMPARs at the 
postsynaptic density (PSD) occurs mostly through proteins that associate with the 
intracellular domains of AMPAR subunits. For instance, PDZ domain-containing 
scaffold proteins interact directly with the AMPAR GluA2 subunit, through binding 
of GRIP1 (162) and PICK1 (163), and to GluA1 via SAP97 (164). Alternatively, 
AMPARs bind indirectly to the postsynaptic scaffold proteins, e.g. PSD95, via direct 
interaction with TARP that simultaneously binds to AMPARs and PSD95 (150, 176). 
Albeit that AMPARs are anchored postsynaptically, they are highly mobile 
receptors. They undergo constitutive and activity-dependent translocation to, and 
removal from, synapses, which is determined by guided lateral diffusion (143), and 
receptor endo-/exocytosis events (210). These processes also involve AMPAR 
associated proteins. For instance, TARP is involved in the lateral insertion of new 
AMPARs at the postsynaptic membrane (211). Changing the number of AMPARs 
residing at the postsynaptic membrane underlies synaptic plasticity and the 
expression of memory (212); increases in the amount and function of synaptic 
AMPAR lead to LTP (93, 213) and, conversely, removal of AMPAR from postsynaptic 
density mediates LTD (134) (214). It is conceivable that auxiliary subunits 
transiently interacting with AMPARs are of importance for anchoring the receptor 
at the postsynaptic site.  

In this study, we aimed at identifying cytosolic C-terminal interacting 
partners of Shisa9, which might be important for anchoring the protein at the 
postsynaptic membrane, and elucidating the involvement of these interactors in 
AMPAR synaptic and network functions. 

 

Materials and methods 
 
Yeast two-hybrid screen – The yeast two-hybrid screen was performed according 
to the methods reported by Walhout and Vidal (215). For bait-construction, the 
PCR-amplified Shisa9 C-terminal domain (amino acids 172 (KLGL) – 424 (EVTV) of 
NCBI Refseq NP_082553.2) was inserted into the EcoRI–SalI-digested pBD-GAL4 
vector (Stratagene). The screen was performed by high-efficiency transformation of 
a pACT2-contained mouse brain Matchmaker cDNA library (Clontech) into bait 
construct-positive PJ69-2a yeast cells (displaying no intrinsic reporter activity). 
Transformed cells were selected for 4 to 6 days on plates supplemented with 3 mM 
3-amino-1,2,3-triazole and lacking Leu, Trp and His (–LTH), followed by a secondary 
selection under Leu, Trp and Ade-depleted conditions (–LTA). Growth-positive 
transformants were picked on days 4, 7 and 10, and subjected to another 15 days 
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of –LTA selection. For the prey protein identification, yeast colonies were 
resuspended in 15 µL of Zymolyase solution (4 mg/mL Zymolyase T-100 (Seikagaku 
corporation), 1.2 M Sorbitol and 0.1 M sodium phosphate buffer pH 7.5), incubated 
for 1 hour at 37 °C, and heated to 98 °C for 10 min. pACT2 inserts were PCR-
amplified from the crude-lysate (forward: 5’-GATGATGAAGATACCCCACCAAACCC-
3’, reverse: 5’-GCACGATGCACAGTTGAAGTGAACTTG-3’), used as template in 
BigDye™ terminator 3.1 sequence reactions (Applied Biosystems) (primer: 5’-
TCTGTATGGCTTACCCATACGATGTTCC-3’), and analyzed on an Applied Biosystems 
3730 DNA Analyzer. Sequence files were blasted against the IPI protein database 
(ipi.MOUSE.v3.37), frame-checked and validated to contain no stop-codons 
upstream of the prey-protein coding region. 
 
Direct two-hybrid assay – The Shisa9-cd (cytoplasmic domain) and ΔEVTV bait-
construct was PCR amplified, inserted into the EcoRI–SalI-digested pBD-GAL4 
vector, and transformed into the PJ69-2a yeast strain. Selected prey-clones were 
rescued from yeast using the RPM kit (MP Biochemicals, according to the 
manufacturer’s instructions), amplified in Escherichia coli (DH5αF), and 
transformed into the PJ69-2α yeast strain. The identity of each isolated clone was 
confirmed by sequence analysis, and blasting against the NCBI reference proteins 
database. Bait and prey transformants were grown under respectively -Trp (-T) and 
–Leu (-L) selective conditions, diluted to an OD600 of 0.5, mixed according to the 
direct two-hybrid matrix, and spotted on rich medium YPD plates. The cells were 
allowed to grow for 48 hours, followed by replica-stamping onto –LT selective 
medium. After 3 days the plates were analyzed for cell-growth, replica-stamped 
onto -LTAH plates (high stringency selection) and incubated for 10 days. Cell-
growth was recorded at days 4, 7 and 10. The identity of the bait and prey proteins 
was re-confirmed at the end of the direct two-hybrid assay by insert amplification 
and sequence analysis (as described in the yeast two-hybrid screen section). 
 
DNA constructs – cDNA fragments encoding mouse full length and ΔEVTV HA-
tagged Shisa9 were amplified by PCR from a previously designed plasmid 
containing HA-tagged Shisa9. The HA-tag was introduced between the signal 
peptide and the N-terminus. PCR products were subcloned into the pTRCGW-CMV-
IRES2-EGFP-Dest vector. The mouse cDNA encoding full length proteins of putative 
Shisa9 interactors (PSD93, PSD95, MPP5, PICK1, GRIP1, GIPC1, LIN7b, Dynlt3) were 
amplified by PCR and subcloned into pcDNA3.2V5/Dest vector (Invitrogen) to 
obtain V5-tagged proteins. All constructs were sequence verified and used for 
transfection of HEK293T cells. 
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Transfection of HEK293T cells – HEK293T cells were transfected using PEI 2500.  
Cells were passed the day before transfection in DMEM media (Gibco), 10% FBS 
(Invitrogen), 1% Penicillin-Streptomycin (Gibco) in 10 cm dishes. On the day of 
transfection cells were 60–70% confluent. The medium was refreshed 2 h before 
transfection; 5 μg DNA was mixed with 250 μL PBS, after which 35 μL PEI 2500 was 
added to the DNA-PBS mixture. The transfection mixture was gently vortexed, 
incubated for 10 min at RT and dropwise added to HEK293T cells. After transfection 
(48 h), cells were harvested in 1 mL of lysis buffer (25 mM HEPES/NaOH, pH 7.4, 
150 mM NaCl, EDTA-free protease inhibitor cocktail (Roche)) with 1% DDM 
(Thermo Scientific) or 1% Triton X-100 (Roche, for PICK1), incubated (45 min, 
rotating) at 4 °C, spun down at 20800x g for 10 min at 4 °C. The obtained 
supernatant was used for co-immunoprecipitation. 
 
Co-immunoprecipitation from HEK293T cells – Anti-HA-tag antibody (2 µg; ab9110, 
Abcam) was added to the obtained HEK293T cells lysates and incubated (overnight, 
rotating) at 4 °C. Subsequently, protein A/G beads (30 μL; Santa Cruz) were added 
and samples were incubated (1 h, rotating) at 4 °C and washed 3 times with lysis 
buffer containing 0.1% TritonX-100. SDS sample buffer (50 µL) containing 10% 2-
mercaptoethanol was added to the obtained pellets and boiled for 5 min prior to 
analysis using SDS-polyacrylamide gel electrophoresis and immunoblotting.  
 
Animals – C57Bl6J mice (Charles River), 7 a.m. lights on/7 p.m. lights off, with 
water and food ad libitum (immune-precipitations: male and female of > 10 weeks; 
electrophysiology: males of 2–4 weeks) were handled in accordance to the Dutch 
law using a protocol approved by the Animal Ethics Committee of the VU University 
Amsterdam. 
 
Co-immunoprecipitation from mouse hippocampus and cortex – Mouse cortex or 
hippocampus was homogenized with a potter and piston at 900 rpm on ice, for 
twelve times up and down motion in 30 mL homogenization buffer (25 mM 
HEPES/NaOH, pH 7.4, 0.32 M sucrose, 1x Roche protease inhibitor). The extract was 
centrifuged at 1000x g, 10 min at 4 °C. The supernatant was removed, centrifuged 
at 100000x g, 2 h to obtain a pellet P2-fraction, which was resuspended in HEPES 
buffer to 10 μg/μL protein, and mixed with equal volume of lysis buffer with 2% 
DDM. After incubation (45 min, rotating) at 4 °C, the sample was centrifuged 
(20000x g 15 min) at 4 °C. The pellet was resuspended in lysis buffer with 1% DDM 
(300 µL), incubated for another 45 min rotating at 4 °C, and again centrifuged. The 
obtained supernatants (1425 µL, 6 mg protein) were pooled, and anti-Shisa9 
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antibody (12 µg, PA5-21058, Thermo Scientific) was added and incubated overnight 
(rotating at 4 °C). Agarose-protein A/G beads were added and incubated for 1 h at 
4 °C. After washing 4 times in lysis buffer with 0.1% DDM, proteins were eluted off 
the beads with 60 µL SDS sample buffer, and were loaded (10 µL) on Criterion 
Precast gel (BioRad).  
 
Western blotting – Immunoblotting was done overnight at 40 V onto PVDF 
membrane (BioRad). For immunostaining of co-immunoprecipitation samples from 
HEK293T cells the following antibodies were used: anti-V5 (Abcam, 1:1000), anti-
HA (3F10, Roche, 1:1000) in 5% milk TBST, incubation was done overnight at 4 °C 
on a shaking platform. For co-immunoprecipitation samples from brain anti-PSD95 
antibody (75-028, Neuromab, 1:10000) was used. The secondary antibodies used 
were goat-anti-mouse-HRP (DAKO, for anti-V5 and anti-PSD95) and goat-anti-rat-
AP (Southern Biotech, for anti-HA). The membranes were developed by means of 
ECF (Amersham) or ECL femto (Thermo Scientific) according to the manufacturer’s 
instructions. 
 
Purification of recombinant PSD95 – Mouse His-tagged PSD95 was produced in E. 
coli BL21AI strain (Invitrogen) transformed with pDEST17-PSD95 plasmid. The 
expression of PSD95 was induced at OD600 = 0.6–0.8 with 0.2% arabinose (Sigma). 
Cells were harvested 3 h after induction by spinning down at 20000 g for 30 min at 
4 °C. Pellets were resuspended in lysis buffer 25 mM HEPES pH 7.4, 150 mM NaCl 
with 25 mM Imidazole, frozen in liquid nitrogen and stored at – 80 °C. Upon use, 
resuspended pellets were thawed (30 °C) and EDTA-free protease inhibitor cocktail 
(Roche) was added. Cells were cracked by means of One Shot system (Constant 
Systems Limited) at 1.7 kbar, 3 times, after which lysates were spun down at 20000 
g, 15 min at 4 °C. Supernatant was filtered (0.45 µm filter; Millipore) before loading 
on 1 mL HisTrap column (GE Healthcare) equilibrated with lysis buffer containing 25 
mM Imidazole. Purification was performed on AKTA system (GE Healthcare). PSD95 
was eluted from the column with a linear gradient of Imidazole up to 500 mM. 
Fractions were collected, pooled together, frozen in liquid nitrogen, and stored at – 
80 °C. PSD95 was concentrated (Amicon ultracentrifuge filter unit 10000 MW cut-
off; Millipore) to 1.4 mg/mL, aliquoted, frozen in liquid nitrogen and stored at – 80 
°C until needed. 
 
Peptide competition assay – Biotin- and TAT-Shisa9+EVTV peptides are identical to 
last 19 amino acids of the C-terminal part of Shisa9. 0.5 µM biotinylated 
Shisa9+EVTV peptide (biotin-HFPPTQPYFITNSKTEVTV) or Shisa9-ΔEVTV peptide 
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(biotin-HFPPTQPYFITNSKT; GenScript Corporation) was incubated with NeutrAvidin 
beads (100 µL; Thermo Scientific) for 10 min at RT rotating. Unbound peptide was 
washed away (3 times) with lysis buffer containing 0.05% Tween-20. Recombinant 
PSD95 (0.1 µM) was added in total volume of 1 mL and incubated for another 10 
min at RT rotating. The TAT-tagged Shisa9 peptide (10 µM; TAT-Shisa9+EVTV – TAT-
HFPPTQPYFITNSKTEVTV; TAT-Shisa9ΔEVTV – TAT-HFPPTQPYFITNSKT or TAT-
scrambled – TAT-YPNETKQTIFVSVTPHPFT, GenScript Corporation) was added to the 
beads-PSD95 mixture and incubation continued for another 2 h at RT. Unbound 
PSD95 was washed away with cold lysis buffer containing 0.1% Triton X-100 
(Roche), washing was performed 4 times, and at the last step beads were 
transferred to a new tube. To the obtained bead pellet 75 µL SDS-sample buffer 
was added and boiled for 5 min prior to SDS-PAGE. Samples were loaded on 
Criterion Precast gel (BioRad) and PSD95 band was visualized by means of 2,2,2-
Trichloroethanol present in the precast gels.  
 
Electrophysiology – Synaptic plasticity and network oscillations. Acute horizontal 
hippocampal slices, 300 μm or 400 µm thick, were prepared from either 21 to 30 or 
12 to 17 days-old C57BL/6 mice to perform either synaptic plasticity or network 
oscillations experiments respectively. After decapitation, the brain was quickly 
removed and sliced in ice cold aCSF containing (in mM): 110 choline chloride, 25 
NaHCO3, 11.6 Na-ascorbate, 10 D-glucose, 7 MgCl2, 3.1 Na-pyruvate, 2.5 KCl, 1.25 
NaH2PO4, 0,5 CaCl2 for synaptic plasticity recordings and 126 NaCl, 3 KCl, 10 D-
glucose, 26 NaHCO3, 1.2 NaH2PO4, 1 CaCl2 and 3 MgSO4, for oscillations recordings. 
In both cases, aCSFs were carboxygenated with 95% O2 and 5% CO2 (pH 7.4). Slices 
were transferred to a bath of carboxygenated modified aCSF containing (in mM): 2 
CaCl2, 1 MgCl2 and 25 Glucose for the synaptic recordings or 2 CaCl2 and 2 MgSO4 
for the oscillations recordings. Slices were incubated for at least 1 h prior to 
recording with 10 μM of TAT-Shisa9+EVTV, TAT-Shisa9ΔEVTV or TAT-scrambled 
peptide. Experiments were performed at 31 ± 1 °C. Whole cell recordings of 
dentate gyrus granule cells were performed using borosilicate electrodes with a 
resistance of 3–5 MΩ filled with internal solution containing (in mM): 120 Cs-
gluconate, 10 CsCl, 8 NaCl, 10 HEPES, 10 phosphocreatine-Na, 0,3 Na3GTP, 2 Mg-
ATP, 0,2 EGTA, and 4% Biocytin, pH 7.3. Input resistances were monitored 
throughout recordings. Lateral perforant path inputs were stimulated using 
electrical stimulation. Local field potentials were measured at the CA3 hippocampal 
area by means of multi-electrode arrays consisting of 60 electrodes spaced at 100 
μm. Oscillations were chemically induced by the addition of DHPG (10 µM). Data 
analysis was performed by custom-made software developed in Matlab®. 
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Statistics – Data is presented as average ± SEM. Statistical significance was tested 
with the student’s t-test (α = 0.05). Correction for multiple comparisons was 
applied for the oscillations' analysis. A two-way ANOVA was performed for the 
paired-pulse-ratio analysis using Bonferroni post-hoc testing. Significance is marked 
with asterisks as ***p < 0.0001, **p < 0.01 and *p < 0.05. All data was normally 
distributed. 
 

Results 
 

Shisa9 interacts with PDZ domain-containing proteins in a PDZ-
ligand motif-dependent manner 
To identify cytosolic proteins potentially involved in the interaction with Shisa9, 
6.2*106 clones of a mouse brain cDNA library were screened in a yeast two-hybrid 
system using the Shisa9 cytoplasmic domain (cd) as bait (fig. 1A). Out of the 426 
yeast cell transformants that induced cell growth under nutritional selective 
conditions, 384 were processed for prey-protein identification, by prey plasmid 
isolation and sequencing (see Methods). Blasting prey library-plasmids against the 
IPI protein-database (ipi.MOUSE.v3.37) resulted in the identification of 146 cDNA 
clones (E-value < 0,001), 84 of which featured both a correct reading frame and a 
lack of internal stop codons. Combined, the collapsed sequences represented 43 
different putative Shisa9-cd interactors (table S1), including several proteins that 
contained the anticipated PDZ domains. For follow-up studies, the postsynaptic 
scaffold-components PSD93, PSD95, MPP5 and GRIP1 were selected, in addition to 
synaptic-trafficking elements PICK1, LIN7b and GIPC1 (table 1). DYNLT3, a well-
represented, but PDZ domain-lacking protein, was also taken along. The specificity 
of putative Shisa9 interactors was confirmed with a direct two-hybrid assay using 
representative clones of each protein and the empty bait vector as control (fig. 1B, 
table 1). None of the interactors was able to induce cell-growth in the absence of 
the Shisa9-cd while cultured under high-stringent selective conditions (–Leu, –Trp, 
–His, –Ade). 

To establish the involvement of the Shisa9 C-terminal PDZ-ligand motif in 
protein-protein interaction, we re-tested interaction after deletion of the PDZ 
interaction motif. Indeed removal of the C-terminal EVTV sequence completely   
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Figure 1. The cytoplasmic side of Shisa9 interacts with multiple PDZ domain-containing 
proteins in a PDZ-ligand motif dependent manner. A. Schematic representation of Shisa9 
and the two Shisa9 cytoplasmic domains (cd) used within the yeast two-hybrid screen and 
direct two-hybrid assay (SP, signal peptide; TM, transmembrane domain; EVTV, C-terminal 
PDZ-ligand motif. B. Direct two-hybrid assay performed under stringent nutritional selection 
(–LTAH). The absence of growth results from the cell’s inability to activate the adenine 
reporter gene. pBD WT and pACT2 WT labels refer to the empty plasmids.  
 
 
disrupted cell growth for PDZ domain-containing proteins, while in the case of 
DYNLT3, cell growth did occur (fig. 1A, B). This confirms that the distal EVTV motif 
indeed is involved in and essential for the specific interaction of Shisa9 with all 
identified PDZ domain- containing binding partners. 
 
Independent validation of putative Shisa9 interactors by means of 
co-immunoprecipitation from HEK293T cells 
To validate the interactions identified in the yeast two-hybrid system, we 
overexpressed HA-tagged Shisa9WT or HA-Shisa9∆EVTV proteins and V5-tagged 
interactors in HEK293T cells and performed co-immunoprecipitations using anti-HA 
antibody. We confirmed that Shisa9 interacts with PSD95, PSD93, PICK1, GRIP1 and 
LIN7b via the PDZ domain present in these interacting partners, since Shisa9ΔEVTV 
lost possibility to establish interaction with these proteins. MPP5, DYNLT3 and   
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Figure 2. Validation of interaction between Shisa9 and its putative interactors by means of 
co-immunoprecipitation from HEK293T cells. A. Schematic view of Shisa9-constructs used in 
co-immunoprecipitations. SP, signal sequence; TM, transmembrane domain; HA, HA-tag; 
EVTV, PDZ-ligand motif. B. Co-immunoprecipitation of Shisa9-interactor complexes from 
HEK293T cells. HA-Shisa9WT and HA-Shisa9∆EVTV were overexpressed in HEK293T cells in 
combination with interacting proteins (one at a time). Anti-HA-tag antibody was added to 
immunoprecipitate HA-Shisa9-interactor complexes. Obtained samples were resolved on 
SDS-PAGE, western blotted and immunostained with anti-V5 antibody against V5-tagged 
interactors. Shisa9WT co-immunoprecipitates with PSD95, PSD93, GRIP1, PICK1 and LIN7b 
proteins, whereas Shisa9∆EVTV loses the possibility to establish the interaction with named 
proteins (left panel). The right panel shows the same membranes as in the left panel stained 
with the anti-HA-antibody in order to visualize the presence of Shisa9 in the 
immunoprecipitated samples. The 50 kDa molecular weight marker is indicated. 
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Figure 3. Validation of the interaction of Shisa9-PSD95 the brain. Shisa9 forms a complex 
with PSD95 in the hippocampus and cortex. Anti-Shisa9 antibody was added to the mouse 
cortex and hippocampus lysates to immunoprecipitate native Shisa9 complexes. Obtained 
samples were resolved on SDS-PAGE, western blotted and immunostained with anti-PSD95 
antibody. The 100 and 75 kDa molecular weight markers are indicated.  
 
 
GIPC1 failed to show interaction with Shisa9 in the co-immunoprecipitations (fig. 
2). Given that the tested interactors of Shisa9 are highly expressed in PSD, we 
conclude that PSD95, PSD93, PICK1, GRIP1 and LIN7b might represent true 
interacting partners of Shisa9. 
 

PSD95 is present in brain-derived Shisa9 complexes  
The PSD is a synaptic protein structure that is very densely packed, which makes it 
difficult to bring into solution. For this reason, proteins that were identified in this 
study as Shisa9 interactors have not been identified in our previous experiments 
based on mass spectrometry analysis (195). Here we used immunoprecipitation of 
native Shisa9 complexes from brain tissue followed by immunoblotting, which is a 
more sensitive technique than mass spectrometry for the identification of a pool of 
endogenously interacting proteins. We performed this experiment on two different 
brain regions, the hippocampus and the cortex. We were able to demonstrate that 
Shisa9 binds to PSD95 in hippocampus and in cortex (fig. 3). 
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Figure 4. TAT-Shisa9 C-terminus mimetic peptide disrupts interaction between Shisa9 and 
recombinant PSD95. A. The TAT-tagged Shisa9-EVTV C-terminus mimetic peptide, but 
neither TAT-scrambled nor TAT-Shisa9∆EVTV peptide, competes off the interaction between 
recombinant PSD95 and the biotinylated Shisa9+EVTV peptide. The 100 kDa molecular 
weight marker is indicated. B. Quantification of the PSD95 band in the presence of TAT-
scrambled, TAT-Shisa9+EVTV or TAT-Shisa9∆EVTV peptide. PSD95 band intensities were 
normalized to the intensity of PSD95 band in TAT-scrambled peptide lane. All experiments 
were performed 3 times.  
 
 
A TAT-tagged peptide of the Shisa9 C-terminus disrupts interaction 
between Shisa9 and PSD95 

To establish whether the interaction of Shisa9 and PSD95 has a role in AMPAR 
function in hippocampus, and to resolve what these interactions of Shisa9 might 
mean to synaptic function, we aimed at disrupting the interaction in acute 
hippocampal brain slices. For this, we generated a synthetic peptide that fuses the 
TAT-sequence (GRKKRRQRRRPQ) to the 19 C-terminal amino acid residues of 
Shisa9. This mimetic peptide is designed to compete for the C-terminal interaction 
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with the interactor of Shisa9. The TAT sequence carries fused sequences into 
neuronal cells in vivo (216, 217).  

We first tested whether this C-terminal TAT-mimetic peptide of Shisa9 is 
able to compete for interaction with PSD95. For this, biotinylated Shisa9+EVTV 
peptide coupled to NeutrAvidin beads, was allowed to interact with recombinant 
mouse PSD95 protein via interaction of the EVTV motif in the peptide and the PDZ 
domain in PSD95. Subsequently, a molar excess of TAT-tagged Shisa9 mimetic 
peptide was added in order to disrupt the interaction between PSD95 and 
biotinylated Shisa9 peptide. As control, we used a TAT-tagged Shisa9 peptide 
lacking the EVTV stretch (analogous to the Shisa9ΔEVTV protein used in figs. 1–2) 
and TAT-scrambled peptide. Samples were subjected to analysis by SDS-PAGE and 
stained with trichloroethylene (fig. 4). The intensities of PSD95 were quantified by 
Image Lab software (BioRad) and normalized to the amount of PSD95 in the TAT-
scrambled lane. The TAT-Shisa9+EVTV peptide disrupted approximately 50% of the 
interaction between the existing PSD95 and the biotinylated Shisa9 peptide in 
comparison to the TAT-Shisa9ΔEVTV peptide. This indicates that TAT-Shisa9+EVTV 
peptide is capable of competing for interaction between PSD95 and Shisa9 (fig. 4). 
From this experiment, we extrapolated that a peptide concentration of 10 µM 
should be used in hippocampal slice experiments to interfere with Shisa9-PSD95 
interactions. 

 

Shisa9-PDZ interactions affect synaptic AMPAR function in 
hippocampus 
In mouse brain, Shisa9 is expressed in the dentate gyrus of the hippocampus (195). 
In hippocampal neurons, Shisa9 overexpression prolongs the decay kinetics of 
AMPAR mediated currents (195). Given that Shisa9 has PSD interaction partners 
interacting via PDZ domains, we hypothesized that Shisa9 will exert this function at 
hippocampal AMPARs when having these protein-protein interactions intact. To 
test this, we recorded from dentate gyrus granule cells in acute hippocampal slices 
of the mouse and stimulated glutamatergic projections of the lateral perforant 
path (LPP; fig. 5A). We interfered with Shisa9-PDZ interactions by applying the TAT-
Shisa9 mimetic peptide (TAT-Shisa9+EVTV), and using the modified peptide (TAT-
Shisa9ΔEVTV) as control (see methods; fig. 3). Neither the presence of a scrambled 
peptide, nor untreated wild type slices showed differences to the TAT-Shisa9ΔEVTV 
control (suppl. fig. 1). 
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Figure 5. Partial 
disruption of C-
terminals Shisa9 
interaction affect 
AMPAR mediated 
currents in dentate 
granule cells. A. 
Diagram showing the 
recording site and the 
electrically stimulated 
fibers of the lateral 
perforant path (dark 
blue; adapted from 
(218). B. Example 
traces of AMPAR-
mediated EPSCs after 
incubation with either 
the TAT-Shisa9+EVTV 
(active) or the TAT-
Shisa9∆EVTV (control) 
peptide. Traces were 
aligned to the onset of 
the current. C, D. Bar 
graphs (mean ± SEM) 
summarize the changes 

in rise- and decay kinetics vs. the kinetics of the control pulse. **p < 0.01 (Student’s t-test). E. Representative recordings of a paired-pulse protocol 
at different stimulation intervals after incubation with either the TAT-Shisa9+EVTV (purple) or the TAT-Shisa9∆EVTV (blue) peptide. The dotted line 
indicates the amplitude of the first pulse. Note the decreased paired-pulse facilitation for the TAT-Shisa9+EVTV peptide. F. Averages (±SEM) 
summarizing the differences in paired-pulse ratio facilitation at different inter-event-intervals. ***p  < 0.001, *p < 0.05 (Post-hoc testing). 
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In the presence of the Shisa9-PDZ interfering TAT-Shisa9+EVTV, AMPAR 
mediated synaptic currents showed faster deactivation kinetics than in the 
presence of the control peptide (TAT- Shisa9ΔEVTV (n = 23) 6,1 5 ± 0,3 ms; TAT-
Shisa9+EVTV (n = 21) 5,01 ± 0,2 ms; p = 0,007, student’s t-test). AMPAR current rise 
times were not different between the two conditions (TAT-Shisa9ΔEVTV (n=23) 
1.944±0.94 ms; TAT-Shisa9+EVTV (n = 21) 1,829 ± 0,829 ms; p = 0,377, student’s t-
test) (fig. 5B-D). These data show that disrupting C-terminal PDZ domain 
interactions of Shisa9, through which it interacts with PSD proteins, affects synaptic 
AMPAR current properties in the hippocampus. AMPAR-mediated glutamatergic 
synaptic currents in Shisa9 knockout animals show slower recovery from 
desensitization observed by reduced paired-pulse facilitation in dentate gyrus 
granule cells (195).  

To test whether Shisa9-PDZ interactions are involved in recovery from 
desensitization of synaptic AMPARs, we tested the effect of the TAT-Shisa9 mimetic 
peptide on paired-pulse facilitation in whole cell recordings from dentate gyrus 
granule cells stimulated in the lateral PP. Interference with Shisa9-PDZ interactions 
reduced paired-pulse facilitation (fig. 5E, F; Two-way ANOVA: peptide treatment, 
F(1, 326) = 36.00, p < 0.0001; stimulation interval, F (9, 326) = 54.41, p < 0.0001; 
interaction, F(9, 326) = 4,27, p < 0.0001; TAT-Shisa9ΔEVTV n = 19, TAT-Shisa9+EVTV 
n=23). At the 20, 50 and 100 ms inter-pulse interval, paired-pulse facilitation was 
significantly (all p < 0.001) reduced by the TAT-Shisa9+EVTV peptide (50 ms: 1.62 ± 
0.04 to 1.27 ± 0.02 in the presence of the control peptide). Thus, these data show 
that interference with Shisa9-PDZ interactions slowed recovery from 
desensitization. Together, our findings demonstrate that protein interactions at the 
C-terminus of Shisa9 affect AMPAR kinetics and synaptic facilitation. 

 

Shisa9-PDZ interactions shape hippocampal network oscillations 
Synchronization of hippocampal neuronal activity relies on fast synaptic 
transmission via AMPARs (219, 220). Given that Shisa9 interactions affect synaptic 
AMPAR function in hippocampus, we hypothesized that tuning of AMPAR function 
by Shisa9-PDZ interactions would affect synchronization of neuronal activity. To 
test this, we recorded network oscillations induced by the metabotropic glutamate 
receptor agonist DHPG (10 µM) in acute hippocampal slices (fig. 6A). Interference 
with Shisa9-PDZ protein interactions by application of the TAT-Shisa9+EVTV 
peptide altered several parameters of hippocampal network oscillations. The 
mimetic peptide significantly increased the power spectral amplitude of DHPG-
induced hippocampal oscillations both compared to no peptide   
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Table 1. Putative Shisa9 interactors (Gene symbol, recommended Uniprot name) selected 
for validation, as identified by yeast two-hybrid. The “clone count” represents the number 
of hits in the screen, the “start position” refers to the first amino acid of the protein’s 
reference sequence (Protein Refseq) conserved within the direct two-hybrid clone, and the 
“PDZ domains” column lists the number of complete PDZ domains anticipated within that 
clone.  
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application (control 0.49 ± 0.07 μV2/Hz, n = 20; TAT-Shisa9+EVTV 1.24 ± 0.2 μV2/Hz, 
n = 9, p = 0.006, fig. 6C), as well as compared with inactive peptide (TAT-
Shisa9∆EVTV 0.38 ± 0.09 μV2/Hz, n = 11, p = 0.0007). Interference with Shisa9-PDZ 
interactions by the TAT-Shisa9+EVTV peptide showed no significant effect on the 
average frequency of oscillations (control 21.3±0.4 Hz vs. TAT-Shisa9+EVTV 19.7 ± 
0.8 Hz, p = 0.07, control vs. TAT-Shisa9∆EVTV 21.5 ± 0.6 Hz, p =0.87, fig. 6D). 
Application of the mimetic peptide significantly narrowed the spectral half-width 
with respect to control conditions (control 6. 0 ± 0.4 Hz, TAT-Shisa9+EVTV 4.3 ± 0.3 
Hz, p = 0.01, fig. 6E). There was no effect on the spectral half-width of the inactive 
peptide when compared to control conditions (5.5 ± 0.5 Hz for TAT-Shisa9∆EVTV, p 
= 0.87, fig. 6E). These data show that PDZ protein interactions of Shisa9 that tune 
synaptic AMPAR function are involved in setting the properties of hippocampal 
neuronal network activity and synchronization.  
 

Discussion 
The aim of this study was to identify novel cytosolic Shisa9-interacting proteins, 
and to establish the relevance of these protein-protein interactions for Shisa9-
mediated modulation of glutamatergic synaptic transmission. We have previously 
reported that Shisa9 is enriched within the postsynaptic density, a protein-packed 
structure that is notoriously difficult to solubilize while maintaining protein 
complex integrity, a requirement for immunoprecipitation-based proteomics. The 
yeast two-hybrid approach to interactor identification circumvents these 
limitations, while offering improved chance at the discovery of more transient 
associations. 

In this study, we successfully applied the yeast two-hybrid method in the 
identification of novel putative Shisa9 interacting proteins. Our findings confirm 
that Shisa9 can associate with several PDZ domain-containing proteins, such as 
PSD95 and LIN7b, and that this binding is dependent upon Shisa9’s distal PDZ-
ligand motif (EVTV). The well-established importance of PDZ domain-containing 
proteins in glutamatergic synaptic plasticity, ranging from receptor trafficking to 
receptor immobilization/scaffolding (221), and the clearly defined site of Shisa9 
association, led us to focus in the follow-up characterization on these interactors. 
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Figure 6. Shisa9 increases the synchrony of DHPG-induced hippocampal oscillations via 
PDZ domain interactions. A. Wavelet display of recorded field potentials of DHPG-induced 
oscillations under the 3 experimental conditions: Control (no peptide application, top trace), 
PDZ interacting peptide TAT-Shisa9+EVTV (middle) and inactive form of the peptide TAT-
Shisa9∆EVTV (bottom). Warmer colors indicate higher oscillation amplitude (dimension-less 
units). B. Comparison of the power spectral density of the DHPG-induced oscillations in the 3 
experimental conditions: control (light blue), TAT-Shisa9+EVTV (purple), TAT-Shisa9∆EVTV 
(dark blue). C. TAT-Shisa9+EVTV peptide significantly increases the spectral amplitude of 
DHPG-induced hippocampal oscillations with respect to no peptide application, as well as 
with respect to the inactive peptide. D. Application of TAT-Shisa9+EVTV peptide has no 
significant effect on the frequency. E. TAT-Shisa9+EVTV peptide significantly narrows the 
spectral half-width with respect to control conditions. *p < 0.05 (Student’s t-test).  
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In the two-hybrid screening using the Shisa9 intracellular domain, we 
identified 43 putative binding partners. We selected proteins based on the 
presence of a PDZ domain (PSD95, PSD93, MPP5, PICK1, GRIP1, LIN7b and GIPC1). 
These proteins are all well known for their presence in the postsynaptic density 
(222-225). This indicated that Shisa9 could potentially interact with PSD scaffold 
proteins. In addition, we selected DYNLT3, which does not have a PDZ domain. All 
selected proteins were tested for autoactivation in a direct mating assay, and were 
confirmed to be Shisa9 interactors (fig. 1). Furthermore, we created the 
Shisa9ΔEVTV mutant, which lacks the PDZ domain ligand; we confirmed by co-
immunoprecipitation from HEK293T cells that Shisa9 interacts with PSD95, PSD93, 
PICK1, GRIP1 and LIN7b specifically via its PDZ domain, since Shisa9ΔEVTV 
completely loses interaction with these proteins (fig. 2). 

We identified PSD95 in Shisa9 complexes derived from hippocampus and 
cortex (fig. 3). We visualized PSD95 by means of immunoblotting of 
immunoprecipitation samples. Immunoblotting is a more sensitive method of 
protein identification than mass spectrometry and probably explains why PSD95 
was not previously found (195). The fact that the other Shisa9 protein interactors 
were not found using this method does not exclude them from being binding 
partners in the PSD in vivo, but rather suggests that these could be regulated in a 
plasticity-dependent manner. 

We addressed the issue of whether protein interactions through the C-
terminus of Shisa9 affect synaptic AMPA receptor function. To resolve this issue, 
we made use of TAT-fusion peptides, which have been shown to successfully 
disrupt protein interactions at AMPAR (212, 217, 226). We interfered with the 
interaction between Shisa9 and its partners by applying a C-terminal TAT-tagged 
mimetic Shisa9+EVTV or a control TAT-Shisa9ΔEVTV peptide. We found that C-
terminal protein interactions of Shisa9 tune the functional properties of AMPARs. 
Interfering with the PDZ-interaction between Shisa9 and its binding partners 
affected basic functional properties of the AMPA receptors: it sped-up de-
activation and slowed-down recovery from desensitization (fig. 5). Our data are in 
agreement with previous findings, in which paired-pulse ratios and current decay 
times of the AMPA receptor in hippocampal CA1 neurons were affected by the 
overexpression of Shisa9 in this area (195). Knocking out Shisa9 in dentate gyrus 
granule cells resulted in increased paired-pulse facilitation of the lateral perforant 
path inputs (195) 

We found that only interfering with C-terminal protein interactions of 
Shisa9 in granule cells, leaving Shisa9 itself unaltered, reduced paired-pulse 
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facilitation. Stripping Shisa9 of its C-terminal interactions apparently alters short-
term facilitation in opposite direction from removing Shisa9 entirely. 

Based on our data that Shisa9 and PSD95 interact, these findings suggest 
that Shisa9 might be involved in anchoring of the AMPA receptors to the PSD. In 
our experiments, the introduction of the TAT-Shisa9+EVTV peptide may impair the 
anchoring of the AMPA receptor at the PSD and therefore might affect diffusion of 
the AMPA receptors in and around the active zone. Our mimetic peptide approach 
only allows us to suggest that the Shisa9 protein interaction with the scaffold is of 
importance to AMPAR function and synaptic plasticity (decreased facilitation). The 
disrupted interaction will include that of Shisa9 with PSD95, but may include other 
identified PDZ-containing scaffold proteins, the latter of which cannot be identified 
easily by immunoprecipitation from brain samples due to the resistance to 
solubilization of the PSD. 

We found that the tuning of functional properties of synaptic AMPAR by 
Shisa9 and its protein interactions shaped hippocampal neuronal network 
oscillations. Hippocampal network oscillations are the result of balanced excitatory 
and inhibitory synaptic transmission (220). Interference with Shisa9-PDZ 
interactions increased the power of network oscillations and narrowed the 
frequency range of oscillations. Possibly, the longer synaptic AMPAR currents with 
slower decay kinetics that occur when Shisa9-PDZ interactions are intact, allows 
the hippocampal network to synchronize at a broader range of frequencies, 
resulting in a wider power spectral density distribution covering more frequencies. 
Disrupting Shisa9-PDZ interactions would speed up synaptic AMPAR currents and 
limit the frequency range at which the network synchronizes, and as a result, 
increases the power at this limited frequency range. Excitatory glutamatergic 
synaptic inputs received by interneurons, in particular to those that are 
parvalbumin-positive and cholecystokinin-positive, are important for hippocampal 
network oscillations (227, 228). Whether Shisa9 is also expressed by hippocampal 
interneurons and whether AMPAR kinetics in interneurons is affected by Shisa9 
remains to be determined. Regardless, Shisa9 is expressed in dentate gyrus granule 
cells (195) and we show that synaptic AMPAR current properties in dentate gyrus 
granule cells are tuned by Shisa9-PDZ protein interactions. Disruption of these 
Shisa9-PDZ interactions in dentate gyrus neurons may underlie the effects we 
observed on hippocampal network activity. 

The first auxiliary subunit of the AMPA receptor – stargazin (γ2) – was 
discovered in the late 90-s (174). Since then it was shown that stargazin belongs to 
the family of the transmembrane AMPA receptor regulatory proteins – TARPs 
(182). Identification of the TARPs stimulated the discovery of the cohort of 
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AMPAR’s auxiliary subunits – CNIH2 and 3 (187), Shisa9 (CKAMP44; (195), SynDIG1 
(197), GSG1L (199). The list of potential AMPA receptor auxiliary subunits keeps 
growing (199, 229). The expanding set of auxiliary subunits raises the question how 
a large number of structurally unrelated and functionally different proteins 
regulate the AMPA receptors. In this study, we found that the AMPAR interacting 
protein Shisa9 binds to well-known PSD proteins, and we established the Shisa9-
PSD95 interactions to be present in the brain. In addition we found that affecting 
the anchoring of Shisa9 via its C-terminal tail in brain slices affects AMPAR function, 
synaptic plasticity and neuronal network synchronization in the hippocampus. This 
indicates that Shisa9 not only modulates the biophysical properties of the receptor 
by direct association but also affects function through controlling its synaptic 
localization. 
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Supplementary figures 

 

Gene Symbol Recommended name (Uniprot) ACC CLONE COUNT

Akr1a4 Alcohol dehydrogenase [NADP(+)] IPI00466128.3 1
Aplp1 Amyloid-like protein 1 IPI00762036.1 1
Atad3a ATPase family AAA domain-containing protein 3 IPI00653272.1 4
C1orf122 Uncharacterized protein C1orf122 homolog IPI00648104.1 1
Ddx5 Probable ATP-dependent RNA helicase DDX5 IPI00420363.2 2
Dlg2 Disks large homolog 2; PSD-93 IPI00226727.4 1
Dlg4 Disks large homolog 4; PSD-95 IPI00648595.1 1
Dnaja3 DnaJ homolog subfamily A member 3, mitochondrial IPI00279858.1 1
Dynlt3 Dynein light chain Tctex-type 3 IPI00308667.1 25
E ud2 Elonga on factor Tu GTP-binding domain-containing protein 2 IPI00649950.3 1
Egfem1 EGF-like and EMI domain-containing protein 1 IPI00886238.1 1
Erh Enhancer of rudimentary homolog IPI00403589.1 1
Fcho1 FCH domain only protein 1 IPI00621763.3 1
Flnb Filamin-B IPI00663627.1 1
Ggnbp1 Gametogene n-binding protein 1 IPI00895520.1 2
Gipc1 PDZ domain-containing protein GIPC1 IPI00129107.1 2
Grip1 Glutamate receptor-interac ng protein 1 IPI00127232.3 1
Hmcn1 Hemicen n-1 IPI00918133.1 1
Hnrnph1 Heterogeneous nuclear ribonucleoprotein H IPI00224729.1 1
Lgals9 Galec n-9 IPI00230649.1 3
Lin7b Protein lin-7 homolog B IPI00136496.1 2
Lnx1 E3 ubiqui n-protein ligase LNX IPI00466470.1 1
Lrrc47 Leucine-rich repeat-containing protein 47 IPI00853762.1 1
Mad2l2 Mito c spindle assembly checkpoint protein MAD2B IPI00313427.3 1
Man2c1 Alpha-mannosidase 2C1 IPI00918881.1 1
Mpdz Mul ple PDZ domain protein IPI00876426.2 1
Mpp5 MAGUK p55 subfamily member 5 IPI00124051.1 2
mt-Atp6 ATP synthase subunit a IPI00135698.1 2
mt-Co1 Cytochrome c oxidase subunit 1 IPI00355248.5 1
mt-Co2 Cytochrome c oxidase subunit 2 IPI00131176.1 1
mt-Nd3 NADH-ubiquinone oxidoreductase chain 3 IPI00116170.1 1
Pcbp2 Poly(rC)-binding protein 2 IPI00221796.1 1
Pick1 PRKCA-binding protein IPI00788318.1 1
Polg2 DNA polymerase subunit gamma-2, mitochondrial IPI00137628.1 1
Rab3a Ras-related protein Rab-3A IPI00122965.1 1
Rbm4b RNA-binding protein 4B IPI00177224.1 1
Sdcbp Syntenin-1 IPI00117375.1 4
Sdhb Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, mitochondrial IPI00338536.1 2
Tecpr1 Tectonin beta-propeller repeat-containing protein 1 IPI00894600.1 1
Timm50 Mitochondrial import inner membrane translocase subunit TIM50 IPI00111045.1 1
Usp33 Ubiqui n carboxyl-terminal hydrolase 33 IPI00798461.2 1
Zmiz2 Zinc finger MIZ domain-containing protein 2 IPI00515166.2 1
- Predicted protein IPI00851010.1 3

Table S1. Putative Shisa9-cd interactors identified in the yeast-two hybrid screening.
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Figure S1. A. Data show the paired pulse facilitation (mean ± SEM) at different inter-event 
intervals upon lateral perforant path stimulation (TAT-Shisa9ΔEVTV (n  =  9), TAT-scrambled 
peptide (n  =  12), TAT-Shisa9WT (n = 10). No significant changes could be observed between 
the tested groups. B, C. Bar graphs (mean ± SEM) summarize the data on rise- and decay 
kinetics between all tested groups (TAT-Shisa9ΔEVTV (n = 9), TAT-scrambled (n = 12), TAT-
Shisa9WT (n = 10). The tested groups showed no significant differences. 
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Abstract 
Shisa6 is an AMPA receptor auxiliary subunit (Klaassen et. al., 2014, submitted). 
The Shisa6 gene is expressed in the brain, most abundantly in hippocampus 
dentate gyrus and CA1-3 regions, and in the cerebellum Purkinje cell layer. Like the 
first identified family member, Shisa9 (195), Shisa6 is a type-I transmembrane 
protein and contains a potential PDZ domain-binding site, which is potentially 
involved in the interaction with cytoplasmic proteins. In addition, Shisa6 is 
predicted to have a SH3 domain-interacting site. In this study we performed a yeast 
two-hybrid screening that yielded 262 interactors of the cytoplasmic domain of 
Shisa6. Among these 262 proteins there are several proteins that are localized at 
the postsynaptic density with known involvement in synaptic transmission. 
Mutational analysis showed that the interaction between Shisa6 and PDZ or SH3 
domain-containing proteins is dependent on, but is not restricted to, the presence 
of these putative binding sites. Immunoprecipitation and mass spectrometry 
analysis confirmed the interaction of five of the Shisa6 interacting proteins in the 
brain.  
 

Introduction 
Shisa6 belongs to the Shisa protein family, which includes 11 proteins (196). Each 
Shisa family member is a type-I transmembrane protein with an extracellular N-
terminus and an intracellular C-terminus. The characteristic feature of all members 
is a cysteine-rich stretch of amino acids in the N-terminus. The C-terminus of four 
family members, Shisa6-9, ends in a type II PDZ domain-ligand motif (fig. 1A). 
Genes encoding these Shisa proteins are expressed in the brain, except for Shisa8. 
According to in situ hybridization studies, Shisa9 and Shisa6 have different 
expression profiles. Shisa9 is expressed in hippocampus dentate gyrus, Shisa6 in 
hippocampus dentate gyrus, CA1-3 regions and in the cerebellar Purkinje cell layer. 
Shisa7 is localized throughout hippocampus and in cortical layers (Allen Mouse 
Brain Atlas) (fig. 1B). 

Shisa9 and -6 were shown to be AMPA receptor auxiliary subunits (195). 
Both proteins are expressed postsynaptically and directly bind to the AMPA 
receptor. The function of Shisa7 remains to be determined.  

Shisa9 modulates synaptic short-term plasticity by influencing kinetics and 
channel properties of the AMPAR. Shisa9 increases receptor desensitization, slows 
down deactivation and recovery from desensitization, and reduces steady-state 
current (195). Shisa6 affects synaptic short-term plasticity. It decreases receptor 
desensitization and increases steady-state current, opposite to the Shisa9 effect. 
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Both Shisa9 and Shisa6 prolong deactivation time. Whereas Shisa9 slows down 
recovery from desensitization, Shisa6 has no effect on it (195).  

The goal of this study was to identify proteins of the Shisa6 C-terminus 
interactome by means of yeast two-hybrid screening and mass spectrometry. The 
elucidation of the Shisa6 interactome might shed light on the function of the Shisa6 
protein. 
 

Materials and methods 
 
Interaction sites and secondary structure prediction of the Shisa6 protein – To 
identify potential interaction sites in the cytoplasmic domain of Shisa6, we 
performed bioinformatics analysis using the online tool “Motif Scan” (230). The 
motif search was performed under high classification stringency. For secondary 
structure prediction of the Shisa6 protein, we used the online tool PSIPRED v3.3 
(231, 232). Functional cluster annotation was done using DAVID (the Database for 
Annotation, Visualization and Integrated Discovery) (233, 234). 
 
Yeast strain – In the yeast two-hybrid screening described in this chapter we made 
use of the MATCMAKER GAL4 two-hybrid system, which features the 
Saccharomyces cerevisiae yeast strain PJ69-2a with the following genotype: MATa, 
trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2 : : GAL1UAS-GAL1TATA-
HIS3,GAL2UAS-GAL2TATA-ADE2, MEL1. This system uses three reporter genes HIS3, 
ADE2, MEL1, out of these 3 genes we exploited 2: HIS3, ADE2, that allow yeast cells 
to grow on selective media without adenine and histidine upon bait-prey protein 
interaction (235).  
 
Yeast two-hybrid screen – The yeast two-hybrid screen was performed according 
to the methods reported by Walhout and Vidal (215). For bait-protein construction, 
the PCR-amplified Shisa6 C-terminal domain (amino acids 202 (KVSY) – 557 (EVTV) 
of NCBI Refseq NP_001030046.1)1 was inserted into the EcoRI–SalI-digested pBD-
GAL4 vector (Stratagene). The screen was performed by high-efficiency 
transformation of a pACT2-contained mouse brain Matchmaker cDNA library 
(Clontech) into bait construct-positive PJ69-2a yeast cells (displaying no intrinsic 
reporter activity). Transformed cells were selected for 10 days on plates 

                                                                 
1The database entry for Shisa6 (NCBI Refseq NP_001030046.1) features Shisa6 that is only 525 amino 
acids long, while Shisa6 protein used in our study has 557 amino acids. This is due to existence of 2 
Shisa6 isoforms – short and long. NCBI database has an entry only for the short isoform that misses exon 
4 of 33 amino acids.   
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supplemented with 3 mM 3-amino-1,2,3-triazole and lacking Leu, Trp, Ade and His 
(–LTAH). Growth-positive transformants were picked on days 4, 7 and 10, and 
subjected to another 2 weeks of –LTAH selection in 96-well format (schematic in 
fig. 3A). For the prey protein identification, yeast colonies were resuspended in 15 
µL of Zymolyase solution (4 mg/mL Zymolyase T-100 (Seikagaku corporation), 1.2 M 
Sorbitol and 0.1 M sodium phosphate buffer pH 7.5), incubated for 1 h at 37 °C, and 
heated to 98 °C for 10 min. pACT2 inserts were PCR-amplified from the crude-
lysate (forward: 5’-GATGATGAAGATACCCCACCAAACCC-3’, reverse: 5’-
GCACGATGCACAGTTGAAGTGAACTTG-3’), used as template in BigDye™ terminator 
3.1 sequence reactions (Applied Biosystems) (primer: 5’-
TCTGTATGGCTTACCCATACGATGTTCC-3’), and analysed on an Applied Biosystems 
3730 DNA Analyzer. Sequence files were blasted against the IPI protein database 
(ipi.MOUSE.v3.37), frame-checked and validated to contain no stop-codons 
upstream of the prey-protein coding region. 
 
Calculation of the number of cDNA bait clones expressed – 0.0875% of total 
transformation mixture was plated on –LT plate that resulted in the growth of 108 
colonies. The total number of colonies in the transformation mixture = 
(108*100%)/0.0875%=123428.5 colonies/transformation volume. The 
transformation mixture was distributed over 60 plates with high stringency 
selective media (–LTAH), which gives a number of cDNA bait clones expressed = 
60*123428.5 = 7.4*106 colonies.  
 
Direct two-hybrid assay – The Shisa6-cd, Shisa6-cd ΔEVTV and Shisa6-cd-19 aa (last 
19 amino acids from the C-terminus were removed) bait-constructs were PCR 
amplified, inserted into the EcoRI–SalI-digested pBD-GAL4 vector, and transformed 
into the PJ69-2a yeast strain. Selected prey-clones were rescued from yeast using 
the Yeast Plasmid Isolation kit (Clontech, according to the manufacturer’s 
instructions), amplified in Escherichia coli (DH5αF), and transformed into the PJ69-
2a yeast strain. The identity of each isolated clone was confirmed by sequence 
analysis, and blasting against the NCBI reference proteins database. Bait and prey 
transformants were grown under –Trp (–T) and –Leu (-L) selective conditions, 
respectively, diluted to an OD600 of 0.5, mixed according to the direct two-hybrid 
pipetting matrix, and spotted on rich medium YPD plates. The cells were allowed to 
grow for 48 hours, followed by replica stamping onto –LT selective medium. After 3 
days the plates were analysed for cell-growth, replica-stamped onto –LTAH plates 
(high stringency selection) and incubated for 10 days. Cell-growth was recorded at 
days 4, 7 and 10. 
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Low efficiency transformation of yeast cells for a direct mating assay – The 
transformation protocol is adapted from (215). In brief, PJ692a yeast cells A-mate 
type were transformed with pBD-GAL4-bait-containing plasmid, α-mate type cells 
were transformed with pACT2-prey-containing plasmid. A colony of Saccharomyces 
cerevisiae cells was streaked on YPD plate (Invitrogen) and grown at 30 °C for 2 
days. Then cells were scraped, resuspended in 1 ml of sterile demi-water and 
centrifuged in tabletop centrifuge at max speed for 5 seconds and water was 
decanted. After that cells were gently resuspended in 1 ml of TE/Li-Acetate 
solution/H2O (10 mM Tris pH 8.0, 10 mM Li-Acetate), centrifuged and TE/Li-Acetate 
solution was decanted. Then cells were resuspended in x*50 μl of TE/Li-Acetate 
solution (x is a number of transformation reactions) and x*5 μl (5 mg/ml) of boiled 
herring sperm DNA was added. 50 μl of the prepared cells were transferred to a 
sterile Eppendorf tube, approximately 100 ng of plasmid DNA was mixed with yeast 
cells. 300 μl TE/Li-Acetate, based on 50% PEG-3350, was added to cells-DNA 
mixture and incubated for 30 minutes at 30°C. Following incubation at 30 °C, cells 
were exposed to heat shock at 42 °C for 15 minutes, and then spun down at max 
speed for 5 seconds. TE/Li-Acetate/PEG-3350 solution was discarded, cells were 
resuspended in 100 μl of sterile demi-water and plated on selective media: YNB –L 
for pACT2-prey carrying cells and YNB –T for pBD-GAL4-bait carrying cells.  
 
Immunoprecipitation of Shisa6 protein-complexes from mouse hippocampus and 
cerebellum – All subsequent steps, excluding protein-elution, were performed at 4 
°C. Hippocampal tissue from WT and Shisa6 KO mice was homogenized in buffer A 
(0.32 M sucrose, 10 mM HEPES pH 7.4, and EDTA-free Complete protease inhibitor) 
and centrifuged at 1000 g for 10 minutes. Centrifuging the supernatant at 18000x g 
for 30 minutes yielded the crude synaptic membrane pellet (P2).  This pellet was 
resuspended to 5 mg protein/mL in buffer B (1% DDM, 150 mM NaCl, 25 mM 
HEPES, and EDTA-free complete protease inhibitor), incubated for 1 h while mixing 
gently, and centrifuged at 20000x g for 20 minutes. This extraction-procedure was 
repeated once more on the remaining pellet. The supernatant from both 
extractions was pooled and subjected to a second round of centrifugation at 20000 
g for 20 minutes. Antibody (anti-Shisa6 antibody or IgG control) was added to the 
supernatant, incubated overnight, and immobilized to Protein A/G agarose beads 
(Santa Cruz). The agarose beads were washed 4 times with buffer C (0.1% DDM, 
150 mM NaCl, 25 mM HEPES pH7.4). Bound proteins were eluted by incubation 
with 2x Laemmli sample buffer and heated to 95 °C for 5 minutes. 
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In-gel Tryptic digestion – The free cysteine residues of Laemmli buffer-eluted 
proteins were blocked by addition of acrylamide (3.75% final concentration) for 30 
minutes at room temperature. Proteins were resolved on a 10% SDS 
polyacrylamide gel, fixed, and stained with colloidal Coomassie Blue G-250. Sample 
lanes were cut into 3 segments, destained, and the proteins in-gel digested with 
Trypsin/Lys-C mix (Promega) during overnight incubation at 37 °C. The peptides 
were extracted twice with 50% acetonitrile + 0.1% trifluoroacetic acid for 40 
minutes, once with 80% acetonitrile + 0.1% trifluoroacetic acid for 20 minutes, 
dried by speedvac, and stored at -80 °C. 
 
HPLC-MS-MS – Peptide samples were redissolved in 0.1% acetic acid and loaded 
onto a PepMap100 C18 precolumn (300µm i.d., 5 µm particle size; Dionex) 
connected to an UltiMate 3000 HPLC system (Dionex). Separation was achieved on 
a 200 mm Alltima C18 in-house packed column (100µm i.d., 3 µm particle size) by 
using an aqueous-organic gradient of 5% to 40% acetonitrile + 0.1% formic acid for 
27 minutes at a flow rate of 400 nL/min. Eluates were electrosprayed directly into a 
TripleTOF 5600+ system (Absciex) operated in Information Dependent Acquisition 
mode. One full-scan cycle consisted of a precursor ion scan (m/z range of 350 to 
1250, charge state +2 to +5,  90 cps intensity threshold, and 0.25 seconds 
accumulation time) followed by MS-MS analysis of the top 20 most abundant ions 
(m/z range 200 to 1800, 0.09 seconds accumulation time). Former target ions were 
excluded for 10 seconds. 
 
MS data analysis – TripleTOF 5600+ output files were converted from wiff to mzML 
(centroid) format using the AB SCIEX MS Data Converter utility and searched 
against the mouse UniProtKB/Swiss-Prot canonical sequence database (version 
2014-03-21) by means of the Morpheus search engine (version 1.0.0.0) (236). 
Methionine oxidation and protein N-terminal acetylation were selected as variable 
modifications, and proprionamide was set as fixed cysteine modification. The 
maximum mass tolerance for precursor and product ions was 25 ppm and 0.025 Da 
respectively. Trypsin (no proline rule) was selected as protease, allowing up to one 
missed cleavage. A target-decoy database was created on the fly and the maximum 
Peptide Spectrum Match (PSM) false discovery rate (FDR) was set to 1%. In-house 
developed software was used to import the PSM results from the Morpheus 
pepXML files into ProteinProphet (237), where the final protein inference and 
protein validation was performed (protein FDR of 1%). The summed spectral count 
value of all unique peptides was used for relative protein quantification. 
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DNA cloning – To create Shisa6-cd mutants for domain analysis interaction we 
designed 6 constructs, two of which are halves of cytoplasmic domain of Shisa6, 
and 4 others are quarters. cDNA fragments of Shisa6-cd constructs (amino acids 
202-364, 365-557, 202-272, 273-364, 365-443, 444-557) were amplified by PCR 
from a previously designed pBD-GAL4-Shisa6-cd and then subcloned into pBD-GAL4 
plasmid by means of digestion by restriction endonucleases XmaI and SalI (NEB 
Biolabs) and a following ligation by T4 DNA ligase (Thermo Scientific). All constructs 
were sequence verified and used for transfection of yeast cells.  
 
Mutagenesis – Shisa6 SH3-binding site mutants (Shisa6 P416A, Shisa6 P419A, and 
Shisa6 P416_419A) were created using 2-step PCR approach. In the first step two 
PCR reactions were performed with 2 different sets of primers (For1 - Rev1 for PCR-
1 and For2-Rev2 for PCR-2) (fig. 6A). Each PCR reaction generated DNA that 
represents a part of Shisa6-cd, carrying the desired mutation. The second step 
included a PCR reaction with one set of primers (For1 and Rev2) in which full length 
DNA of Shisa6-cd, carrying the mutation, was reconstituted. Used primers: 
FOR1, 5'-ATCTCGGCCATCGATACCTCTC-3'; REV2, 5'-CTCTAGAGTCGACTCACACG-3'; 
REV1 P416_419A, 5'-CCTGCGTGCCCGTTCTCGAG-3'; FOR2; P416_419A, 5'-
CGGGCACGCAGGGCCATCAGGG-3'; REV1 P416A, 5'-CTGCGTGCCCGTTCTCGAGG-3'; 
FOR2 P416A, 5'-CTCGAGAACGGGCACGCAGG-3'; REV1 P419A, 5'-
GGCCCTGATGGCCCTGCGTG-3'; FOR2 P419A, 5'-CCACGCAGGGCCATCAGGG-3'. As a 
matrix DNA for the first PCR step we used pBG-GAL4-Shisa6-cd plasmid (fig. 6A). 
Amplified in the second PCR step, DNA of Shisa6-cd, carrying mutation, was 
digested by ClaI–SalI restriction enzymes (NEB Biolabs) and ligated back into pBD-
GAL4 plasmid. 
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Results 
 

Shisa6 has potential PDZ and SH3 domain-binding sites 
Shisa6 belongs to Shisa family of proteins (196) (fig. 1A). The C-termini of four 
members of the Shisa family, Shisa6-9 end in a PDZ type II ligand motif (Glu-Val-
Thr-Val). Shisa6, -7 and -9 genes are expressed in the brain, according to in situ 
hybridization study performed by the Allen Institute for Brain Research (Allen 
Mouse Brain Atlas). Shisa8 expression is not detectable in the brain. Both Shisa6 
and -9 proteins are AMPA receptor auxiliary subunits, the function of Shisa7 is not 
yet defined.  

In order to study the function of Shisa6, we performed a bioinformatics 
search for identification of potential binding sites within the C-terminus of Shisa6. 
We used the online tool Motif Scan (http://scansite.mit.edu/motifscan_seq.phtml) 
(230) that predicted the potential existence of SH3-binding sites within the 
cytoplasmic domain of Shisa6 (Shisa6-cd). According to Motif Scan, there are two 
potential SH3 domain-binding sites within the Shisa6-cd with two prolines at 
positions 416 and 419 being the most important for establishing the interactions 
with the SH3 domain (fig. 2). Indeed, SH3 domains are known to interact with 
proline-rich sequences (238). An analogous search of protein interaction sites 
within the cytoplasmic domain of Shisa9 did not yield putative SH3 domain-
interacting sites (data not shown). This is consistent with the observation that 
prolines are considerably less abundant within the C-terminus of Shisa9 than of 
Shisa6. 

The differences in the brain regions distribution between Shisa6 and 
Shisa9 proteins (fig. 1B) and presence of putative SH3 domain-binding sites in 
Shisa6-cd might indicate that Shisa6 could potentially share some properties with 
Shisa9 but at the same time might have unique functions. 

 

Screening for proteins interacting with Shisa6; yeast two-hybrid 
analysis 
To delineate the interactome of Shisa6, we employed the conventional yeast two-
hybrid (YTH) system. We used C-terminal (cytoplasmic) domain of mouse Shisa6 
(K202VSY – EVTV557) as bait and screened against a total mouse brain cDNA library. 
The potential number of protein-protein pairs in the YTH screening was estimated 
to be 7.4*106 clones (=number of cDNA bait clones expressed). Approximately 900 
clones grew on high stringency selective plates (–LTAH), all clones were picked, 
DNA was isolated form every colony, sequenced and prey   

http://scansite.mit.edu/motifscan_seq.phtml
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Figure 1. The Shisa family of proteins. A. Schematic of proteins which belong to Shisa family. 
SP – signal peptide, C-knot – cystine knot, TM – transmembrane domain, EVTV (Glu-Val-Thr-
Val) – PDZ domain-binding site. B. Expression profile of Shisa9 and -6 genes (pictures 
obtained from Allen Mouse Brain atlas; Shisa9 (http://mouse.brain-
map.org/experiment/show/71809079) and Shisa6 (http://mouse.brain-
map.org/experiment/show/74821852).  
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Figure 2. Predicted SH3 domain-ligand motifs. The Motif Scan prediction tool predicts the 
presence of two potential SH3 domain-binding sites within the cytoplasmic domain of 
Shisa6: p85 SH3 modes 1 and 2. Two prolines at positions 416 and 419 are shown in bold 
italic.  
 
 
proteins were identified. Of the ~ 900 clones that grew, 243 were not in frame with 
GAL4-AD and were excluded. 589 clones, representing 262 different proteins, are 
potential interactors of the Shisa6-cd (table S1).  
 

Screening for proteins interacting with Shisa6; immunoprecipitation 
analysis 
For identification of native Shisa6 complexes, we performed immunoprecipitation 
with antibodies directed against Shisa6 from two brain regions, where Shisa6 is 
present – hippocampus and cerebellum. We used brain tissue from wild type and 
Shisa6 knockout animals in order to properly discriminate false positives. Following 
immunoprecipitation, samples were analysed by means of mass spectrometry and 
protein complexes were identified. Proteins were considered true constituents of 
Shisa6 native complexes if they were at least four-fold enriched (maximum 25% 
background in the knockout measurement) in the wild type sample in comparison 
to Shisa6 knockout, based on spectral count measurements. In our study we 
particularly focused on those proteins that were found in the two independent 
experiments – YTH screen and immunoprecipitation (table 1). Five proteins were 
identified in both methods; four proteins (Ahcyl1, Kif21a, Olfm1, Sh3gl2) are 
present in hippocampal complexes, Usp9x interacts with Shisa6 in hippocampus 
and cerebellum (table 1).  
 

Analysis of the interactors of Shisa6 
We identified 262 potential interactors of Shisa6 using yeast two-hybrid screening 
(table S1). In order to cluster identified proteins in functional groups we used the 
Database for Annotation, Visualization and Integrated Discovery (DAVID) (233, 
234). Based on high stringency classification using DAVID we identified 63 
functional groups. This organisation of interacting proteins into functional groups 
might shed light on possible functions of the Shisa6 protein.  
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Figure 3. Yeast two-hybrid experimental scheme and results. A. Schematic representation 
of the yeast two-hybrid screening. B. Results of the YTH screen. The potential number of 
bait-prey pairs was estimated to be 7.4* 106 clones. 871 clones grew on high stringency 
selective plates (–LTAH), all of them were picked, DNA was isolated from every colony, 
sequenced and prey proteins were identified. Out of these, 245 turned out to be not in 
frame with GAL4-AD and were excluded as false positives. 589 clones, representing 262 
different proteins, are potential interactors of Shisa6. 16 out 262 proteins were selected for 
a follow-up study. 
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Among the functional groups there are some that likely contain false positives. 
RNA/DNA-, ribosome-binding and Zinc finger proteins, proteins localized in 
mitochondria and nucleus, and Vimentin are well-known YTH false positives (239). 
A few other functional groups, which were identified by the DAVID analysis, are 
mitosis, apoptosis, and glycolysis- related processes.  

Relevant for the neuronal context were groups of proteins localized at the 
PSD, proteins involved in synaptic transmission and in regulation of endocytosis. 
 

Domain interaction analysis of the Shisa6 protein 
Sixteen proteins were selected from the 262 interactors for follow-up studies (table 
2, fig. 3B). These proteins were picked based on the following independent criteria: 
1) proteins should not belong to a list of known false positives (239) 2) they must 
contain one of the following domains, PDZ and/or SH3, since Shisa6 has putative 
binding sites to both of these domains. All 16 clones were tested in the yeast direct 
mating assay, and they did not induce growth on selective media –LTAH in the 
absence of Shisa6-cd (fig. 4).  

We performed domain interaction analysis in order to test our prediction 
that Shisa6 potential PDZ and SH3 domain binding sites are used for interaction. 
We designed six Shisa6 mutants (fig. 5A). Firstly, we divided Shisa6-cd into two 
parts, Shisa6-cd 202-364 and Shisa6-cd 365-557 (numbers indicate the start and 
end amino acids), Shisa6-cd 365-557 contains a potential SH3 domain-binding 
motif. Secondly, we designed 4 more constructs, each representing approximately 
one quarter of the Shisa6-cd: Shisa6-cd 202-272, 273-364, 365-443 and 444-557. 
When designing these constructs, we assured that these construct terminated after 
an internal α-helix and not within the folded domains. In order to do so, we used 
the online tool PSIPRED for secondary structure prediction (231, 232). We showed 
using a direct yeast-mating assay that Shisa6-cd interacts with LIN7b, a protein that 
contains PDZ domains, and SRBS1, a protein that has three SH3 domains (fig. 4 & 
5B, table 2). Shisa6-cd mutants 365-557 and 444-557 that both have a C-terminal 
EVTV stretch interact with LIN7b suggesting the importance of the EVTV amino 
acids in establishing the interaction with LIN7b. The Shisa6-cd 365-557 mutant also 
interacts with SRBS1 indicating that interaction with SH3 domains of SRBS1 takes 
place in this region of the cytoplasmic domain of Shisa6. The Shisa6-cd 365-443 
mutant, even though it contains putative SH3 ligand motif, does not interact with 
SRBS1.  
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Figure 4. Autoactivation test on potential Shisa6 interacting clones. Yeast cells were co-
transformed with pBD-GAL4-Shisa6-cd and pACT2-“prey”-clone containing plasmids and 
grown on high stringency selective media (–LTAH) to confirm that the growth is possible only 
upon the presence of both bait-prey proteins (bottom row on both panels). As controls 
empty pBD-GAL4 in combination with either empty pACT2 (first column in the top panel) or 
pACT2-prey-clone containing plasmid were used (top row in both panels). No intrinsic 
reporter activity was detected in the controls. In order to prove successful co-
transformation, yeast cells were first grown on rich YPD-media, then transferred to medium 
stringency –LT plates (data not shown) and afterwards transferred to –LTAH plates.  
 
 
SH3 and PDZ domain-binding sites in the C-terminal part of Shisa6 
We showed that an interaction site for the PDZ domain lies within the cytoplasmic 
domain of Shisa6, and more precisely between amino acids 444-557 (fig. 5). To 
determine the exact interaction site, we created a mutant of Shisa6-cd: Shisa6-cd 
ΔEVTV that lacks the EVTV stretch, potentially involved in the interaction with PDZ 
domain, and Shisa6-cd-19aa that lacks last 19 amino acids (fig. 1 and chapter 2 fig. 
1). As in domain interaction analysis, we used a direct yeast-mating assay. We co-
transformed yeast cells with pACT2-carrying GIPC1, GRIP1, LIN7b or PICK1 and pBD-
GAL4-Shisa6-cd, Shisa6-cdΔEVTV or Shisa-cd -19aa, expecting to see no growth in 
the presence of Shisa6-cd-ΔEVTV and Shisa6-cd-19aa. Contrary to our expectation,  
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Figure 5. Domain interaction analysis of Shisa6. A. Shisa6-cd constructs, representing the 
approximate halves and quarters of the Shisa6-cd that were used in the domain interaction 
analysis. Numbers indicate the N- and C-terminal amino acids of the construct. B. Domain 
interaction analysis of Shisa6. Yeast cells were co-transformed with pBD-GAL4-Shisa6-cd 
constructs and pACT2-prey-clone containing plasmids and grown on high stringency 
selective media (–LTAH).  
 
 
we observed interaction between PDZ domain-containing proteins, except for 
GIPC1, and Shisa6-cd mutants (fig. 6B), indicating that interaction of these proteins 
(GRIP1, LIN7b, and PICK1) with Shisa6 is apparently not limited to the PDZ-domain 
interacting EVTV stretch but includes other regions within the cytoplasmic domain 
of Shisa6 (compare with Shisa9-PDZ interaction, chapter 2, fig. 1 and 2).  

Similarly, we studied the interaction between Shisa6-cd and the SH3 
domain. According to the Motif Scan prediction, two prolines at positions 416 and 
419 are involved in the interaction with the SH3 domain. We mutated those 
prolines into alanines thereby creating single and double mutants of Shisa6-cd 
P416A, P419A and P416_419A. We studied these mutants for their interaction with 
SRBS1, an SH3 domain-containing protein (fig. 6C). The mutation of prolines into 
alanines was not sufficient to destroy the interaction between Shisa6-cd and 
SRBS1.  
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Figure 6. PDZ and SH3 domain-binding site interaction analysis of Shisa6. A. A two-step PCR 
reaction used for mutagenesis of the C-terminal domain of Shisa6. In the first step two PCR 
reactions were performed with 2 different sets of primers (For1 - Rev1 for PCR-1 and For2-
Rev2 for PCR-2). The star indicates the site of mutagenesis. Each PCR reaction generated 
DNA that represents a part of Shisa6-cd, carrying the desired mutation. The second step 
included a PCR reaction with 1 set of primers (For1 and Rev2) in which full length DNA of 
Shisa6-cd, carrying the mutation, was reconstituted. The star indicates the site of 
mutagenesis. B. PDZ domain-binding site analysis. Shisa6-cd, Shisa6-cd ΔEVTV and Shisa6-cd-
19 amino acids constructs were co-transformed with PDZ domain-containing proteins GIPC1, 
GRIP1, LIN7b and PICK1 and analyzed for interaction with Shisa6-cd on high stringency 
selective media (–LTAH). C. SH3 domain-binding site analysis. Shisa6-cd, Shisa6-cd P416A, 
Shisa6-cd P419A, Shisa6-cd P416_419A constructs were co-transformed with SH3 domain-
containing protein SRBS1 and analyzed for Shisa6-cd-SRBS1 interaction on high stringency 
selective media (–LTAH).  
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Discussion 
Shisa6 belongs to the Shisa family of proteins (196). The first discovered member of 
this family, Shisa9, turned out to be an AMPA receptor auxiliary subunit (195). 
Recently, it was shown that Shisa6 also acts as an AMPA receptor auxiliary subunit 
(Klaassen et. al., 2014 submitted). Both proteins are localised at the PSD, directly 
interact with the AMPA receptor in a subunit nonspecific manner and affect 
synaptic short-term plasticity (Klaassen et. al., 2014, submitted). Shisa6 has a 
predicted secondary structure that is similar to Shisa9 – one transmembrane 
domain that divides the protein into N-terminal extracellular domain with a 
characteristic feature of the family - cystine knot, and cytoplasmic C-terminal 
domain that ends with four amino acids Glu-Val-Thr-Val, which are the PDZ 
domain-binding site. Unlike Shisa9, the cytoplasmic domain of Shisa6 is enriched in 
prolines, potentially indicating the presence of SH3 domain-binding sites (238). 
Indeed, according to Motif Scan tool (230), the cytoplasmic domain of Shisa6 has 2 
potential SH3 domain-binding sites. 

In our study, we aimed at identification of novel interactors of the 
cytoplasmic domain of Shisa6. Similarly to the study of Shisa9 (chapter 2), we 
employed conventional yeast two-hybrid screening. In the YTH screening we 
identified 262 different potential interactors of the cytosolic domain of Shisa6 
(table S1). We excluded from further consideration the proteins that likely are false 
positives. Yeast two-hybrid method is well developed, and a list of known false 
positives that are frequently found, independently of the target used, was 
established (239, 240). The summarized list of false positives includes ribosomal 
and mitochondrial proteins, cytochrome oxidase, Zinc finger proteins, proteasome 
subunits and Vimentin (239).  

We selected 16 proteins from 262 identified interactors for autoactivation 
assay. The implied criteria for selecting those proteins were 1) no false positive 
proteins (see discussion above); 2) proteins must contain PDZ, SH3 or both 
domains. All 16 clones after autoactivation test were proven to be the interactors 
of Shisa6-cd in the yeast cells (fig. 4). 

Shisa6 has potential PDZ and SH3 domain-binding sites. Indeed, ten PDZ 
and seven SH3 domain-containing proteins were represented in the YTH screen 
(table 2). We validated the presence of PDZ/SH3 interacting sites within Shisa6 by 
performing domain interaction analysis. We showed that the interaction between 
Shisa6-cd and the PDZ domain-containing proteins, does not exclusively depend on 
the presence of the EVTV stretch (fig. 6), since the Shisa6-cd ΔEVTV and Shisa6-cd, 
lacking last 19 amino acids, maintain the interaction with PDZ proteins. 
Interestingly, it is against our prediction. The interaction between Shisa6 and 
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PSD95 (Klaassen et. al., 2014, submitted), another PDZ domain-containing protein, 
and GIPC1 (fig. 6B) is exclusively dependent on EVTV stretch. We also confirmed 
the presence of SH3 interaction sites within Shisa6-cd. As an example protein, 
which contains three SH3 domains, we used SRBS1. SRBS1 only binds to those 
mutants of Shisa6-cd, which contain putative SH3 domain-binding site. Mutations 
of single prolines into alanines within Shisa6-cd (Pro416 and Pro419, predicted to 
play a crucial role in the interaction with SH3 domain) did not show the loss of 
interaction. Possibly, the SH3 ligand-binding site within Shisa6 was not predicted 
correctly. Computational prediction of SH3 domain-ligand sites is a challenging 
task. SH3 domains interact with proline-rich sequences that were grouped into two 
classes of consensus-sequences. Moreover, there is a number of known non-
consensus sequences, which are also capable of interacting with SH3. The 
prediction is further complicated by the existence of SH3 domains that include 
additional tertiary contacts in the interactions (241, 242). The alternative 
explanation is that the disruption of one particular SH3 domain-binding site was 
not sufficient to cease the binding of SRBS1 to the C-terminus of Shisa6, because it 
has three SH3 domains.  

In order to get insight into the function of Shisa6, we used the DAVID 
bioinformatics database to cluster putative interactors, identified in the YTH 
screen, into the functional groups (233, 234). Using high stringency classification, 
DAVID grouped proteins into 63 clusters. Interpretation of such data requires 
understanding of possible protein function within the cellular context, in this case 
of Shisa6 – neurons. Among these 63 clusters, there are those that likely are 
composed of false positives. These 24 false positive functional clusters consist of 
RNA/DNA-, ribosome-binding and Zinc finger proteins, proteins localized in 
mitochondria and nucleus. False positive clusters were excluded from 
consideration. Two groups assembled by DAVID, a group of PDZ domain-containing 
proteins, localized in the postsynaptic density (PSD), and a group of proteins 
involved in the synaptic transmission, appear the most relevant to the synaptic 
function of Shisa6. 

The Shisa6 protein is localized in the PSD (Klaassen et. al., 2014, 
submitted). We took as prior that Shisa6 has binding partners that are also 
localized in the PSD. Interestingly, three PDZ domain-containing proteins GRIP1, 
PICK1, and LIN7b, which are well known PSD proteins, were identified in the YTH 
screen. It is well established that GRIP1 and PICK1 are essential players in the 
process of the AMPA receptor trafficking. GRIP1 (glutamate receptor-interacting 
protein 1) directly interacts with the GluA2 subunit of the AMPARs and anchors 
AMPARs at synaptic and intracellular locations (243-245). Moreover, GRIP1 
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interacts with KIF5 (which was also identified in the YTH screen as Shisa6 
interactor), a protein involved in the dendritic trafficking of AMPARs (246). GRIP1 
also binds to GRASP1 (GRIP-associated protein 1), which is a neuronal guanine 
nucleotide exchange factor and possibly links AMPARs to RAS signalling (247). RAS 
signalling plays an important role during LTP and LTD, RAS and p42/44 MAPK are 
involved in the insertion of AMPARs during LTP, whereas RAP and p38 MAPK play a 
role in AMPAR endocytosis during LTD (126, 127). On contrast to GRIP1, PICK1 
(protein interacting with C-kinase), which also directly binds to GluA2 subunit (248, 
249) and GRIP1 (250), is involved in LTD (251, 252) by stimulating AMPAR 
internalization (253, 254). Thus, the direct binding of Shisa6 to PICK1 and GRIP1 
suggests involvement of Shisa6 in the process of AMPAR trafficking. Indeed, Shisa6 
was shown to decrease the surface mobility of GluA2-containing AMPA receptors in 
both extrasynaptic and synaptic compartments in a PDZ ligand-motif dependent 
manner (Klaassen et. al., 2014, submitted). The exact molecular mechanism of how 
Shisa6 traps AMPA receptors at cell surface is unknown. GRIP1 and PICK1 might 
compete for the interaction with Shisa6. When the interaction between Shisa6 and 
GRIP1 is favoured, Shisa6 might play a role in anchoring AMPA receptors at the cell 
surface. Alternatively, Shisa6 binds PSD95 and anchors the AMPAR via this PDZ 
protein interaction. 

Four other proteins, such as GIPC1, LIN7b, PICK1, and PTK2, were clustered 
in a group of synaptic transmission. GIPC1, LIN7b, and PICK1 are PDZ domain-
containing proteins. GIPC1 is a cargo adapter, which interacts with the retrograde 
motor protein, myosin VI (255-257). Myosin VI regulates the trafficking of the 
postsynaptic AMPA receptors (258-260) via direct interaction with the scaffold 
protein SAP97 (synapse–associated protein 97), which interacts with GluA1 subunit 
of AMPA receptor and regulates its surface expression (172). It is well established 
that GIPC1 and myosin VI are required for presynaptic short-term plasticity, since 
mice deficient in GIPC1 and myosin VI have defects in enhanced paired-pulse 
facilitation and reduced post-tetanic potentiation (261). Whether myosin VI-
mediated AMPAR trafficking is relevant for synaptic plasticity and for learning and 
memory remains to be explored (262). The direct interaction between Shisa6 and 
GIPC1 points towards involvement of Shisa6 in the process of AMPA receptor 
trafficking, which is inevitably linked to the regulation of synaptic transmission. 
LIN7b was proposed important for the localization of proteins in polarized cells and 
may regulate the trafficking of receptors and channels in neurons (263, 264). PTK2, 
also known as focal adhesion kinase, was shown to positively modulate both 
neuritic outgrowth and synaptic plasticity and be involved in the formation and 
retention of long-term spatial memory (265). The role of Shisa6 association with 
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LIN7b and PTK2 has to be further studied to establish the function of Shisa6 in the 
synaptic transmission. 

Other functional groups, which were identified by the DAVID analysis, are 
mitosis, apoptosis, ubiquitination- and glycolysis- related processes. Involvement of 
Shisa6 in these pathways has to be confirmed.  

To further delineate the interactome of Shisa6, we performed 
immunoprecipitation (IP) from hippocampus and cerebellum of wild type and 
Shisa6 knockout animals using antibodies directed against Shisa6, analysed 
obtained native complexes by means of mass spectrometry (MS) and compared the 
results with the YTH data (table 1). We noted that 5 proteins could be identified as 
Shisa6 interactors by both methods; five proteins (Ahcyl1, Kif21a, Olfm1, Sh3gl2, 
Usp9x) are present in hippocampal complexes, and one protein, Usp9x, interacts 
with Shisa6 in hippocampus and cerebellum (table 1). Both methods (YTH and IP) 
are widely used to study protein-protein interactions, and it is common knowledge, 
that overlap between these two methods is low (266, 267). Yeast two-hybrid 
system is suited to the characterization of direct 1-1 bait-prey protein interactions, 
but it is not adequate for the analysis of larger protein complexes. In contrast, MS-
based approaches allow for the isolation of protein complexes and for the 
detection of networks of protein interactions. The limitation of MS-based 
approaches is their bias towards highly abundant, stable complexes, whereas the 
YTH system is particularly useful for the detection of weak or transient interactions 
(267). Out of 5 overlapping proteins, Noelin1 (Olfm1) is of particular interest. 
Noelin1 is a constituent of AMPA receptor complexes, and possibly is a part of 
Shisa9-AMPAR complex (229). It was shown that Noelin1 directly interacts with the 
AMPA receptor and is involved in decreasing mobility of AMPARs at the cell surface 
in HEK293 cells (unpublished data). Noelin1 is a secreted protein, and most 
probably the stable complex between Noelin1 and AMPARs is formed 
extracellularly. Given the direct interaction between Shisa6 and Noelin1, it is 
plausible that Noelin1 might also have intracellular function, in which it functions in 
synergy with Shisa6, since both proteins decrease the surface mobility of the AMPA 
receptors.  
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Table 1. Proteins identified as Shisa6 interactors by two independent methods: the YTH screen and immunoprecipitation against 
Shisa6 
 

Gene 
symbol 

Uniprot 
ACC Recommended name (Uniprot) 

Unique peptide spectral count 

KO1  KO2  KO3  WT1  WT2  WT3 Average 
KO 

Average 
WT 

Average 
KO/ WT 

Hippocampus           
Ahcyl1 Q80SW1 Putative adenosylhomocysteinase 2 0 1 0 1 3 1 0.33 1.67 20.0% 
Kif21a Q9QXL2 Kinesin-like protein KIF21A  0 1 0 1 2 1 0.33 1.33 25.0% 
Olfm1 O88998 Noelin 0 0 0 2 1 1 0.00 1.33 0.0% 
Sh3gl2 Q62420 Endophilin-A1 0 1 0 2 2 1 0.33 1.67 20.0% 
Usp9x P70398 Probable ubiquitin carboxyl-terminal hydrolase 

FAF-X 
0 0 0 1 1 3 0.00 1.67 0.0% 

Cerebellum           
Usp9x P70398 Probable ubiquitin carboxyl-terminal hydrolase 

FAF-X 
0 0 0 1 3 2 0.0 2.0 0.0% 

 
KO, Shisa6 knockout; WT, wild type. Unique peptide spectral count was determined by adding up the spectral counts of all unique 
peptides attributed to a protein. n=3. 
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Table 2. Putative Shisa6 interactors, identified in the YTH screen and selected for a direct yeast mating assay 
 
Gene symbol STARTNUCL Uniprot ACC Recommended name (Uniprot) clone 

count 
PDZ SH3 

Apba3 1 O88888 Amyloid beta A4 precursor protein-binding family A 
member 3 

1 1 of 2  

Bcar1 1 Q61140 Breast cancer anti-estrogen resistance protein 1 2  0 of 1 

Cnksr2  166 Q80YA9 Connector enhancer of kinase suppressor of Ras 2 2 1 of 1  

Gipc1 1 Q9Z0G0 PDZ domain-containing protein GIPC1 2 1 of 1  

Grip1 1 Q925T6 Glutamate receptor-interacting protein 1 1 6 of 7  

Lin7b 1 O88951 Protein lin-7 homolog 3 1 of 1  

Lmo7 1 A0T1J8 LIM domain only 7 1 0 of 1  

Mpp4 1 Q6P7F1 MAGUK p55 subfamily member 4 1 0 of 1 1 of 1 

Pdlim1  73 O70400 PDZ and LIM domain protein 1 1 1 of 1  

Pick1 76 Q62083 PRKCA-binding protein  2 1 of 1  

Rimbp2 1 Q80U40 RIMS-binding protein 2 1  2 of 3 

Rusc2 1 Q80U22 Iporin 1  1 of 1 

Sdcbp 55 O08992 Syntenin-1 22 2 of 2  

Sh3gl2 1 Q62420 Endophilin-A1 2  1 of 1 

Sh3gl3 1 Q62421 Endophilin-A3 1  1 of 1 

Srbs1 1 Q62417 Sorbin and SH3 domain containing 1 isoform 2 10  3 of 3 

Putative Shisa6 interactors selected for autoactivation test. The “clone count” represents the number of hits in the screen, the “start 
nucleotide” refers to the first nucleotide of the gene, and the “PDZ/SH3 domains” columns list the number of complete PDZ/SH3 
domains anticipated within that clone. 
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Supplementary information  
Table S1. Putative Shisa6-cd interactors identified in YTH screening 
Gene 
symbol 

Recommended name (Uniprot) Uniprot              
ACC 

Clone 
count 

Actn2 Alpha-actinin-2 Q9JI91 2 
Ahcyl1 Putative adenosylhomocysteinase 2 Q80SW1 2 
Akr7a5  Aflatoxin B1 aldehyde reductase member 2 Q8CG76 1 
Als2 Alsin  Q920R0 1 
Ambra1 Activating molecule in BECN1-regulated autophagy 

protein 
A2AH22 2 

Ankra2 Ankyrin repeat family A protein 2 Q99PE2 2 
Ankrd28 Serine/threonine-protein phosphatase 6 regulatory 

ankyrin repeat subunit A 
Q505D1 1 

Anks3 Ankyrin repeat and SAM domain-containing protein 3 Q9CZK6 1 
Ap4b1 AP-4 complex subunit beta-1 Q9WV76 1 
Apba3 Amyloid beta A4 precursor protein-binding family A 

member 3 
O88888 1 

Aplp1 Amyloid-like protein 1 Q03157 1 
Armc5 Armadillo repeat-containing protein 5 Q5EBP3 1 
Ars2 Serrate RNA effector molecule homolog Q99MR6 2 
Atp5b ATP synthase subunit beta, mitochondrial P56480 1 
Atp5g2 ATP synthase lipid-binding protein, mitochondrial  P56383 1 
Atxn2 Ataxin-2  O70305 1 
Azi2 5-azacytidine-induced protein 2 Q9QYP6 2 
Bat3 Large proline-rich protein BAG6 Q9Z1R2 1 
Bcar1 Breast cancer anti-estrogen resistance protein 1 Q61140 2 
Bcas2 Pre-mRNA-splicing factor SPF27 Q9D287 2 
Bcs1l Mitochondrial chaperone BCS1 Q9CZP5 1 
Becn1 Beclin-1 O88597 4 
Blzf1 Golgin-45 Q8R2X8 4 
C1qbp Complement component 1 Q subcomponent-binding 

protein, mitochondrial 
Q61361 5 

Cadps Calcium-dependent secretion activator 1 Q80TJ1 2 
Ccdc57 Coiled-coil domain-containing protein 57 Q6PHN1 3 
Ccdc80 Coiled-coil domain-containing protein 80 Q8R2G6 1 
Ccdc85b Coiled-coil domain-containing protein 85B Q6PDY0 2 
Ccdc88a  Girdin  Q5SNZ0 1 
Cdc123 Cell division cycle protein 123 homolog Q8CII2 1 
Cdc23  Cell division cycle protein 23 homolog Q8BGZ4 3 
Cdr2 Cerebellar degeneration-related protein 2 P97817 1 
Celf4 CUGBP Elav-like family member 4 Q7TSY6 2 
Cenpc1 Centromere protein C 1  P49452 1 
Cep57 Centrosomal protein of 57 kDa Q8CEE0 1 
Cinp Cyclin-dependent kinase 2-interacting protein Q9D0V8 1 
Cltc Clathrin heavy chain Q68FD5 3 
Cmpk1 UMP-CMP kinase Q9DBP5 1 
Cnk2b Casein kinase II subunit beta P67871 2 
Cnksr2  Connector enhancer of kinase suppressor of Ras 2 Q80YA9 2 
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Gene 
symbol 

Recommended name (Uniprot) Uniprot              
ACC 

Clone 
count 

Cnot2 CCR4-NOT transcription complex subunit 2 Q8C5L3 1 
Cops3 COP9 signalosome complex subunit 3 O88543 2 
Cops4 COP9 signalosome complex subunit 4 O88544 1 
Cpe Carboxypeptidase E Q00493 3 
Crebzf CREB/ATF bZIP transcription factor Q91ZR3 1 
Crnkl1 Crooked neck-like protein 1 P63154 1 
Cstf2t Cleavage stimulation factor subunit 2 tau variant  Q8C7E9 1 
Ctbp1 C-terminal-binding protein 1 O88712 2 
Ctnnb1 Catenin beta-1 Q02248 10 
Ctsb Cathepsin B P10605 1 
Cuta Protein CutA Q9CQ89 1 
D18Ertd653e Low-density lipoprotein receptor class A domain-

containing protein 4 
Q8BWJ4 1 

Ddx3x ATP-dependent RNA helicase DDX3X  Q62167 2 
Dhx33 DEAH (Asp-Glu-Ala-His) box polypeptide 33 Q80VY9 1 
Dnaja3 DnaJ homolog subfamily A member 3, mitochondrial Q99M87 1 
Dnajc14 DnaJ homolog subfamily C member 14  Q921R4 2 
Drg2 Developmentally-regulated GTP-binding protein 2 Q9QXB9 1 
Dtnb Dystrobrevin beta O70585 1 
Dusp14 Dual specificity protein phosphatase 14 Q9JLY7 3 
Dynll1 Dynein light chain 1, cytoplasmic P63168 6 
Dynlt1 Dynein light chain Tctex-type 1 P51807 5 
Dynlt3 Dynein light chain Tctex-type 3 P56387 4 
Efemp1 EGF-containing fibulin-like extracellular matrix protein 1 Q8BPB5 1 
Eif3eip Eukaryotic translation initiation factor 3 subunit L subunit 

E-interacting protein  
Q8QZY1 1 

Eno1 Alpha-enolase P17182 1 
Ercc6l DNA excision repair protein ERCC-6-like Q8BHK9 1 
Exosc8  Exosome complex exonuclease RRP43 Q9D753 3 
Fam183a Protein FAM183B Q5NC57 1 
Fancl E3 ubiquitin-protein ligase FANCL  Q9CR14 1 
Fbf1 Fas-binding factor 1 A2A870 1 
Fbln1  Fibulin-1 Q08879 3 
Ficd  Adenosine monophosphate-protein transferase FICD Q8BIX9 1 
Flot1 Flotillin-1 O08917 2 
Fn1 Fibronectin P11276 4 
Fox1 RNA binding protein fox-1 homolog 1 Q9JJ43 1 
Ftl1 Ferritin light chain 1  P29391 1 
Gapdh Glyceraldehyde-3-phosphate dehydrogenase P16858 1 
Gas8 Growth arrest-specific protein 8 Q60779 1 
Gfap Glial fibrillary acidic protein P03995 3 
Gipc1 PDZ domain-containing protein GIPC1 Q9Z0G0 2 
Gnptg N-acetylglucosamine-1-phosphotransferase subunit 

gamma 
Q6S5C2 1 

Golga1 Golgin subfamily A member 1  Q9CW79 1 
Gprasp2 G-protein coupled receptor-associated sorting protein 2 Q8BUY8 1 
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Gene 
symbol 

Recommended name (Uniprot) Uniprot              
ACC 

Clone 
count 

Grip1 Glutamate receptor-interacting protein 1 Q925T6 1 
Guk1  Guanylate kinase Q64520 1 
Hmcn1 Heterogeneous nuclear ribonucleoprotein M D3YXG0 1 
Hmg20a High mobility group protein 20A Q9DC33 1 
Hnrnpa1 Heterogeneous nuclear ribonucleoprotein A1 P49312 1 
Hnrnpa3 Heterogeneous nuclear ribonucleoprotein A3 Q8BG05 1 
Hnrnpaf Heterogeneous nuclear ribonucleoprotein F Q9Z2X1 1 
Hnrnph1 Heterogeneous nuclear ribonucleoprotein H O35737 9 
Hnrnph2 Heterogeneous nuclear ribonucleoprotein H2 P70333 2 
Hnrnpk Heterogeneous nuclear ribonucleoprotein K P61979 10 
Hnrnpm Heterogeneous nuclear ribonucleoprotein M Q9D0E1 1 
Immt Mitochondrial inner membrane protein Q8CAQ8 6 
Ina Alpha-internexin P46660 3 
Ints4 Integrator complex subunit 4 Q8CIM8 1 
Irs4 Insulin receptor substrate 4 Q9Z0Y7 1 
Isca2 Iron-sulfur cluster assembly 2 homolog, mitochondrial Q9DCB8 1 
Kansl2 KAT8 regulatory NSL complex subunit 2 Q8BQR4 1 
Kat5  Histone acetyltransferase KAT5 Q8CHK4 5 
Khdrbs1 KH domain-containing, RNA-binding, signal transduction-

associated protein 1 
Q60749 1 

Khdrbs3 KH domain-containing, RNA-binding, signal transduction-
associated protein 3 

Q9R226 2 

Kiaa0774 Microtubule-associated tumor suppressor candidate 2  Q3UHD3 2 
Kiaa0922 Transmembrane protein 131-like  Q3U3D7 1 
Kif17 Kinesin-like protein KIF17  Q99PW8 1 
Kif21a Kinesin-like protein KIF21A  Q9QXL2 1 
Kif5a Kinesin heavy chain isoform 5A P33175 1 
Klraq1  Protein phosphatase 1 regulatory subunit 21  Q3TDD9 4 
Lims1 LIM and senescent cell antigen-like domains 1 isoform D Q99JW4 3 
Lin7b Protein lin-7 homolog O88951 3 
Lmo7 LIM domain only 7 E9PYF4 1 
Lonrf3 LON peptidase N-terminal domain and RING finger 

protein 3 
Q9D4H7 1 

Lrrc45 Leucine-rich repeat-containing protein 45 Q8CIM1 1 
Lrrcc1 Leucine-rich repeat and coiled-coil domain-containing 

protein 1 
Q69ZB0 1 

Lzts2 Leucine zipper putative tumor suppressor 2 Q91YU6 2 
Mageb16 Melanoma-associated antigen B16 Q9CWV4 1 
Magoh Protein mago nashi homolog P61327 1 
Mapbpip Ragulator complex protein LAMTOR2 Q9JHS3 1 
Mat2a S-adenosylmethionine synthase isoform type-2 Q3THS6 11 
Mh7 Myosin-7 Q91Z83 3 
Mkrn1 E3 ubiquitin-protein ligase makorin-1 Q9QXP6 2 
Mmadhc Methylmalonic aciduria and homocystinuria type D 

homolog, mitochondrial 
Q99LS1 8 

Mphosph8 M-phase phosphoprotein 8 Q3TYA6 2 
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Gene 
symbol 

Recommended name (Uniprot) Uniprot              
ACC 

Clone 
count 

Mpp4 MAGUK p55 subfamily member 4 Q6P7F1 1 
Mprip Myosin phosphatase Rho-interacting protein P97434 17 
Mrpl19 39S ribosomal protein L19, mitochondrial  Q9D338 1 
Mrpl28 39S ribosomal protein L28, mitochondrial  Q9D1B9 1 
Mrpl38 39S ribosomal protein L38, mitochondrial Q8K2M0 1 
Mtatp6 ATP synthase subunit a  P00848 2 
mt-Co1 Cytochrome c oxidase subunit I P00397 2 
mt-Co2  Cytochrome c oxidase subunit 2 P00405 2 
mt-Co3  Cytochrome c oxidase subunit 3 P00416 3 
mt-Cytb Cytochrome b P00158 5 
Mtmr9 Myotubularin-related protein 9  Q9Z2D0 1 
Mtnd1 NADH-ubiquinone oxidoreductase chain 1  P03888 5 
Mtx2 Metaxin-2 O88441 3 
Myh6 Myosin-6 Q02566 1 
Mylk Myosin light chain kinase, smooth muscle  Q6PDN3 1 
N4bp2l2 NEDD4-binding protein 2-like 2  Q8JZS6 1 
N4bp3 NEDD4-binding protein 3 Q8C7U1 2 
Nagk N-acetyl-D-glucosamine kinase Q9QZ08 2 
Ncaph2 Condensin-2 complex subunit H2 Q8BSP2 1 
Ndufb NADH dehydrogenase1 beta subcomplex subunit 9 Q9CQJ8 12 
Nell1 Protein kinase C-binding protein NELL1 Q2VWQ2 1 
Nell2 Protein kinase C-binding protein NELL2  Q61220 6 
Nfe2l3 Nuclear factor erythroid 2-related factor 3 Q9WTM4 1 
Nif3l1 NIF3-like protein 1 Q9EQ80 1 
Ninl Ninein-like protein Q6ZQ12 1 
Nlrp4b NACHT, LRR and PYD domains-containing protein 4B Q8C6J9 1 
Nono Non-POU domain-containing octamer-binding protein Q99K48 2 
Npat Protein NPAT Q8BMA5 1 
Nr2f1 COUP transcription factor 1  Q60632 3 
Nr2f2 COUP transcription factor 2 P43135 2 
Nt5c 5'(3')-deoxyribonucleotidase, cytosolic type Q9JM14 1 
Nup160 Nuclear pore complex protein Nup160 Q9Z0W3 1 
Olfm1 Noelin O88998 1 
Pak7 Serine/threonine-protein kinase PAK 7  Q8C015 1 
Pax6  Paired box gene 6 P63015 1 
Pcbp1 Poly(rC)-binding protein 1 P60335 1 
Pcca Propionyl-CoA carboxylase alpha chain, mitochondrial Q91ZA3 1 
Pcnt Pericentrin P48725 1 
Pcyt2 Ethanolamine-phosphate cytidylyltransferase Q922E4 1 
Pdcd6 Programmed cell death protein 6 P12815 2 
Pdhb Pyruvate dehydrogenase E1 component subunit beta, 

mitochondrial 
Q9D051 2 

Pdlim1  PDZ and LIM domain protein 1 O70400 1 
Pdss1 Decaprenyl-diphosphate synthase subunit 1 Q33DR2 1 
Pef1 Peflin Q8BFY6 1 
Peli1 E3 ubiquitin-protein ligase pellino homolog 1 Q8C669 1 
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Gene 
symbol 

Recommended name (Uniprot) Uniprot              
ACC 

Clone 
count 

Pfdn1 Prefoldin subunit 1 Q9CWM4 1 
Pick1 PRKCA-binding protein  Q62083 2 
Pkm Pyruvate kinase PKM P52480 8 
Pkp4 Plakophilin-4 Q68FH0 8 
Pla2g12a Group XIIA secretory phospholipase A2  Q9EPR2 1 
Plekhb1 Pleckstrin homology domain-containing family B member 

1 
Q9QYE9 1 

Plscr2 Phospholipid scramblase 2 Q9DCW2 3 
Polg2 DNA polymerase subunit gamma-2, mitochondrial  Q9QZM2 1 
Ppfia2 Liprin-alpha-2 Q8BSS9 1 
Pphln1 Periphilin-1  Q8K2H1 1 
Ppp2ca Serine/threonine-protein phosphatase 2A catalytic 

subunit alpha isoform  
P63330 1 

Psma1 Proteasome subunit alpha type-1  Q9R1P4 1 
Psmb4 Proteasome subunit beta type-4 P99026 26 
Psmb5 Proteasome subunit beta type-5 O55234 1 
Psmc5 26S protease regulatory subunit 8 P62196 16 
Psmc6 26S protease regulatory subunit 10B P62334 2 
Ptk2 Isoform 6 of Focal adhesion kinase 1 P34152 1 
R3hdm2 R3H domain-containing protein 2 Q80TM6 2 
Rabep1 Rab GTPase-binding effector protein 1 O35551 2 
Ranbp9 Ran-binding protein 9 P69566 2 
Rasgrf1 Ras-specific guanine nucleotide-releasing factor 1 P27671 1 
Rbm10 RNA-binding protein 10  Q99KG3 1 
Rbm11 Splicing regulator RBM11 Q80YT9 1 
Rbm12bb RNA-binding protein 12B-B Q66JV4 5 
Rbm3 Putative RNA-binding protein 3 O89086 3 
Rbm42 RNA-binding protein 42 Q91V81 1 
Rbm7 RNA-binding protein 7 Q9CQT2 1 
Rchy1 RING finger and CHY zinc finger domain-containing 

protein 1 
Q9CR50 7 

Rgs19 Regulator of G-protein signaling 19 Q9CX84 1 
Rimbp2 RIMS-binding protein 2 Q80U40 1 
Rock1 Rho-associated protein kinase 1  P70335 2 
Rpl32 60S ribosomal protein L32  P62911 1 
Rps6kc1 Ribosomal protein S6 kinase delta-1  Q8BLK9 1 
Rpsa 40S ribosomal protein SA  P14206 2 
Rrp7a Ribosomal RNA-processing protein 7 homolog A Q9D1C9 1 
Rundc3a RUN domain-containing protein 3A O08576 1 
Rusc2 Iporin Q80U22 1 
Sacs Sacsin Q9JLC8 1 
Safb2 Scaffold attachment factor B2 Q80YR5 4 
Sdcbp Syntenin-1 O08992 22 
Sdcbp2  Syntenin-2 Q99JZ0 1 
Senp3 Sentrin-specific protease 3 Q9EP97 1 
Sept10 Septin-10 Q8C650 1 
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Gene 
symbol 

Recommended name (Uniprot) Uniprot              
ACC 

Clone 
count 

Sept8 Septin-8 Q8CHH9 1 
Sf3a3  Splicing factor 3A subunit 3 Q9D554 1 
Sfpq Splicing factor, proline- and glutamine-rich Q8VIJ6 3 
Sh3gl2 Endophilin-A1 Q62420 2 
Sh3gl3 Endophilin-A3 Q62421 1 
Sharpin Sharpin Q91WA6 5 
Sikea Suppressor of IKBKE 1 Q9CPR7 2 
Slit1 Slit homolog 1 protein protein Q80TR4 1 
Smg5 Protein SMG5 Q6ZPY2 1 
Snf8 Vacuolar-sorting protein SNF8 Q9CZ28 1 
Spata24 Spermatogenesis-associated protein 24  Q6P926 2 
Spock3 Testican-3  Q8BKV0 1 
Srbs1 Sorbin and SH3 domain containing 1 isoform 2 Q62417 10 
Sri Sorcin Q6P069 1 
Ss18 Protein SSXT Q62280 1 
Ssbp2 Single-stranded DNA-binding protein 2 Q9CYZ8 1 
Stat3 Signal transducer and activator of transcription 3 P42227 1 
Stub1 STIP1 homology and U box-containing protein 1 Q9WUD1 1 
Tanc2 Protein TANC2 A2A690 2 
Taok3 Serine/threonine-protein kinase TAO3 Q8BYC6 3 
Tarsl2 Probable threonine--tRNA ligase 2, cytoplasmic  Q8BLY2 1 
Tax1bp1 Tax1-binding protein 1 homolog  Q3UKC1 1 
Tdrd7  Tudor domain-containing protein 7 Q8K1H1 1 
Tia1 Nucleolysin TIA-1 P52912 1 
Tle1 Transducin-like enhancer protein 1 Q62440 1 
Tox Thymocyte selection-associated high mobility group box 

protein TOX 
Q66JW3 2 

Tpr Nucleoprotein TPR F6ZDS4 1 
Trim27 Zinc finger protein RFP Q62158 1 
Tsg101 Tumor susceptibility gene 101 protein Q61187 2 
Ttc19 Tetratricopeptide repeat protein 19, mitochondrial Q8CC21 2 
Ttc7b Tetratricopeptide repeat protein 7B E9Q6P5 3 
Ucl1 Uridine-cytidine kinase-like 1 Q91YL3 1 
Ulk2 Serine/threonine-protein kinase ULK2 Q9QY01 2 
Uqcrc2 Cytochrome b-c1 complex subunit 2, mitochondrial Q9DB77 1 
Usp33  Ubiquitin specific protease 33 isoform 2 Q8R5K2 3 
Usp54  Inactive ubiquitin carboxyl-terminal hydrolase 54  Q8BL06 3 
Usp9x Probable ubiquitin carboxyl-terminal hydrolase FAF-X P70398 1 
Vim Vimentin  P20152 5 
Vwf  von Willebrand factor Q8CIZ8 2 
Wrnip1 ATPase WRNIP1 Q91XU0 1 
Xpnpep1 Xaa-Pro aminopeptidase 1 Q6P1B1 1 
Zfpm2 Zinc finger protein ZFPM2  Q8CCH7 1 
Znf18 Zinc finger protein 18 Q810A1 1 
Znf326 DBIRD complex subunit ZNF326 O88291 1 
Znf639 Zinc finger protein 639 Q99KZ6 1 
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Gene 
symbol 

Recommended name (Uniprot) Uniprot              
ACC 

Clone 
count 

Znhit1 Zinc finger HIT domain-containing protein 1 Q8R331 1 
Zswim1 Zinc finger SWIM domain-containing protein 1 Q9CWV7 2 
Zzz3 ZZ-type zinc finger-containing protein 3 Q6KAQ7 1 

 UPF0184 protein C9orf16 homolog  P58686 2 
 Uncharacterized protein CXorf23 homolog A2AG58 1 
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Abstract 
Shisa7 belongs to the Shisa family of proteins. Two other members of this family, 
Shisa6 and -9, are brain-specific proteins that function as AMPA receptor auxiliary 
subunits. Conceivably, Shisa7, which is also present in the brain, and specifically in 
hippocampus and cortex, might be an auxiliary subunit too. This chapter focuses on 
identification of the interactome of the cytosolic domain of Shisa7 by means of the 
yeast two-hybrid system and includes a comparative analysis of the interactomes 
of Shisa6-9.  
 

Introduction 
Shisa7 belongs to the Shisa family of proteins including 11 members (196). The 
family is characterized by a cystine-knot structure, a conserved N-terminal 
cysteine-rich extracellular domain. Each Shisa protein is a single-transmembrane 
protein with an extracellular N-terminus and an intracellular C-terminus. The C-
terminus of four family members, Shisa6-9, contains a type II PDZ-domain 
interacting motif (fig. 1A) (195). High throughput in situ hybridization study, 
conducted at the Allen Institute for Brain Research, demonstrated that genes 
encoding Shisa6, -7 and -9 proteins are expressed in the brain, except for Shisa8. 
Thee brain-specific Shisa proteins have different expression profiles; all three are 
present in the hippocampus, Shisa6-7 are expressed throughout the entire 
hippocampus, whereas Shisa9 is exclusively in the dentate gyrus. Additionally, 
Shisa6 is expressed in the cerebellar Purkinje cell layer, Shisa7 – in cortex (Allen 
Mouse Brain Atlas) (fig. 1B). 

Shisa9 and -6 were shown to act as AMPA receptor auxiliary subunits 
(195). Both proteins are localized at the postsynaptic density (PSD) and they 
directly bind to the AMPA receptor subunits. Shisa6 and -9 modulate synaptic 
short-term plasticity by influencing kinetics and channel properties of the AMPAR. 
(195). Based on structural similarity and the expression profile, Shisa7 might be an 
AMPA receptor auxiliary subunit. However, specific data such as 
electrophysiological measurements have to be performed in order to prove this 
hypothesis.  

The goal of this study was to characterize the interactome of the 
cytoplasmic domain of Shisa7 by means of yeast two-hybrid screen and to compare 
this with the interaction profiles of the other previously established Shisa protein 
interaction data.  
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Materials and methods 
 
Interaction sites and secondary structure prediction of Shisa7 protein – To identify 
potential interaction sites in the cytoplasmic domain of Shisa7, we performed 
bioinformatical analysis using the online tool “Motif Scan” (230). The motif search 
was performed under high classification stringency. For secondary structure 
prediction of the Shisa7 protein, we used the online tool PSIPRED v3.3 (231, 232). 
Functional cluster annotation was done using DAVID (the Database for Annotation, 
Visualization and Integrated Discovery) (233, 234). 
 
Multiple Sequence Alignment of the cytoplasmic domains of Shisa9, Shisa6 and 
Shisa7 was performed using Clustal Omega online tool (268-272).   
 
Yeast strain – In the yeast two-hybrid screening described in this chapter we made 
use of the MATCMAKER GAL4 two-hybrid system which features the 
Saccharomyces cerevisiae yeast strain PJ69-2a  with the following genotype: MATa, 
trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2 : : GAL1UAS-GAL1TATA-
HIS3,GAL2UAS-GAL2TATA-ADE2, MEL1. This system uses three reporter genes HIS3, 
ADE2, MEL1, out of these 3 genes we exploited 2: HIS3, ADE2, that allow yeast cells 
to grow on selective media without adenine and histidine upon “bait-prey” protein 
interaction (235).  
 
Yeast two-hybrid screen – The yeast two-hybrid screen was performed according 
to the methods reported by Walhout and Vidal (215). For bait-construction, the 
PCR-amplified Shisa7 C-terminal domain (amino acids 211 (SKAS) – 558 (EVTV) was 
inserted into the EcoRI–SalI-digested pBD-GAL4 vector (Stratagene). The screening 
was performed as described in chapter 3. 
 
Calculation of a number of cDNA bait clones expressed – 0.0875 % of total 
transformation mixture was plated on –LT plate that resulted in the growth of 102 
colonies. The total number of colonies in the transformation mixture = (102*100) 
/0.0875% = ~116700 colonies/transformation volume. The transformation mixture 
was distributed over 60 plates with high stringency selective media (–LTAH), which 
gives a number of cDNA bait clones expressed = 60*116700 = ~7*106 colonies.  

 
Direct two-hybrid assay – was performed using Shisa7-cd, Shisa7-cd ΔEVTV and 
Shisa6-cd-19 aa (last 19 amino acids from the C-terminus were removed) bait-
construct as described in chapter 3. 
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DNA cloning – To create Shisa7-cd mutants for domain analysis interaction we 
designed 6 constructs, two of which are approximate halves of the cytoplasmic 
domain of Shisa7, and 4 others are quarters. cDNA fragments of the Shisa7-cd 
constructs (amino acids 211-360, 361-558, 211-287, 288-360, 361-445, 446-558) 
were amplified by PCR from a previously designed pBD-GAL4-Shisa7-cd and cloned 
into pBD-GAL4 plasmid by means of digestion by restriction endonucleases EcoRI 
and SalI (NEB Biolabs) and a following ligation by T4 DNA ligase (Thermo Scientific). 
All constructs were sequence verified and used for transfection of yeast cells. 
 
Mutagenesis – Shisa6 and Shisa7 SH3 and WW domain-binding site mutants (SH3: 
Shisa7 P396A, Shisa7 P400A; WW: Shisa6 Y357A, Shisa6 P355A_Y357A, Shisa7 
Y328A, Shisa7 P326A_Y328A) were created using a 2-step PCR approach as 
described in chapter 3. Used primers: S7 FOR1 5’-TCGCCGGAATTCAGCAAG-3’, S7 
P396A REV1 5’-GGTTGGGTGCTGCTGCCAGG-3’, S7 P396A FOR2 5’-
GGAGCTGGGCCTGGCAGCAG-3’, S7 REV2 5’-GGGCTCTAGAGTCGACTCAGAC-3’, S7 
P400A REV1 5’-CACGCCGTGCGTTGGGTGCTG-3’, S7 P400A FOR2 5’-
CCAACGCACGGCGTGTTATG-3’, S7 Y328A REV1 5’-TCACAGCAGCCTCAGCGGAC-3’, S7 
Y328A FOR2 5’-CTTCCCCCGTCCGCTGAGG-3’, S7 P326A/Y328A REV1 5’-
CAGCAGCCTCAGCGGACGCGG-3’, S7 P326A/Y328A FOR2 5’-
CATCTTCCCGCGTCCGCTGAGG-3’, S6 FOR1 5’-ATCTCGGCCATCGATACCTCTC-3’, S6 
Y357A REV1 5’-GATTCAGCTGATGGAGGC-3’, S6 Y357A FOR2 5’-
CATCAGCTGAATCTGCAGTG-3’, S6 REV2 5’-CTCTAGAGTCGACTCACACG-3’, S6 
P355A_Y357A REV1 5’-ATTCAGCTGATGCAGGCAAGTG-3’, S6 P355A/Y357A FOR2 5’-
CCTGCATCAGCTGAATCTGCAG-3’.  
 

Results 
 

Potential SH3, WW and PDZ domain-binding sites in the cytoplasmic 
domain of Shisa7 
Shisa7 is the third identified member of Shisa family of proteins, which is expressed 
in the brain (fig. 1). More precisely, based on an in situ hybridization study 
conducted at the Allen Institute for Brain Research, the gene encoding the Shisa7 
protein is most prominently expressed in the hippocampus dentate gyrus, CA1-3 
regions and in cortex (fig. 1B). Both Shisa6 and Shisa7 genes have similar   



Chapter 4 

83 
 

 
 
Figure 1. The Shisa family of proteins. A. Schematic of proteins which belong to the Shisa 
family. SP – signal peptide, C-knot – cystine knot, TM – transmembrane domain, EVTV (Glu-
Val-Thr-Val) – PDZ domain-binding site. B. Expression profile of Shisa9, Shisa6 and Shisa7 
genes - members of Shisa family (pictures obtained from Allen Mouse Brain atlas; Shisa9 
(http://mouse.brain-map.org/experiment/show/71809079), Shisa6 (http://mouse.brain-
map.org/experiment/show/74821852) and Shisa7 (http://mouse.brain-
map.org/experiment/show/70429052). 
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Figure 2. Alignment of the C-terminal fragments of Shisa6-9 proteins. A. Alignment of the 
Shisa6-9 fragments from mouse and human. In bold on grey background potential WW 
domain-binding site (PPSY) and SH3 domain-binding sites (proline-rich stretches) are 
indicated. B. Alignment of the Shisa7 C-terminal fragments from different distant species 
(fish, human, mouse, snake and frog). Numbers indicate the amino acids positions. 
 
expression profiles in hippocampus that differs from Shisa9, which is expressed in 
the hippocampus dentate gyrus and in the olfactory bulb. 

Similarly, to Shisa6 and -9, the four last amino acids of the Shisa7 C-
terminus are PDZ domain ligand type II (fig. 1A). Using the Clustal Omega online 
tool (270-272) we performed the alignment of the C-terminal sequences of the 
Shisa6-9 proteins to get insight into the structure and function of Shisa7 (fig. 2). 
From comparison of the cytoplasmic domains of the mouse and human Shisa6-9 
proteins, it became obvious that Shisa6 and Shisa7 have similarities, namely the 
cytoplasmic domains of both proteins have proline-rich sequences. In chapter 3 we 
showed that Shisa6 has a SH3 domain-binding site. This site was predicted by Motif 
Scan (230), an online computational tool, that the ERP416RRP419IRAM stretch of 
amino acids within the C-terminus of Shisa6 is likely to be an SH3 domain-binding 
site, though it was not confirmed by our experimental data (chapter 3). We 
predicted that Shisa7 also has an SH3 domain-binding site. Motif Scan did not 
predict the presence of SH3 ligands within the cytoplasmic domain of Shisa7 but 
nonetheless we surmised that the stretch of amino acids AP396APNP400RRVM with 
prolines in positions 396 and 400 might be an SH3 domain-binding site (fig. 2A). 
Moreover, four consecutive amino acids PPSY (Pro-Pro-Ser-Tyr) were found in the 
C-termini of Shisa6 and -7 (P355PSY357 and P326PSY328 in Shisa6 and -7, respectively; 
numbers indicate the positions of amino acids), but were absent in Shisa9. PPxY (x 
– any amino acid) is a consensus ligand sequence for interaction with WW domains 
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(273, 274). Next, we compared the C-terminal sequences of Shisa7 from distant 
species and observed that PPSY sequence is evolutionary conserved; it is present in 
the cytoplasmic domain of Shisa7 in fish, frog, snake, mouse, and human protein.  
 

Screening for proteins interacting with the cytoplasmic domain of 
Shisa7  
To characterize the interactome of the cytoplasmic domain of Shisa7 we used 
conventional YTH screening, as it is described in chapters 2 and 3, in which the 
Shisa9 and -6 interactomes are characterized. We used the C-terminal 
(cytoplasmic) domain of mouse Shisa7 (S211KAS – EVTV558) as bait and screened 
against a total mouse brain cDNA library. The potential number of protein-protein 
pairs in the YTH screening was estimated to be 7*106 clones (=number of cDNA bait 
clones expressed). 1057 clones grew on high stringency selective plates (–LTAH), all 
clones were picked, DNA was isolated form every colony, sequenced and prey 
proteins were identified. From 1057 clones that grew, 408 were not in the frame 
with GAL4-AD or did not match any protein in the database and were excluded. 648 
clones, representing 209 different proteins, are potential interactors of Shisa7-cd 
(table S1).  
 

Functional analysis of interactors of Shisa7 
By means of YTH screening we identified 209 potential interactors of the 
cytoplasmic domain of Shisa7 (table S1). Functional protein annotation helps to 
understand the biological function of a protein. We used the Database for 
Annotation, Visualization and Integrated Discovery (DAVID) to perform functional 
classification of identified proteins (233, 234). Based on high stringency 
classification, DAVID isolated 61 functional groups.  

As already discussed in chapter 3, it is likely that some functional groups 
are composed of false positives. RNA/DNA-, ribosome-binding, proteasome 
subunits and Zinc finger proteins, proteins localized in mitochondria and nucleus, 
Vimentin are known YTH false positives (239). Other groups include proteins that 
function in glycolysis, catabolic processes, transcription regulation, and 
biosynthesis of macromolecules. Involvement of Shisa7 in these processes has to 
be further studied. 

Groups composed of proteins involved in the synaptic transmission and 
cell-cell signalling are relevant to neuronal context and might specify the cellular 
functions of Shisa7.  
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Cytoplasmic domains of Shisa7 and -6 have similar interactomes 
Eight proteins of the 209 interactors were selected for follow-up studies (table 1, 
fig. 3A). These proteins were picked based on the following independent criteria: 1) 
proteins should not belong to a list of known false positives (239); 2) they must 
contain a PDZ and/or SH3 domain, since Shisa7 has putative binding sites to these 
domains. Out of these eight clones, six are PDZ domain-containing proteins, 2 are 
SH3 domain-containing proteins. All eight clones were tested in the direct yeast 
mating assay, and they did not induce growth on selective –LTAH media in the 
absence of Shisa7-cd (fig. 3A). Besides Shisa7-cd, we also included in the direct 
mating assay Shisa6-cd and -9-cd in the assay. As expected, PDZ domain-containing 
proteins interact with all three Shisa6-9 proteins, whereas SH3 domain-containing 
proteins bind to the Shisa6 and -7 cytoplasmic domains only (fig. 3A).  
 Next, we compared the list of interacting partners of Shisa6-7, identified in 
the YTH screens (suppl. table 1 chapter 3 and 4). We selected eleven proteins that 
were uniquely present in the Shisa7 yeast two-hybrid screen based on the following 
criteria: 1) proteins should not belong to a list of known false positives (239) and 
have a function relevant to neuronal context; 2) proteins must contain PDZ, SH3 
and/or WW domain; 3) clone count number has to be higher than 3 (table 1 and fig. 
3B). Selected proteins were tested for interaction with the cytoplasmic domains of 
Shisa6-9. The APBB1 clone was not able to induce the yeast cell growth and was 
excluded as a false positive. Ten other proteins interacted with the cytoplasmic 
domains of both Shisa6 and 7 proteins, Shisa9-cd did not interact with any of the 
selected proteins (fig. 3B). We also tested in the autoactivation test fifteen proteins 
uniquely identified in the Shisa6-cd YTH screen that match the above-mentioned 
criteria (table 1 and fig. 3C). These 15 proteins interact with Shisa6 and 7-cd but do 
not bind to Shisa9-cd, with one exception – DYNLT3, which binds to Shisa6 and 9-
cd, but misses the Shisa7-cd.  
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Figure 3. Autoactivation test of potential Shisa6-7 interacting proteins. A. PDZ/SH3 
domain-containing clones, identified in the Shisa7 YTH screen, were tested in the 
autoactivation test on Shisa6-9 cytoplasmic domains. B. Clones, identified uniquely in the 
Shisa7 YTH screen, tested on Shisa6-9-cd. C. Clones, identified uniquely in the Shisa6 YTH 
screen, tested on Shisa6-9-cd. Yeast colonies were grown on high stringency selective media 
(-LTAH), growth indicates the bait-prey protein interaction. PDZ, SH3, WW label specifies 
which domain is present within a protein. 
 
 

Domain interaction analysis of Shisa7 protein  
Similarly, to Shisa6, the cytoplasmic domain of Shisa7 has potential PDZ, SH3 and 
WW domain-binding sites. We performed domain interaction analysis in order to 
determine, which part of the Shisa7-cd is involved in the interaction with above-
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named domains. We designed six Shisa7 mutants (fig. 4A). Firstly, we divided 
Shisa7-cd into two parts, Shisa7-cd 211-360, and Shisa6-cd 361-558 (numbers 
indicate the start and end amino acids), Shisa7-cd 361-558 contains potential SH3 
and WW domain-binding motifs. Secondly, we designed four more constructs, each 
representing approximately one quarter of the Shisa7-cd: Shisa7-cd 211-287, 288-
360, 361-445 and 446-558. When designing these constructs, we assured that 
these constructs terminated after an internal α-helix and not within the folded 
domains. In order to do so, we used the online tool PSIPRED for secondary 
structure prediction (231, 232). 

We showed using a direct yeast-mating assay that Shisa7-cd full length and 
Shisa7-cd 361-558 mutant, both containing putative PDZ ligand, interact with 
LIN7b, a protein that contains one PDZ domain (fig. 3A & 4B, table 1). SRBS1, a 
protein that has three SH3 domains, interacts with the full-length cytoplasmic 
domain of Shisa7 but does not bind to any of Shisa7-cd mutants (fig. 3A & 4B, table 
1). We also included in the domain interaction analysis ubiquitin ligases NEDD4 and 
WWP2, proteins that have three and four WW domains respectively, and tested 
them on interaction with the cytoplasmic domains of Shisa6 and 7 (fig. 3B & 4, 
table 1). We showed that both Shisa6-7-cd bind to NEDD4 and WWP2. Moreover, 
as expected Shisa7-cd 211-360 and 288-360 (fig. 4B) mutants, containing PPSY 
stretch of amino acids, bind to NEDD4 and WWP2. Similarly, Shisa6-cd 202-364 and 
274-364 mutants bind to the WWP2 protein (fig. 4C).  

 

PDZ, SH3 and WW domain-binding sites in the C-terminal part of 
Shisa7 
We showed that an interaction site for the PDZ domain lies within the cytoplasmic 
domain of Shisa7, and more precisely between amino acids 361-559 (fig. 4). To 
determine the exact interaction site, we created mutants of Shisa7-cd: Shisa7-cd 
ΔEVTV that lacks the EVTV stretch, potentially involved in the interaction with PDZ 
domain, and Shisa7-cd-19aa that lacks last 19 amino acids (fig. 1 and chapter 2 fig. 
1). As in domain interaction analysis, we used a direct yeast-mating assay. We co-
transformed yeast cells with pACT2-carrying GIPC1, GRIP1, LIN7b or PICK1 and pBD-
GAL4-Shisa7-cd, Shisa7-cd ΔEVTV or Shisa7-cd -19aa, expecting to see no growth in 
the presence of Shisa7-cd-ΔEVTV and Shisa7-cd -19aa. As predicted, we observed 
no interaction between PDZ domain-containing proteins, except for LIN7b, and 
Shisa7-cd mutants (fig. 5A), indicating that interaction of these proteins with Shisa7 
indeed takes place at the EVTV stretch. Interestingly, for Shisa6 the opposite was 
observed, Shisa6-cd ΔEVTV and Shisa6-cd -19aa mutants maintained the 
interaction with PDZ domain-containing proteins (chapter 3, fig. 6B).  
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Figure 4. Domain interaction analysis of Shisa7 and -6. A. Shisa7-cd (dark grey) and 6-cd 
(light grey) constructs, representing the approximate halves and quarters of the Shisa7-cd 
and 6-cd that were used in the domain interaction analysis. Numbers indicate the N- and C-
terminal amino acids of the construct. B. Domain interaction analysis of Shisa7. C. Domain 
interaction analysis of Shisa6. Yeast cells were co-transformed with pBD-GAL4-Shisa7 or 6-cd 
constructs and pACT2-prey-clone containing plasmids and grown on high stringency selective 
media (-LTAH).  
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Similarly, we studied the interaction between Shisa7-cd and the SH3 
domain. We predicted that two prolines at positions 396 and 400 are involved in 
the interaction with the SH3 domain. We mutated those prolines into alanines 
thereby creating Shisa7-cd P396A and P400A mutants. We studied these mutants 
for their interaction with SRBS1 and NCKIPSD, both SH3 domain-containing proteins 
(fig. 5B). The mutation of prolines into alanines was not sufficient to destroy the 
interaction between Shisa7-cd and SH3 domain.  

 

Discussion 
Shisa7 belongs to the Shisa family of proteins (196). Four members of the family, 
Shisa6-9, have clearly a distinct structure from other members (fig. 1A). In situ 
hybridization analysis showed that Shisa6, -7 and -9 are the brain-expressed genes 
(Allen Mouse Brain Atlas), except for Shisa8. The first discovered mouse member of 
this family, Shisa9, turned out to be an AMPA receptor auxiliary subunit (195). 
Shisa6 was shown to act as an AMPA receptor auxiliary subunit too (Klaassen et. al., 
2014, submitted). Both proteins are localised at the PSD, directly interact with the 
AMPA receptor in a subunit nonspecific manner and affect synaptic short-term 
plasticity (195). Shisa7 was also discovered to be localized at the PSD and directly 
interact with GluA subunits (unpublished data). 

Shisa7 has a predicted similar secondary structure to Shisa6 and -9, a 
single transmembrane domain that divides the protein into N-terminal extracellular 
domain with a signature feature of the family - cystine knot, and cytoplasmic C-
terminal domain that terminates in a PDZ type II ligand motif (Glu-Val-Thr-Val) 
(195). Unlike Shisa9, the cytoplasmic domains of Shisa7 and -6 are enriched in 
prolines, potentially indicating the presence of SH3 and WW domain-binding sites 
(238, 241, 242, 273, 274). According to the Motif Scan tool (230), the cytoplasmic 
domain of Shisa6 has 2 potential SH3 domain-binding sites. Motif Scan did not 
predict the presence of SH3 ligand within the C-terminus of Shisa7. Nonetheless, 
based on amino acid conservation between Shisa6 and -7 and on the presence of 
SH3 domain-containing proteins within the results of YTH screen (see below), we 
predicted that Shisa7 has SH3 binding sites too (fig. 2A). Furthermore, alignment of 
the C-termini of Shisa6-9 proteins demonstrated the presence of a much conserved 
stretch of four amino acids, PPSY, in Shisa6 and -7 cytoplasmic domains that 
represent a consensus binding site for WW domains (fig. 2) (196, 273, 274).  
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Figure 5. PDZ, SH3 and WW domain-binding site interaction analysis of Shisa6-7. A. PDZ 
domain-binding site analysis. Shisa7-cd, Shisa7-cd ΔEVTV and Shisa7-cd-19 amino acids 
constructs were co-transformed with PDZ domain-containing proteins GIPC1, GRIP1, LIN7b 
and PICK1 and analyzed for interaction with Shisa7-cd. B. SH3 domain-binding site analysis. 
Shisa7-cd, Shisa6-cd P396A, Shisa6-cd P400A, Shisa6-cd constructs were co-transformed 
with SH3 domain-containing protein SRBS1 and NCKIPSD and analyzed for Shisa7-cd-SH3 
interaction. C. Shisa7-cd WW domain-binding site analysis. Shisa7-cd, Shisa7-cd Y328A and 
P326A_Y328A constructs were co-transformed with WW domain-containing proteins NEDD4 
and WWP2 and analyzed for interaction with Shisa7-cd. D. Shisa6-cd WW domain-binding 
site analysis. Shisa6-cd, Shisa6-cd Y357A and P355A_Y357A constructs were co-transformed 
with WW domain-containing proteins NEDD4 and WWP2 and analyzed for interaction with 
Shisa6-cd. Yeast colonies were grown on high stringency selective media (-LTAH). 
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In the current study, we identified novel interactors of the cytoplasmic 
domain of Shisa7. We chose to use yeast two-hybrid system for protein-protein 
interaction study. YTH has several advantages for the identification of direct 
binding partners of Shisa7. As mentioned above, Shisa7 is a PSD-localized protein. 
The PSD is a structure composed of a high density of proteins assembled in tight 
interaction, which makes the PSD a difficult compartment for solubilization under 
mild detergent conditions, which is prerequisite for immunoprecipitation-based 
study (275). The YTH system is designed to study direct binary protein interactions 
and is especially suited for the identification of weak and transient interactions 
(267). In the YTH screen we identified 209 different potential interactors of the 
cytosolic domain of Shisa7 (table S1). We excluded from further consideration the 
proteins that frequently found as false positives: ribosomal and mitochondrial 
proteins, cytochrome oxidase, Zinc finger proteins, proteasome subunits and 
Vimentin (239, 240).  

Initially, we selected six PDZ and two SH3 domain-containing proteins for 
the direct mating assay and tested them on interaction with Shisa7-cd (fig. 3A). All 
eight clones were shown to be interactors of the cytoplasmic domain of Shisa7 
within the YTH system. We expanded our mating assay and tested selected 
proteins on Shisa6 and 9-cd too. As stated earlier, Shisa6-7 have a putative SH3 
ligand, which is absent within Shisa9-cd. Direct mating assay indeed proved that 
both Shisa6-7 interact with SH3-containing proteins, whereas Shisa9 did not (table 
1 and fig. 3A). In the next step we selected proteins that were uniquely present in 
the Shisa6 (15 proteins) or Shisa7 (11 proteins) YTH screen, contained PDZ, SH3 or 
WW domain or had a clone count number higher than 3 clones (table 1 and fig. 
3B&C) and tested those proteins on interaction with Shisa6-9-cd. APBB1 did not 
interact with any Shisa6-9 protein and hence is a false positive. Majority of 
proteins, except for DYNLT3, interacted with both Shisa6-7, regardless from screen 
of which protein they originate, and did not bind to Shisa9 (fig. 3B&C). These 
similarities in the interactome profile of Shisa6-7 might indicate the overlap in 
some of the functions of Shisa6 and -7. Shisa6-7 may have redundant function in 
the hippocampus where both proteins have identical expression profile, and 
execute a unique, but still similar, function in the brain areas, where only one of 
the two is present, Shisa6 in cerebellum and Shisa7 in cortex. 

To get better insight into the function of Shisa7, we grouped 209 identified 
proteins into the functional clusters, using DAVID (233, 234). DAVID placed Shisa7-
interacting proteins in the functional groups that are similar to those of Shisa6 (see 
discussion chapter 3); the most relevant in the neuronal context are groups of 
synaptic transmission and cell to cell signalling. These groups include proteins such 
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as GRIP1, PICK1, LIN7b, and GIPC1, the role of which in details discussed in chapter 
3. Interaction between Shisa7 and these proteins suggests involvement of Shisa7, 
like Shisa6, in the processes of AMPA receptor anchoring and trafficking. 

Domain interaction analysis (fig. 4B) and mutant analysis (fig. 5A), 
conducted in the yeast cells, showed that Shisa7-cd-PDZ interaction is dependent 
on the presence of EVTV stretch since Shisa7-cd ΔEVTV and Shisa7-cd -19 aa 
mutants fail to interact with the PDZ domain-containing proteins (GIPC1, GRIP1 and 
PICK1), the only exception is the LIN7b protein. Interestingly, Shisa6-cd-PDZ 
interaction is not exclusively dependent on the presence of EVTV stretch (chapter 
3, fig. 6B).  

Next, we studied Shisa7-cd-SH3 interaction. Neither domain interaction 
analysis, nor point mutations of prolines 396 and 400 into alanines in the putative 
SH3 ligand yielded the exact binding site within the C-terminus of Shisa7, since 
none of the created mutants lost the interaction capacity (fig. 4B & 5B). As 
discussed in chapter 3, computational prediction of SH3 binding motifs is a difficult 
task because of a vast number of SH3 domains, interacting not only via consensus 
sequences, but also including additional tertiary contacts in the interactions (241, 
242). Taking into account, that neither Shisa6-cd mutants (chapter 3), nor Shisa7-cd 
mutants lost the ability to interact with SH3 proteins, this indicates that 
computational analysis of SH3 ligands within the Shisa6-7-cd provided the wrong 
prediction.  

The article by Pei and Grishin (196) and the Clustal Omega multiple 
sequence alignment indicated the presence of a conserved amino acid stretch, 
PPSY, within the C-terminus of Shisa6-7-cd. PPxY (x is any amino acid) is a minimal 
consensus sequence for binding of the WW domain (273, 274, 276-278). Based on 
this prediction, we performed a direct yeast-mating assay using Shisa6-7-cd domain 
and point mutations (Y357A and P355A_Y357A – Shisa6, Y328A and P326A_Y328A 
– Shisa7) and tested designed mutants on the interaction with two WW domain-
containing proteins NEDD4 and WWP2. For Shisa7 we could pinpoint the exact 
binding site of the WW domain (fig. 4B), since only Shisa7-cd 211-360 and 288-360, 
containing PPSY motif, bound to NEDD4 and WWP2. Moreover, point mutations of 
the first proline-326 and tyrosine-328 in the consensus sequence PPxY completely 
disrupted the interaction between Shisa7-cd and NEDD4 and WWP2 (fig. 5C). The 
domain interaction analysis of Shisa6-cd was consistent with Shisa7-cd, only PPSY 
containing domains, Shisa6-cd 202-364 and 273-364, bound to NEDD4 and WWP2 
(fig. 4C), however point mutations did not result in the loss of interaction between 
Shisa6-cd and the NEDD4 and WWP2 proteins (fig. 5D). 
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The direct interaction between Shisa6-7 and NEDD4 opens an interesting 
perspective on Shisa6-7 functions in the brain. NEDD4 is an E3-ubiquitin ligase that 
was shown to be involved in the regulation of AMPA receptor ubiquitination and 
endocytosis (279, 280). It was suggested that interaction between NEDD4 and 
AMPA receptor is mediated via an unidentified intermediate protein (279). Given 
our data, the Shisa6-7 proteins qualify for this intermediate function. Experiments 
directed to establish formation of tripartite complex Shisa6-7, NEDD4 and AMPA 
receptors in HEK cells and brain tissue are required. The next steps would be to 
confirm involvement of Shisa6/7 in the AMPA receptor ubiquitination in primary 
neuronal cultures obtained from wild type and Shisa6 or -7 knockout animals. 
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Table 1. Putative Shisa7 and -6 interactors, identified in the YTH screen and selected for a direct yeast mating assay 
 
Gene 
symbol 

STARTNUCL Uniprot ACC Recommended name (Uniprot) clone 
count 

PDZ SH3 WW 

Cnksr2  166 Q9Z1T4 Connector enhancer of kinase suppressor of Ras 2 2 1 of 1   
Gipc1 1 Q9Z0G0 PDZ domain-containing protein GIPC1 11 1 of 1   
Grip1 1 Q925T6 Glutamate receptor-interacting protein 1 1 6 of 7   
Lin7b 1 O88951 Protein lin-7 homolog 5 1 of 1   
Pick1 76 Q9EP80 PRKCA-binding protein  1 1 of 1   
Sdcbp 55 O08992 Syntenin-1 27 2 of 2   
Sh3gl2 1 Q62420 Endophilin-A1 3  1 of 1  
Srbs1 1 Q62417 Sorbin and SH3 domain containing 1 isoform 2 5  3 of 3  

Shisa7 unique proteins       
Apbb1 4 P46933 Amyloid beta A4 precursor protein-binding family B member 

1 
1   1 of 1 

Arhgap33 1 Q80YF9 Rho GTPase-activating protein 33 1  0 of 1  
Eps8 1 Q5R4H4 Epidermal growth factor receptor kinase substrate 8  1  1 of 1  
Gabbr1 1 Q9WV18 Gamma-aminobutyric acid type B receptor subunit 1  4    
Hgs 1 Q99LI8 Hepatocyte growth factor-regulated tyrosine kinase 

substrate  
9    

Nckipsd  64 Q9ESJ4 NCK-interacting protein with SH3 domain 2  1 of 1  
Nedd4 127 P46935 E3 ubiquitin-protein ligase NEDD4 1   3 of 3 
Rics 1 Q811P8 Rho GTPase-activating protein 32  1  0 of 1  
Sorbs3 62 Q9R1Z8 Vinexin 1  3 of 3  
Stxbp4 1 Q9WV89 Syntaxin-binding protein 4 2 1 of 1  1 of 1 
Wwp2 1 Q9DBH0 NEDD4-like E3 ubiquitin-protein ligase WWP2  1   4 of 4 
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Table 1. Continuation  
 

     

Gene 
symbol 

STARTNUCL Uniprot ACC Recommended name (Uniprot) clone 
count 

PDZ SH3 WW 

Shisa6 unique proteins       
Apba3 1 O88888 Amyloid beta A4 precursor protein-binding family A member 

3 
1 1 of 2   

Bcar1 1 Q61140 Breast cancer anti-estrogen resistance protein 1 2  0 of 1  
Dusp14 136 Q9JLY7 Dual specificity protein phosphatase 14 3    
Dynll1 88 P63168 Dynein light chain 1, cytoplasmic 6    
Dynlt3 37 P56387 Dynein light chain Tctex-type 3 4    
Exosc8  7 Q9D753 Exosome complex exonuclease RRP43 3    
Lmo7 1 A0T1J8 LIM domain only 7 1 0 of 1   
Mat2a 97 Q3THS6 S-adenosylmethionine synthase isoform type-2 11    
Mpp4 1 Q6P7F1 MAGUK p55 subfamily member 4 1 0 of 1 1 of 1  
Pdlim1  73 O70400 PDZ and LIM domain protein 1 1 1 of 1   
Plscr2 1 Q9DCW2 Phospholipid scramblase 2 3    
Rimbp2 1 Q80U40 RIMS-binding protein 2 1  2 of 3  
Rusc2 1 Q80U22 Iporin 1  1 of 1  
Sh3gl3 1 Q62421 Endophilin-A3 1  1 of 1  
Sharpin 1 Q91WA6 Sharpin 5    
 
Putative Shisa6 interactors selected for autoactivation test. The “clone count” represents the number of hits in the screen, the “start nucleotide” 
refers to the first nucleotide of the gene, and the PDZ, SH3, WW columns list the number of complete PDZ, SH3, WW domains present vs. 
anticipated within that clone. 
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Supplementary information 
Table S1. Putative Shisa7-cd interactors identified in YTH screening 
Gene name Recommended name (Uniprot) Uniprot ACC Clone 

count 
Arih2  E3 ubiquitin-protein ligase ARIH2  Q9Z1K6 1 
Actn2 Alpha-actinin-2 Q9JI91 1 
Adamtsl2 ADAMTS-like protein 2  Q7TSK7 1 
Aes Amino-terminal enhancer of split  P63002 14 
Ahcyl1 Putative adenosylhomocysteinase 2 Q80SW1 2 
Akirin2 Akirin-2 B1AXD8 1 
Akr7a2 Aflatoxin B1 aldehyde reductase member 2 Q8CG76 2 
Ankra2 Ankyrin repeat family A protein 2 Q99PE2 1 
Apbb1 Amyloid beta A4 precursor protein-binding family B 

member 1 
Q9QXJ1 1 

Aph1a  Gamma-secretase subunit APH-1A Q8BVF7 1 
Aplp1 Amyloid-like protein 1 Q03157 1 
Arhgap33 Rho GTPase-activating protein 33 Q80YF9 1 
Armc5 Armadillo repeat-containing protein 5 Q5EBP3 1 
Armcx1 Armadillo repeat-containing X-linked protein 1 Q9CX83 2 
Auh Methylglutaconyl-CoA hydratase, mitochondrial  Q9JLZ3 1 
Bcan Brevican core protein Q61361 7 
Bcas2  Pre-mRNA-splicing factor SPF27  Q9D287 6 
Begain Brain-enriched guanylate kinase-associated protein Q68EF6 1 
Bicd2  Protein bicaudal D homolog 2 Q921C5 1 
Blzf1 Golgin-45 Q8R2X8 1 
Cadps  Calcium-dependent secretion activator 1 Q80TJ1 1 
Cadps  Calcium-dependent secretion activator 1 Q80TJ1 1 
Calm1 Calmodulin P62204 1 
Camlg Calcium signal-modulating cyclophilin ligand P49070 1 
Ccdc135 Coiled-coil domain-containing protein lobo 

homolog  
Q6V3W6 1 

Ccdc21 Centrosomal protein of 85 kDa Q8BMK0 1 
Ccdc57 Coiled-coil domain-containing protein 57  Q6PHN1 6 
Ccdc64b Bicaudal D-related protein 2  Q8CHW5 1 
Cd33 Myeloid cell surface antigen CD33  Q63994 1 
Cdc23 Cell division cycle protein 23 homolog Q8BGZ4 10 
Cdc2l5 Cyclin-dependent kinase 13  Q69ZA1 1 
Cdk5rap3 CDK5 regulatory subunit-associated protein 3  Q99LM2 1 
Cenpp Centromere protein P  Q9CZ92 1 
Cep135 Centrosomal protein of 135 kDa Q6P5D4 1 
Cltc Clathrin heavy chain 1 Q68FD5 1 
Cnksr2 Connector enhancer of kinase suppressor of ras 2  Q80YA9 2 
Cnot2 CCR4-NOT transcription complex subunit 2  Q8C5L3 1 
Cnot3 CCR4-NOT transcription complex subunit 3  Q8K0V4 2 
Cntln Centlein A2AM05 2 
Cog6 Conserved oligomeric Golgi complex subunit 6 Q8R3I3 1 
Coi Cytochrome c oxidase subunit 1 P00397 1 
Crocc Rootletin  Q8CJ40 1 
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Gene name Recommended name (Uniprot) Uniprot ACC Clone 
count 

Csnk2b Casein kinase II subunit beta P67871 2 
Ctbp2 C-terminal-binding protein 2 P56546 1 
Ctnnb1  Catenin beta-1 Q02248 7 
D1Bwg0212e UPF0760 protein C2orf29 homolog Q9CWN7 1 
Dixdc1 Dixin Q80Y83 1 
Dmd Dystrophin P11531 1 
Dpy19l3 Protein dpy-19 homolog 3  Q71B07 1 
Dus3l tRNA-dihydrouridine(47) synthase (NAD(P)(+))-like Q91XI1 3 
Egfl7 Epidermal growth factor-like protein 7  Q9QXT5 1 
Eps8 Epidermal growth factor receptor kinase substrate 

8  
Q08509 1 

F8a1 Factor VIII intron 22 protein Q00558 1 
Faap20 Fanconi anemia-associated protein of 20 kDa Q3UN58 2 
Fam184b Protein FAM184B Q0KK56  1 
Fam81a Protein FAM81A  Q3UXZ6 2 
Fbln1 Fibulin-1  Q08879 2 
Fbxl5 F-box/LRR-repeat protein 5  Q8C2S5 1 
Fhl2 Four and a half LIM domains protein 2  O70433 1 
Fiz1 Flt3-interacting zinc finger protein 1 Q9WTJ4 1 
Fn1 Fibronectin P11276 1 
Frmd4b FERM domain-containing protein 4B Q920B0 1 
Fyco1  FYVE and coiled-coil domain-containing protein 1 Q8VDC1 1 
G6pc3 Glucose-6-phosphatase  3 Q6NSQ9 1 
Gabbr1 Gamma-aminobutyric acid type B receptor subunit 

1  
Q9WV18 4 

Garnl1 Ral GTPase-activating protein subunit alpha-1  Q6GYP7 1 
Gas8 Growth arrest-specific protein 8  Q60779 1 
Gba Glucosylceramidase P17439 1 
Gfap Glial fibrillary acidic protein  P03995 6 
Gipc1 PDZ domain-containing protein GIPC1 Q9Z0G0 11 
Gpm6b Neuronal membrane glycoprotein M6-b P35803 1 
Gprasp1 G-protein coupled receptor-associated sorting 

protein 1  
Q5U4C1 1 

Gprasp2 G-protein coupled receptor-associated sorting 
protein 2 

Q8BUY8 1 

Gprc6a G-protein coupled receptor family C group 6 
member A 

Q8K4Z6 1 

Gpx4 Phospholipid hydroperoxide glutathione 
peroxidase, mitochondrial 

O70325 1 

Grin2c Glutamate (NMDA) receptor subunit epsilon-3 Q01098 2 
Grip1 Glutamate receptor-interacting protein 1 Q925T6 1 
Hddc3  Guanosine-3',5'-bis(diphosphate) 3'-

pyrophosphohydrolase MESH1 
Q9D114 1 

Hgs Hepatocyte growth factor-regulated tyrosine 
kinase substrate  

Q99LI8 9 

Hmg20b SWI/SNF-related matrix-associated actin- Q9Z104 1 
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Gene name Recommended name (Uniprot) Uniprot ACC Clone 
count 

dependent regulator of chromatin subfamily E 
member 1-related 

Hnrnpa2b1 Heterogeneous nuclear ribonucleoproteins A2/B1 O88569 2 
Hnrnph1 Heterogeneous nuclear ribonucleoprotein H O35737 8 
Hnrnph1 Heterogeneous nuclear ribonucleoprotein H O35737 1 
Hnrnph2 Heterogeneous nuclear ribonucleoprotein H2 P70333 1 
Hnrnpk Heterogeneous nuclear ribonucleoprotein K  P61979 22 
Hnrpdl Heterogeneous nuclear ribonucleoprotein D-like  Q9Z130 1 
Ift122 Intraflagellar transport protein 122 homolog Q6NWV3 1 
Ina Alpha-internexin P46660 6 
Ivns1abp Influenza virus NS1A-binding protein homolog Q920Q8 1 
Jmjd4 JmjC domain-containing protein 4  Q8BFT6 1 
Josd3 TATA box-binding protein-associated factor RNA 

polymerase I subunit D  
Q9D4V4 1 

Khdrbs3 KH domain-containing, RNA-binding, signal 
transduction-associated protein 3  

Q9R226 1 

Kif1a Kinesin-like protein KIF1A P33173 1 
Kif3a Kinesin-like protein KIF3A  P28741 1 
Klraq1 Protein phosphatase 1 regulatory subunit 21 Q3TDD9 2 
Lhx8 M/homeobox protein Lhx8 O35652 1 
Lims1 LIM and senescent cell antigen-like-containing 

domain protein 1 
Q99JW4 2 

Lin7b Protein lin-7 homolog B  O88951 10 
Lmcd1 LIM and cysteine-rich domains protein 1  Q8VEE1 1 
Lrrc14 Leucine-rich repeat-containing protein 14 Q8VC16  1 
Lrrc7 Leucine-rich repeat-containing protein 7  Q80TE7 1 
Lrrcc1 Leucine-rich repeat and coiled-coil domain-

containing protein 1  
Q69ZB0 1 

Lsr Lipolysis-stimulated lipoprotein receptor Q99KG5 2 
Lzts2 Leucine zipper putative tumor suppressor 2 Q91YU6 2 
Magi1 Membrane-associated guanylate kinase, WW and 

PDZ domain-containing protein 1  
Q6RHR9 1 

Mapbpip Ragulator complex protein LAMTOR2  Q9JHS3 1 
MBNL2 Muscleblind-like protein 2  Q8C181 1 
Mcm3ap 80 kDa MCM3-associated protein Q9WUU9 1 
Med30 Mediator of RNA polymerase II transcription 

subunit 30 
Q9CQI9 1 

Mmadhc Methylmalonic aciduria and homocystinuria type D 
homolog, mitochondrial 

Q99LS1 7 

Mphosph8 M-phase phosphoprotein 8 Q3TYA6 1 
Mprip Myosin phosphatase Rho-interacting protein P97434 15 
Mrpl38 39S ribosomal protein L38, mitochondrial Q8K2M0 2 
Mrpl49 39S ribosomal protein L49, mitochondrial  Q9CQ40 1 
Mtco1 Cytochrome c oxidase subunit 1  P00397 3 
Mtco1 Cytochrome c oxidase subunit 1  P00397 1 
Mtco2 Cytochrome c oxidase subunit 2 P00405 2 
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Gene name Recommended name (Uniprot) Uniprot ACC Clone 
count 

Mtco3 Cytochrome c oxidase subunit 3  P00416 2 
Mtcyb Cytochrome b P00158 3 
Mtnd4 NADH-ubiquinone oxidoreductase chain 4 P03911 2 
Mtx2 Metaxin-2  O88441 1 
Myh7 Myosin-7 Q91Z83 2 
N4bp3 NEDD4-binding protein 3 Q8C7U1 1 
Nagk N-acetyl-D-glucosamine kinase Q9QZ08 3 
Nckipsd  NCK-interacting protein with SH3 domain Q9ESJ4 2 
Ndel1 Nuclear distribution protein nudE-like 1  Q9ERR1 1 
Ndufb9 NADH dehydrogenase 1 beta subcomplex subunit 9  Q9CQJ8 29 
Ndufv3 NADH dehydrogenase (ubiquinone) flavoprotein 3, 

mitochondrial 
Q8BK30 1 

Nedd4 E3 ubiquitin-protein ligase NEDD4 P46935 1 
Nefh Neurofilament heavy polypeptide  P19246 1 
Nell2 Protein kinase C-binding protein NELL2 Q61220 1 
Nfe2l3 Nuclear factor erythroid 2-related factor 3  Q9WTM4 1 
Nlp Ninein-like protein  Q6ZQ12 1 
Nono Non-POU domain-containing octamer-binding 

protein 
Q99K48 2 

Nr2f1 Nuclear receptor subfamily 2 group F member 1-A  Q60632 1 
Nr2f1 COUP transcription factor 1 Q60632 4 
Nts Neurotensin/neuromedin N  Q9D3P9 1 
Pcsk1n ProSAAS  Q9QXV0 2 
Pdcd2l Programmed cell death protein 2-like  Q8C5N5 1 
Pdcd6 Programmed cell death protein 6 P12815 2 
Pdhb Pyruvate dehydrogenase E1 component subunit 

beta, mitochondrial 
Q9D051 2 

Peli1  E3 ubiquitin-protein ligase pellino homolog 1  Q8C669 1 
Penk Proenkephalin-A  P22005 1 
Pepd Xaa-Pro dipeptidase  Q11136 1 
Phf1 PHD finger protein 1 Q9Z1B8 1 
Pick1 PRKCA-binding protein  Q62083 3 
Pkm2  Pyruvate kinase isozymes M1/M2 P52480 13 
Pkp4 Plakophilin-4 Q68FH0 9 
Pnma2 Paraneoplastic antigen Ma2 homolog Q8BHK0 1 
Ppp1r12c  Protein phosphatase 1 regulatory subunit 12C Q3UMT1 2 
Ppp2ca Serine/threonine-protein phosphatase 2A catalytic 

subunit alpha isoform  
P63330 5 

Ppp2cb Serine/threonine-protein phosphatase 2A catalytic 
subunit beta isoform 

P62715 2 

Psma3 Proteasome subunit alpha type-3  O70435 68 
Psmb4 Proteasome subunit beta type-4 P99026 57 
Psmc5 26S protease regulatory subunit 8  P62196 12 
Ptgds Prostaglandin-H2 D-isomerase O09114 1 
Ptk2 Focal adhesion kinase 1 P34152 1 
Rabep1 Rab GTPase-binding effector protein 1 O35551 6 
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Gene name Recommended name (Uniprot) Uniprot ACC Clone 
count 

Rasgrf1 Ras-specific guanine nucleotide-releasing factor 1 P27671 1 
Rbfox1  RNA binding protein fox-1 homolog 1 Q9JJ43 1 
Rbm10  RNA-binding protein 10  Q99KG3 1 
Rbm12ba RNA-binding protein 12B-A Q80YR9 1 
Rbm14 RNA-binding protein 14 Q8C2Q3 2 
Rbm9 RNA binding protein fox-1 homolog 2  Q8BP71 1 
Rbmx RNA-binding motif protein, X chromosome Q9WV02 1 
Rchy1 RING finger and CHY zinc finger domain-containing 

protein 1 
Q9CR50 11 

Rics Rho GTPase-activating protein 32  Q811P8 1 
Rpsa 40S ribosomal protein SA P14206 1 
Rsph3a Radial spoke head protein 3 homolog A  Q3UFY4 1 
Sacs Sacsin Q9JLC8 1 
Safb2 Scaffold attachment factor B2  Q80YR5 1 
Sdcbp  Syntenin-1 O08992 27 
Sfpq Splicing factor, proline- and glutamine-rich  Q8VIJ6 1 
Sfpq Splicing factor, proline- and glutamine-rich Q8VIJ6 11 
Sh3gl2 Endophilin-A1 Q62420 3 
Sorbs1 Sorbin and SH3 domain-containing protein 1 Q62417 5 
Sorbs1 Sorbin and SH3 domain-containing protein 1 Q62417 6 
Sorbs3 Vinexin Q9R1Z8 1 
Spag5 Sperm-associated antigen 5 Q7TME2 2 
Spock3 Testican-3  Q8BKV0 1 
Spred3  Sprouty-related, EVH1 domain-containing protein 3 Q6P6N5 1 
Ss18 Protein SSXT Q62280 1 
Stip1 Stress-induced-phosphoprotein 1 Q60864 1 
Stxbp4 Syntaxin-binding protein 4 Q9WV89 2 
Susd2 Sushi domain-containing protein 2 Q9DBX3 1 
Taok3 Serine/threonine-protein kinase TAO3 Q8BYC6 5 
Tax1bp1 Tax1-binding protein 1 homolog  Q3UKC1 2 
Tdrd7 Tudor domain-containing protein 7  Q8K1H1 3 
Tgfb1i1 Transforming growth factor beta-1-induced 

transcript 1  
Q62219 2 

Tia1  Nucleolysin TIA-1 P52912 2 
Tle1 Transducin-like enhancer protein 1 Q62440 2 
Tsg101 Tumor susceptibility gene 101 protein Q61187 10 
Tsg101  Tumor susceptibility gene 101 protein  Q61187 2 
Tsga10 Testis-specific gene 10 protein Q6NY15 1 
Ttc7b Tetratricopeptide repeat protein 7B E9Q6P5 4 
Unkl Putative E3 ubiquitin-protein ligase UNKL Q5FWH2 1 
Usp33 Ubiquitin carboxyl-terminal hydrolase 33 Q8R5K2 2 
Usp54 Inactive ubiquitin carboxyl-terminal hydrolase 54  Q8BL06 2 
Vps39 Vam6/Vps39-like protein Q8R5L3 1 
Wdr59  WD repeat-containing protein 59 Q8C0M0 1 
Wwp2 NEDD4-like E3 ubiquitin-protein ligase WWP2  Q9DBH0 1 
Zpf26 Zinc finger protein 26 P10076  1 
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Gene name Recommended name (Uniprot) Uniprot ACC Clone 
count 

Zmat5 Zinc finger matrin-type protein 5  P10078 1 
Zmynd11 Zinc finger MYND domain-containing protein 11  Q9CQR5 1 
Zfp26 Zinc finger protein 26 Q8R5C8 1 
Zswim1 Zinc finger SWIM domain-containing protein 1 Q9CWV7 1 
 
 



 

 

 
 
 
 
 

CHAPTER 5 

 

SHISA6 AND 7 ARE POTENTIAL 
MEDIATORS IN THE PROCESS OF THE 
AMPA RECEPTOR UBIQUITINATION 

 
Anna R. Karataeva*, Remco V. Klaassen* and August B. Smit. 
 
* These authors contributed equally  



Shisa6-7 mediate AMPAR ubiquitination 

104 
 

Abstract 
The specific regulation of AMPA-type glutamate receptor trafficking and the 
modulation of the receptors’ biophysical properties represent important molecular 
mechanisms of learning and memory. For instance, during synaptic depression 
AMPARs are endocytosed after site-specific posttranslational modification and the 
subsequent C-terminal interaction with specific cytosolic proteins. Recently, it was 
shown that in addition to phosphorylation, also ubiquitination of the GluA1 subunit 
leads to internalization of the AMPA receptor in an activity-dependent manner. 
NEDD4, an E3 ubiquitin ligase, plays a crucial role in this process. However, the 
detailed mechanism of action is still unknown. Here, we show that the AMPAR-
associated proteins Shisa6 and -7 interact with NEDD4 both in HEK293 cells and in 
the brain. We propose that Shisa6 and -7 might act as intermediate scaffold 
proteins presenting NEDD4 to the AMPA receptor. 

 
Introduction 
AMPA receptors play a critical role in mediating the majority of fast excitatory 
neurotransmission in the brain. AMPA receptors are highly mobile structures, 
which undergo stimulus-dependent insertion and removal from the membrane of 
the postsynapse (144, 145). Importantly, the density of AMPA receptors at the 
postsynaptic site determines synaptic strength (85, 121, 146). Changes in synaptic 
strength are considered pivotal for learning and memory to occur (87, 147). 
Regulation of AMPAR endo- and exocytosis occurs through C-terminal interactions 
of the AMPA receptor with other proteins mostly induced by phosphorylation 
events (109, 130). Alternatively, it was shown that ubiquitination serves as an 
endocytosis signal for many plasma membrane proteins, including AMPA receptors 
(280, 281). 
 Ubiquitin is a small protein of 76 amino acids, which is ubiquitously 
expressed in all eukaryotic cells. Ubiquitination is a post-translational modification 
in which ubiquitin is covalently attached to a substrate protein (282). 
Ubiquitination is catalysed by three enzymes, E1-E3. E1 ubiquitin-activating enzyme 
activates the substrate in an ATP-dependent manner, E2 ubiquitin-conjugating 
enzyme transfers the activated ubiquitin moiety from E1 to the substrate that is 
specifically bound to a member of the ubiquitin-protein ligase family, E3. Of the 
enzymes involved during ubiquitination, it is the E3 ligase that confers substrate  
specificity (283). The number of ubiquitin molecules attached to a substrate protein 
determines its destiny. Monoubiquitination is generally involved in signalling, 
endocytosis, and subcellular localization (284, 285). Polyubiquitination regulates a 
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wide range of effects such as DNA repair, proteasomal or lysosomal degradation, 
and protein trafficking (285-288).   
 Ubiquitinated membrane proteins are often recognized by endocytic 
machinery and directed for internalization (289, 290). Recently, it has been 
reported that mammalian GluA1 and GluA2 subunits of the AMPA receptor are 
themselves targets for ubiqitination (279, 280, 291). Ubiquitinated AMPA receptors 
are internalized and directed to lysosomes (280) or proteasomes (279) in an 
agonist-dependent manner. Ubiquitination of the GluA1 subunit occurs at the cell 
surface (280). In contrast, the GluA2 subunit is seemingly ubiquitinated only after 
receptor endocytosis (291).  
 NEDD4 (neural precursor cell expressed, developmentally down regulated 
4), an E3 ligase, was shown to ubiquitinate the GluA1 subunit of the AMPA 
receptor. The exact mechanism of AMPA receptor ubiquitination is not yet 
understood. It was proposed that an unidentified intermediate protein, that 
contains a WW domain-binding site, facilitates the interaction between the GluA1 
subunit and NEDD4 (279). This protein has not been identified as yet. 
 In the present study we investigated the possible role of the Shisa6 and -7 
proteins in the AMPA receptor ubiquitination. Shisa6 and 7 are putative candidates 
to act as an intermediate protein between NEDD4 and GluA1 in the process of 
AMPA receptor ubiquitination. Both Shisa6, -7 directly bind to the GluA1 subunit of 
the AMPAR (Klaassen et. al. submitted) and they were shown to directly interact 
with NEDD4 in the yeast two-hybrid system (chapter 4).  
 Here, we show that Shisa6 and -7 co-immunoprecipitate with NEDD4 from 
HEK293 cells. Futhermore, Shisa6 forms a complex with NEDD4 and the GluA1 
subunit of the AMPA receptor in HEK293 cells. We also show that Shisa6 and -7 
form a stable complex with NEDD4 in the brain, both in hippocampus and 
cerebellum. Moreover, Shisa6 and -7 might be substrates for ubiquitination 
themselves, since upon the block of proteasome and deubiquitinases, the 
molecular mass of Shisa6-7 is increased by approximately 10 kDa, consistent with 
addition of one uniquitin moiety.   
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Materials and Methods 
 
DNA constructs – cDNA fragments encoding mouse full length Flag-tagged Shisa6 
and -7 were amplified by PCR from previously designed plasmids containing Shisa6 
and -7. The Flag-tag was introduced after the 36th amino acid in Flag-Shisa6 and 
after the 28th amino acid in Flag-Shisa7 construct. PCR products were cloned into 
the pTRCGW-CMV-IRES2-EGFP-Dest vector. The mouse cDNA encoding full length 
NEDD4 and GluA1 were amplified by PCR and cloned into pTRCGW-CMV-IRES2-
EGFP-Dest and pTRCGW-CMV-Dest vectors, respectively. All constructs were 
sequence verified and used for transfection of HEK293T cells. 
 
Transfection of HEK293T cells – HEK293T cells were transfected using PEI 2500.  
Cells were passed the day before transfection in DMEM media (Gibco), 10% FBS 
(Invitrogen), 1% Penicillin-Streptomycin (Gibco) in 10 cm dishes. On the day of 
transfection cells were 60–70% confluent. The medium was refreshed 2 h before 
transfection. In case of co-transfection 5 μg of total DNA was used (DNA ratio 
Shisa6/-7:NEDD4 = 1:8, in control conditions the same amount of DNA was used, 
amounts of PBS and PEI were down-scaled accordingly, fig. 2; GluA1 5 μg, 
GluA1:NEDD4 = 1:1, GluA1:Shisa6 = 8:1, NEDD4:GluA1:Shisa6 = 4:4:1, 
NEDD4:Shisa6 = 8:1, fig. 4) and mixed with 250 μL PBS, after which 35 μL PEI 2500 
was added to the DNA-PBS mixture. The transfection mixture was gently vortexed, 
incubated for 10 min at RT and drop-wise added to HEK293T cells. After 
transfection (48 h), cells were harvested in 1 mL of lysis buffer (25 mM HEPES, pH 
7.4, 150 mM NaCl, EDTA-free protease inhibitor cocktail (Roche)) with 1% Triton X-
100 (Roche), incubated (45 min, rotating) at 4 °C, spun down at 20800x g for 10 min 
at 4 °C. The obtained supernatant was used for co-immunoprecipitation. In case 
the MG132 (Tocris) and NEM (Sigma) were used, 20 μM of MG132 was added to 
the media 4 hours prior to lysis, and 20 mM of NEM was added to the lysis buffer. 

 
Co-immunoprecipitation from HEK293T cells – Anti-Flag-tag (4 µg; Sigma) or anti-
GluA1 (2.5 µg, NeuroMab) antibody was added to the obtained HEK293T cells 
lysates and incubated (overnight, rotating) at 4 °C. Subsequently, protein A/G 
beads (30 μL; Santa Cruz) were added and samples were incubated (1 h, rotating) 
at 4 °C and washed 3 times with lysis buffer containing 0.1% TritonX-100. SDS 
sample buffer (50 µL) containing 10% 2-mercaptoethanol was added to the 
obtained pellets and boiled for 5 min prior to analysis using SDS-polyacrylamide gel 
electrophoresis and immunoblotting.  
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Co-immunoprecipitation from mouse cerebellum – Mouse cerebellum of wild type 
and Shisa6 knockout animals was homogenized with a potter and piston at 900 rpm 
on ice, for twelve times up and down motion in 30 mL homogenization buffer (25 
mM HEPES, pH 7.4, 0.32 M sucrose, 1x Roche protease inhibitor). The extract was 
centrifuged at 1000x g, 10 min at 4 °C. The supernatant was removed, centrifuged 
at 100000x g, 2 h to obtain a pellet P2-fraction, which was resuspended in HEPES 
buffer to 10 μg/μL protein, and mixed with equal volume of lysis buffer containing 
2% DDM. After incubation (45 min, rotating) at 4 °C, the sample was centrifuged 
(20000x g 15 min) at 4 °C. The pellet was resuspended in lysis buffer containing 1% 
DDM, incubated for another 45 min rotating at 4 °C, and again centrifuged. The 
obtained supernatants were pooled; 4 mg of total protein was used for 1 
immunoprecipitation. Anti-Shisa6 antibody (12 µg, GenScript) was added and 
incubated overnight while rotating at 4 °C. 40 μL agarose-protein A/G beads (Santa 
Cruz) were added and incubated for 1 h at 4 °C. After washing 4 times in lysis buffer 
with 0.1% DDM, proteins were eluted off the beads with 60 µL SDS sample buffer, 
and were loaded (10 µL) on a Criterion Precast gel (BioRad).  
 
Western blotting – Immunoblotting was done overnight at 40 V onto PVDF 
membrane (BioRad). For immunostaining of the following antibodies were used: 
anti-Shisa6 (GenScript, 1:1000), anti-Shisa7 (GenScript, 1:1000), anti-NEDD4 
(Abcam, 1:5000), anti-GluA1 (Epitomics, 1:20000) in 3% milk TBST, incubation was 
done overnight at 4 °C on a shaking platform. The secondary antibodies used were 
goat-anti-rabbit-HRP (DAKO. 1:10000) on TBST. The membranes were developed by 
means of ECL femto (Thermo Scientific) according to the manufacturer’s 
instructions. 
 
Immunoprecipitation of Shisa6 protein-complexes from mouse hippocampus and 
cerebellum – as described in chapter 3.  

 
Results 
 
Shisa6 and -7 interact with NEDD4 in HEK293T cells 
Initially, NEDD4 was found as Shisa6-7 interactor in the yeast two-hybrid screen, 
conducted to reveal the interactome of the cytoplasmic domains of Shisa6 and 7 
proteins (chapter 4).  
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Figure 1. Schematic of the structure of NEDD4 and NEDD4-like proteins. The Nedd4 family 
is defined by a modular structure, Nedd4 proteins are characterized by a Ca2+/lipid-binding 
(C2) domain at the N-terminus, multiple WW domains located in the middle part of the 
protein, and an ubiquitin-protein ligase domain at the C-terminus that is necessary for the 
ligase function. NEDD4 proteins show a high degree of sequence conservation (not shown) 
and the presence of WW domains and the HECT domain is evolutionarily conserved. WW 
domains regulate recruitment of substrates to be ubiquitinated. 
 
NEDD4 (neural precursor cell expressed, developmentally down regulated 4) was 
identified as E3 ligase involved in AMPAR ubiquitination (292). NEDD4 is a member 
of the NEDD4 family of ubiquitin ligases which are characterized by the presence of 
C2 domain at the N-terminus, multiple WW domains in the middle part of the 
protein and a C-terminal HECT domain, which is a ubiquitin ligase domain (293). It 
was shown that NEDD4 is enriched in synapses, and that it co-distributes and 
physically associates with AMPA receptors. NEDD4 expression induces GluA1 
ubiquitination, resulting in a reduction in AMPAR surface expression (279). 

To validate the interaction between NEDD4 and the full length Shisa6 and 
7 proteins, we overexpressed full length Flag-tagged Shisa6 or -7 with NEDD4 in 
HEK293T cells and performed co-immunoprecipitation with anti-Flag antibodies 
(fig. 2). IP–samples were resolved on SDS-PAGE and transferred to PVDF membrane 
for immunostaining. Figure 2 shows that NEDD4 is enriched in IP-samples where 
Shisa6 or -7 were overexpressed, confirming the direct interaction between Shisa6, 
- 7 proteins with NEDD4. 
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Shisa6 associates with NEDD4 in the cerebellum 
We used immunoprecipitation of native Shisa6 complexes from cerebellum of wild 
type and Shisa6 knockout animals followed by immunoblotting for the 
identification of a pool of endogenously interacting proteins. We were able to show 
Shisa6 interaction with NEDD4 in native cerebellum-derived protein complexes (fig. 
3). We could not detect any NEDD4 signal in the Shisa6 knockout sample, 
confirming the specificity of the interaction (fig. 3).  
 

NEDD4 and NEDD4-like proteins associate with Shisa6 in native 
brain-derived complexes 
For identification of native Shisa6 complexes, we performed immunoprecipitation 
with anti-Shisa6 antibodies from hippocampus and cerebellum. We used brain 
tissue of wild type and Shisa6 knockout animals in order to properly discriminate 
false positives. Following immunoprecipitation, samples were analysed by means of 
mass spectrometry and protein complexes were identified. In our study we 
particularly focused on NEDD4 (table 1). We showed that NEDD4 associates with 
Shisa6 in both brain regions. Moreover, we noticed that a protein closely related to 
NEDD4, i.e., NEDD4-like, was also identified in the native complexes of Shisa6 (table 
1).  

 
Shisa6 forms a complex with NEDD4 and GluA1 in HEK293T cells 
To examine whether Shisa6 can directly interact with the GluA1 subunit of AMPAR 
and NEDD4, we overexpressed in HEK293T cells the three constructs - Flag-tagged 
Shisa6, NEDD4 and GluA1. We performed co-immunoprecipitation with anti-GluA1 
antibodies (fig. 4). IP–samples were resolved on SDS-PAGE and transferred to a 
PVDF membrane for immunostaining. Figure 4 demonstrates that Shisa6 is indeed 
found in association with GluA1 in HEK293T cells. NEDD4 shows non-specific 
binding to either beads or anti-GluA1 antibody. Therefore, at present, we cannot 
prove the formation of a tripartite complex between Shisa6, GluA1, and NEDD4. 
Nonetheless, we showed the direct association between Shisa6 and GluA1 (fig. 4) 
and Shisa6 and NEDD4 (fig. 2). Thus, it is likely that the formation of the tree-
component complex between Shisa6, GluA1 and NEDD4 indeed exists.  
 We also showed the presence of GluA1 subunit of the AMPA receptor in 
the brain-derived Shisa6 complexes (table 1).  
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Figure 2. NEDD4 interacts with Shisa6 and -7 in HEK293T cells. A. Co-immunoprecipitation 
of Shisa6-NEDD4 complex from HEK293T cells. B. Co-immunoprecipitation of Shisa7-NEDD4 
complex from HEK293T cells. Flag-Shisa6 or -7 and NEDD4 were overexpressed in HEK293T 
cells and pull-down with anti-Flag antibody. Obtained samples were resolved on SDS-PAGE, 
immunoblotted and immunostained with anti-Shisa6 or -7 and anti-NEDD4 antibodies. The 
50, 75 and 100 kDa molecular weight markers are indicated.  
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Figure 3. Shisa6 forms a complex with NEDD4 in the cerebellum. Anti-Shisa6 antibody was 
added to the mouse cerebellum lysates from wild type and Shisa6 knockout animals to 
immunoprecipitate (IP) native Shisa6 complexes. Obtained samples were resolved on SDS-
PAGE, immunoblotted and immunostained with anti-NEDD4 antibody. The 100 kDa 
molecular weight marker is indicated.  
 

 

Shisa6 and -7 might be substrates for ubiquitination themselves 
We analysed whether Shisa6, -7 themselves can be substrates for ubiquitination. 
We overexpressed Shisa6 or -7 in HEK293T cells. 4 hours prior to the cell lysis we 
added MG132 to the media, a compound known to be a specific, potent, reversible, 
and cell-permeable proteasome inhibitor. To block deubiquitinases, we added NEM 
(N-Ethylmaleimide) to the lysis buffer. We prepared cell lysates, ran the samples on 
SDS-PAGE and immunoblotted (fig. 5). We observed that upon addition of MG132 
and NEM, the molecular mass of Shisa6 and -7 shifts up by approximately 10 kDa, 
which is consistent with the addition of one ubiquitin moiety. HEK293T cells 
possess the ubiquitination machinery and in particular NEDD4 is endogenously 
expressed in HEK293T cells (294). Of course, further validation of this observation is 
required (see discussion).  
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Figure 4. Shisa6 forms a complex with NEDD4 and GluA1 in HEK293T cells. Co-
immunoprecipitation (IP) of Shisa6-NEDD4-GluA1 complex from HEK293T cells. Flag-Shisa6, 
NEDD4 and GluA1 were overexpressed in HEK293T cells and immunoprecipitated with anti-
GluA1 antibody. Obtained samples were resolved on SDS-PAGE, immunoblotted and 
immunostained with anti-Shisa6, anti-NEDD4 and anti-GluA1 antibodies. Anti-NEDD4 stain 
(top panel, arrow) was performed on the membrane that was previously stained with anti-
GluA1 antibody, for which reason the GluA1 band is still visible on the anti-NEDD4 stain. The 
50 and 100 kDa molecular weight markers are indicated. Note the presence of a NEDD4 
protein band in the most right lane that is visible after pull-down with anti-GluA1, in cells 
lacking GluA1 expression. 
 
 

 
 
Figure 5. Shisa6 and -7 might undergo ubiquitination in HEK293T cells. Shisa6 and-7 were 
overexpressed in HEK293T cells. MG132 and NEM compounds were added to block 
proteasome and deubiquitinases, respectively. Prepared cell lysates were analysed by means 
of immunoblotting. Shisa6 and -7 signals were detected with specific anti-Shisa6 and anti-
Shisa7 antibodies (GenScript).   
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Discussion 
The ubiquitination of membrane proteins serves as a signal for their internalization 
(281). It is not yet fully understood why ubiquitinated membrane proteins can 
escape the proteasomal degradation. The current hypothesis is that the length and 
branching of the added ubiquitin chain determines the protein faith (285). It was 
recently found that multi-monoubiquitination, rather than polyubiquitination, of 
transmembrane proteins is sufficient to trigger endocytosis and subsequent 
endosomal sorting for recycling or lysosomal degradation (295). In addition, 
accumulating evidence indicates that the lysine-63-polyubiquitin chain is involved 
in receptor internalization (296, 297). 

The AMPA receptor ubiquitination is intensely studied but a detailed 
mechanism has not been fully deciphered. It was shown that surface AMPA 
receptors undergo ubiquitination in an activity-dependent manner (279, 280). This 
process is not dependent on NMDA receptor activation but does require Ca2+ (280). 
Ubiquitination occurs on four C-terminal lysines of the GluA1 subunit, and in 
particular mutation of lysine-868 was shown to dramatically supress the intensity 
of GluA1 ubiquitination (279, 280). Following ubiquitination, AMPA receptors are 
internalized and sorted for the degradation by the lysosome (280) or the 
proteasome (279). Alternatively, ubiquitinated AMPA receptors may be 
deubiquitinated and recycled to the plasma membrane. It is not yet clear whether 
the GluA1 subunit is mono- or polyubiquitinated, since reports differ in their 
conclusions. Schwarz and colleagues propose that 3 and 4 ubiquitin moieties, as 
mono- or polyubiquitination, can be attached to GluA1 (280). In the study 
conducted by Lin et. al. GluA1 was polyubiquitinated causing a smear on the 
immunoblot rather than distinct bands (279).   

Ubiquitination of GluA1 subunits can be mediated by E3 ligase NEDD4 
(neural-precursor cell-expressed developmentally down regulated gene 4). Lin and 
colleagues showed that NEDD4 is preferentially localized in synapses and associates 
with AMPARs in neurons. Overexpression of NEDD4 causes GluA1 ubiquitination, 
which is accompanied by suppression of AMPAR cell-surface expression and 
excitatory synaptic currents. Consistently, knockdown of endogenous NEDD4 
reduces AMPAR ubiquitination (279). NEDD4 activity and its recruitment to the 
plasma membrane have been found to be regulated by Ca2+ in non-neuronal 
eukaryotic cells (298, 299). NEDD4 contains a C2 domain (fig. 1) that serves as 
“calcium sensor”, which regulates the activity of NEDD4 and assists in its binding to 
lipids in a calcium-dependent manner (300).  

Initially, only GluA1 subunits were implicated in the ubiquitination of the 
AMPA receptor. Recently, it was discovered that GluA2 subunits also undergo 
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activity- and calcium-dependent ubiquitination (291).  Moreover, in contrast to the 
previous data, endocytosis of GluA2-containing AMPA receptor precedes the 
ubiquitination of GluA2 (291). The E3 ligase, involved in the GluA2 ubiquitination, is 
not yet known.  
 WW (tryptophan tryptophan) domains of NEDD4 regulate substrate 
recruitment (293). WW domains recognise PPxY (Pro-Pro-any amino acid-Tyr) 
sequence in its substrates, such as epithelial sodium channels (278, 301). The 
AMPA receptor subunits do not have a PPxY sequence in its C-terminus, suggesting 
the involvement of an unconventional interacting motif or an unidentified 
intermediate protein (279).  
 In our previous research (chapter 4), we identified NEDD4 as a direct 
interactor of the Shisa6 and -7 cytosolic domains in the yeast two-hybrid system. 
Shisa6-7 associate with AMPA receptor in subunit aspecific manner, as it was 
confirmed by means of immunoprecipitation from heterologous system and from 
the brain. Moreover, Shisa6 and -7 have in their C-termini a PPSY motif, which we 
showed to be the binding site for WW domains (chapter 4).  
 In the current study we confirmed that the full length Shisa6, -7 proteins 
bind to NEDD4 in HEK293T cells (fig. 2). Moreover, we showed that NEDD4 is 
present in the native brain-derived complexes of Shisa6 (fig. 3 and table 1). The 
direct association of Shisa6 with NEDD4 and GluA1 and possibly the formation of 
the tripartite complex led us to the hypothesis that Shisa6, -7 might play an 
intermediate role in the process of AMPA receptor ubiquitination. In order to prove 
the formation of a tripartite complex it would be necessary to perform 
immunoprecipitation against native Shisa6, followed by analysis on two- 
dimensional blue native/ SDS gel electrophoresis (302). It was reported that the 
GluA1 subunit is ubiquitinated in HEK293T cells by endogenous NEDD4 (279). The 
significance of Shisa6 or another unidentified mediator becomes important in the 
neuronal context. There is no ubiquitination of native GluA1 under basal 
conditions. The GluA1 subunit undergoes ubiquitination upon activation of the 
AMPA receptor by an AMPAR agonist, indicating that under basal conditions 
NEDD4 is not recruited to GluA1 and therefore ubiquitination is absent (280). 
AMPAR activation triggers a series of events that recruit NEDD4 to GluA1 via a 
mediator protein, for which role we propose Shisa6, and/or -7.  
 The hypothesis presented in this chapter has to be further studied and 
validated. The follow-up experiments will require the demonstration that 
ubiquitination of GluA1 subunit is affected by the presence/absence of Shisa6-7. 
The best way to prove this assumption is to monitor agonist-induced GluA1 
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ubiquitination in the primary neuronal cultures derived from wild type and Shisa6 
and -7 knockout animals.  
 Moreover, we showed that Shisa6 and -7 might be the ubiquitination 
substrates themselves. We blocked the proteasome and deubiquitinases in 
HEK293T cells overexpressing Shisa6 and -7 and observed that the molecular mass 
of the Shisa6, -7 proteins shifts up by approximately 10 kDa, which might indicate 
the addition of the single ubiquitin moiety. The validation of this is required. Mass 
spectrometry analysis of the heavier band in comparison to the lighter one can 
identify the kind and the site of modification of the Shisa6, -7 proteins.  
 By analysing immunoprecipitation data of native Shisa6 complexes, we 
noted that besides NEDD4, NEDD4-like E3 ligase, a homologue of NEDD4, is present 
in the data (table 1). The substrate pool of NEDD4-like differs from NEDD4 and it is 
considered that these two proteins have different physiological functions (293). 
Nonetheless, both proteins play crucial roles in neuronal cells. NEDD4-like was 
implemented in the regulation of cell surface levels of the nerve growth factor 
(NGF) receptor, neurotrophic tyrosine kinase receptor type 1 (TrkA) in dorsal root 
ganglia (303). The voltage-gated Na+ channels (304), KCNQ channels (305, 306) and 
more recently, voltage-dependent calcium channels (307) are also identified as 
targets of NEDD4 and NEDD4-like. The function of NEDD4-like in the context of 
AMPA receptor ubiquitination requires further investigation.  
 AMPA receptor ubiquitination is a complex process that involves multiple 
proteins in its regulation and execution. The mechanism and the synaptic function 
of the AMPA receptor ubiquitination has to be studied in a greater detail.  
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Table 1. MS-based identification of NEDD4 and NEDD4-like proteins in the Shisa6 native complexes 
 

   

Gene 
symbol 

Uniprot 
ACC 

Recommended name (Uniprot) Unique peptide spectral count 

   KO1  KO2  KO3  WT1  WT2  WT3 Average 
KO 

Average 
WT 

Average 
KO/WT 

Hippocampus           

Shisa6 Q3UH99  Protein shisa-6 homolog 0 0 0 150 136 166 0 150.7 0.0% 

Gria1 P23818 Glutamate receptor 1 4 4 4 37 48 39 4 41.3 9.7% 

Nedd4 P46935 E3 ubiquitin-protein ligase NEDD4 0 0 0 1 2 2 0 1.67 0.0% 

Nedd4l Q8CFI0 E3 ubiquitin-protein ligase NEDD4-like 0 0 0 2 3 5 0 3.33 0.0% 

Cerebellum           

Shisa6 Q3UH99  Protein shisa-6 homolog 0 0 0 176 182 179 0 179.0 0.0% 

Gria1 P23818 Glutamate receptor 1 1 0 0 21 17 19 0.3 19.0 1.8% 

Nedd4 P46935 E3 ubiquitin-protein ligase NEDD4 0 0 0 3 6 4 0 4.3 0.0% 

Nedd4l Q8CFI0 E3 ubiquitin-protein ligase NEDD4-like 0 0 0 14 12 10 0 12.0 0.0% 

 
KO, Shisa6 knockout; WT, wild type. Unique peptide spectral count was determined by adding up the spectral counts of all unique peptides 
attributed to the protein. n=3. 
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Introduction  
AMPA receptors are ligand gated ionotropic receptors that mediate the majority of 
fast excitatory neurotransmission in the brain. AMPA receptors regulate the flow of 
sodium, potassium, and calcium ions across the cell membrane in response to 
glutamate. Until recently, the AMPA receptors were thought to largely regulated by 
posttranslational modifications and via specific interactions with intracellular 
proteins. This view on AMPA receptors has changed with the discovery of several 
AMPAR-associated proteins. The first discovered was the auxiliary subunit – TARP 
γ2 (174), which is critical for the proper function of the AMPA receptors in 
cerebellar granule neurons (175-177). The discovery of TARP has inspired the 
search for other auxiliary subunits. Using sensitive proteomics analyses, a number 
of new transmembrane proteins have been identified that may also serve as 
AMPAR’s auxiliary subunits (195, 197, 199, 229) (fig. 1). The best-studied AMPAR 
auxiliary subunits are TARPs, Cornichons and the recently added Shisa9 (initially 
named CKAMP44) (fig. 1). Shisa9 is a member of the Shisa family, which is the focus 
of the study presented in this thesis. 
 

 
 
Figure 1. Three families of AMPA receptor auxiliary subunits. A schematic represents 
Cornichons, TARPs and Shisa9 proteins and summarizes effects of these proteins on AMPA 
receptor gating properties. Shisa9 and TARP γ2 are possibly constituents of the same AMPA 
receptor complexes. In the figure, the stoichiometry of interaction is not implied. Figure 
adapted from (308) and reprinted with permission from AAAS. 
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The Shisa family of the AMPA receptor auxiliary subunits 
The founding member of the Shisa family, Xenopus Shisa1, functions in head 
formation as an inhibitor of Wnt and fibroblast growth factor (FGF) signalling (309). 
Recently, a brain-specific Shisa protein, Shisa9 was shown to play important role in 
the modulation of synaptic short-term plasticity by influencing the kinetics and 
channel properties of the AMPAR in the mouse brain. Shisa9 increases receptor 
desensitisation, slows down deactivation and recovery from desensitisation, and 
reduces steady-state current (195).  

Shisa6 and -7, two other members of the Shisa family, were also shown 
specifically expressed in the mouse brain. Shisa6 is an established AMPA receptor 
auxiliary subunit too (Klaassen et al., 2014, submitted). Opposite to the Shisa9 
effect, Shisa6 decreases receptor desensitization and increases steady-state 
current. Both Shisa9 and Shisa6 prolong deactivation time. Whereas Shisa9 slows 
down recovery from desensitisation, Shisa6 has no effect on it (Klaassen et al., 
2014, submitted). It is plausible that Shisa7 plays a role in modulation of kinetics of 
AMPA receptors as well, but this needs further study.  

 

Shisa6, -7 and -9 interact with scaffold proteins of the PSD and may 
play a role in AMPA receptor anchoring  
Members of the Shisa family are single transmembrane proteins that contain 
cysteine-rich domain (cystine-knot) in the extracellular N-terminus and cytoplasmic 
C-terminus that ends in a PDZ type II ligand motif (196). The interaction between 
Shisa9 and AMPARs occurs extracellularly (unpublished data), leaving the 
cytoplasmic domain of 252 amino acids available for interaction with cytoplasmic 
proteins. It is conceivable that the C-terminal interacting proteins of the Shisa 
proteins affect function of the AMPAR, for instance by governing the localization of 
the receptor in the postsynaptic membrane. As a first step towards experiments in 
that direction a profound insight into the interacting proteins of the Shisas is 
required. 
 To decipher the cytoplasmic interactome of brain-specific Shisa proteins 
we chose the yeast two-hybrid (YTH) system. This method is designed for large-
scale screening of direct, often weak and transient interactions (267). Using the 
YTH approach, we identified 43 binding partners of Shisa9 and more than 200 
candidate interactors of Shisa6 and -7. The differences for proteins identified in the 
screening might be due to two reasons. Shisa6 and -7 have larger cytoplasmic 
domains, than Shisa9, potentially allowing a larger set of proteins to interact with. 
The second reason is that a smaller amount of colonies were picked during Shisa9 
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YTH screen, what possibly led to a smaller number of potential interactors 
identified.  

Among the identified Shisa9 interactors, there are PDZ domain-containing 
proteins, localized at the postsynaptic density (PSD). PSD95 and PSD93 are scaffold 
proteins that belong to the MAGUK family (157). These proteins function in the 
synaptic retention of the AMPA receptor (156). For example, PSD95 directly 
interacts with TARP γ2 protein, this interaction has a dominant role in the synaptic 
recruitment of AMPARs (148). Based on our data that Shisa9 and PSD95 interact 
(chapter 2), we suggest that Shisa9 might also be involved in the immobilization of 
the AMPA receptors to the PSD. In our study we showed that the Shisa9-PDZ 
interactions are exclusively dependent on the ligand motif (EVTV) present at the C-
terminus of Shisa9. We introduced in our electrophysiological experiments the TAT-
Shisa9+EVTV peptide that through competition may impair the anchoring of the 
AMPA receptor at the PSD and therefore might affect diffusion of the AMPA 
receptors in and around the PSD. Upon addition of the mimetic peptide we 
observed changes in the basic functional properties of the AMPA receptors: 
receptor deactivation kinetics sped-up and recovery from desensitization slowed-
down. Thus, trapping the AMPAR at the PSD, or not, affects AMPAR function. Thus, 
Shisa9 has a dualistic role in modulating the function of the AMPAR, first in directly 
affecting the receptors biophysical properties, and second, via determining the 
AMPAR’ spatial localization. Our mimetic peptide approach only allowed us to 
suggest that the Shisa9 protein interaction with the scaffold is of importance to 
AMPAR function and synaptic plasticity (decreased facilitation). These experiments 
were validated by actual measurements of AMPAR mobility. The interaction 
disrupted by the mimetic peptide will include that of Shisa9 with PSD95, but might 
include other PDZ-containing scaffold proteins as well.  

Shisa6 was also shown to be a direct partner of PSD95 and that binding is 
also dependent on the C-terminal EVTV domain. Moreover, single nanoparticle 
(QD) tracking experiment showed that Shisa6 decreases AMPAR mobility through 
its PDZ ligand binding consensus sequence (Klaassen et al., submitted). Altogether, 
our data suggest that the Shisa proteins are likely involved in the immobilization of 
the AMPA receptors at the cell surface of the PSD. 

 

Shisa6, -7 and -9 interact with proteins involved in the AMPA 
receptor trafficking and endocytosis 
GRIP1 and PICK1 proteins, identified in the YTH screening of Shisa6, -7 and -9, are 
key players in the process AMPA receptor trafficking (chapters 3 and 4). The 
function of GRIP1 is to anchor AMPA receptors at synaptic and intracellular 
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locations via the interaction with the GluA2 subunit (243-245). In contrast to GRIP1, 
PICK1 is involved in long-term depression (251, 252) by stimulating AMPAR 
internalization (253, 254). Both GRIP1 and PICK1 interact with Shisa7 and -9 via the 
PDZ domain, indicating that only one of the two can bind to a molecule of Shisa 
protein at the same time. The Shisa6ΔEVTV mutant did not lose the interaction 
with GRIP1 and PICK1, suggesting an alternative mode of binding to Shisa6. The 
exact molecular mechanism by which Shisa6, -7, and -9 trap AMPA receptors at cell 
surface is unknown. GRIP1 and PICK1 might compete for the interaction with 
Shisa6, -7, -9. This will depend on their cellular expression profile. In particular, 
Shisa9 is specifically expressed in the dentate gyrus of the hippocampus. One 
model is that when the interaction between Shisa6, -7, or -9 and GRIP1 is favoured, 
they might play a role in anchoring AMPA receptors at the cell surface. 
Alternatively, the Shisa’s bind PSD95 and may anchor the AMPAR via this PDZ 
protein interaction. Also, local regulatory mechanisms, such as specific 
posttranslational modifications, might be determining factors in this. 

GIPC1, another protein identified in the YTH screening, is a cargo adapter, 
which interacts with myosin VI (255-257), involved in the regulation of the 
trafficking of the postsynaptic AMPA receptors (258-260). The direct interaction 
between Shisa6 and GIPC1 points towards involvement in the process of AMPA 
receptor trafficking, which is ultimately bound to regulate synaptic activity, since 
the number of AMPARs available in the synapse sets the strength of synaptic 
transmission.  

 

Shisa6, -7 might serve as mediators in the process of AMPA receptor 
ubiquitination 
The ubiquitination of membrane proteins serves as a signal for their internalization 
(281). The faith of the ubiquitinated protein is dependent on what kind of ubiquitin 
chain is added. It is thought that monoubiquitination serves as a signal for 
internalization whereas polyubiquitination targets uniquitinated proteins for the 
degradation by the proteasome or lysosome (283, 310). 
 The ubiquitination of the AMPA receptors is currently under intense study. 
It was shown that AMPA receptors, and in particular the GluA1 subunit, undergoes 
activity-dependent ubiquitination, which is followed by receptor internalization and 
degradation by either the proteasome (279) or the lysosome (280). Yet, the 
detailed mechanism remains unknown. Alternatively, ubiquitinated AMPA 
receptors may be deubiquitinated and recycled back to the plasma membrane. In 
HEK293T cells expressed GluA1 subunits are ubiquitinated by endogenous E3 
ubiquitin ligase NEDD4. In neuronal cultures the ubiquitination of GluA1 subunit 
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occurs only upon stimulation of the AMPA receptor by its agonist, otherwise the 
ubiquitination is absent (280). Therefore it is suggested that in neurons there must 
be a mechanism of specific recruitment of NEDD4 to the GluA1 subunit after 
stimulation of the AMPAR. It is proposed that an unknown intermediate protein 
with capability to bind both GluA1 and NEDD4 is involved in the mediation of 
activity-dependent ubiquitination of the AMPA receptor. We identified NEDD4 In 
the YTH screen as interactor of the cytoplasmic domain of Shisa6 and -7 proteins 
and confirmed the interaction between the two in HEK293T cells, and in the 
cerebellum of the mouse brain. We showed that the PPsY motif within the C-
terminus of Shisa7 is a ligand motif for binding of NEDD4. Thus, we propose the 
Shisa6 and -7 proteins might form an intermediate scaffold for GluA1 
ubiquitination (chapter 5). However, specific experiments that are directed towards 
the necessity of Shisas for GluA1 ubiquitination to occur needs to be confirmed.  
 To  determine the mechanism of activity-dependent AMPA receptor 
ubiquitination, several additional experiments will be required. It is important to 
establish the involvement of Shisa6, -7 in this process in a neuronal context. 
Overexpression or Shisa6, -7 knockout in neurons should have an effect on the 
intensity of the ubuquitination of the AMPA receptor. Moreover, we showed that  
Shisa6, -7 might be the substrates of ubiquitination themselves. Upon addition of 
inhibitors of proteasome and deubiquitinases, we observed the increase in 
molecular weight of Shisa6, -7 in HEK293T cells. These observations need further 
validation. Based on the preliminary data of chapter 5, the working model is as 
follows. Under basal conditions Shisa6 and -7 are residing at the cell surface in the 
PSD and anchor AMPARs, thereby decreasing their mobility. Upon AMPAR 
activation, the receptor undergoes a conformational change. Shisa6, -7 then recruit 
NEDD4 and serve as scaffolding platform for NEDD4 interaction, with GluA1, likely 
to facilitate ubiquitination. Then, Shisa6-7 become ubiquitinated by an unknown E3 
ligase, possibly NEDD4, and dissociates from the AMPA receptor complex. The 
ubiquitinated AMPA receptor becomes less stable at the surface and internalizes.  
 
Future perspective 
With the discovery of AMPA receptor auxiliary subunits, it became evident that 
regulation of the AMPA receptor is a complex process. It is important to determine 
the stoichiometry of association and the spatial and temporal molecular 
composition of AMPA receptor complexes in order to better define the function of 
diverse auxiliary subunits and the potential synergy of their function. Moreover, 
the definition of molecular complexes of auxiliary subunits themselves is as 
important. Given the example of the Shisa proteins it is clear that different Shisa-
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AMPAR-cytosolic-interactor complexes must exist. Shisa proteins have only one 
PDZ domain ligand motif and potentially numerous PDZ domain-containing 
interactors to bind to, indicating that association between the Shisa proteins and 
their partners has to be strictly regulated and that this may possibly vary per 
synapse, synaptic compartment and/or moment in time, depending on the 
neuronal activity. New technological advancements, e.g., in microscopy and mass 
spectrometry, will aid in the further dissection of the intricate role of the AMPAR 
auxiliary proteins. 
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Abbreviations used: aCSF, artificial cerebro-spinal fluid; AD, activation domain of 
GAL4; AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor; 
BD, DNA-binding domain of GAL4; cd, cytoplasmic domain; DDM, n-dodecyl β-d-
maltoside; DHPG, 3,5-dihydroxyphenylglycine; ECL, enhanced chemiluminescence; 
ECF, enhanced chemifluorescence; FBS, fetal bovine serum; IP, 
immunoprecipitation; LTAH, leucine, tryptophan, adenine, histidine; LTD, long-term 
depression; LTP, long-term potentiation; MEA, multi-electrode array; PBS, 
phosphate-buffered saline; MS, mass spectrometry; NMDA receptor, N-methyl-D-
aspartate receptor; PDZ, Post synaptic density protein (PSD95)–Drosophila disc 
large tumor suppressor (Dlg1)–zonula occludens-1 protein (zo-1); PSD, postsynaptic 
density; PVDF, polyvinylidene fluoride; SDS, sodium dodecyl sulfate; SH3, SRC 
Homology 3 Domain; SM, Sec1/Munc18-like protein family; TBS, Tris-buffered 
saline; WT, wild type; YTH, yeast two-hybrid. 
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Achtergrond informatie 
Signaaloverdracht tussen zenuwcellen verloopt via gespecialiseerde structuren, 
genaamd synapsen. Deze synapsen vertalen een elektrisch signaal, dat binnenkomt 
vanuit de zendende cel, naar een chemische boodschap voor de ontvangende cel, 
in de vorm van uitgescheiden neurotransmitters. Deze neurotransmitters binden 
en activeren receptoren in het membraan van de ontvangende cel, waarop deze 
elektrisch gestimuleerd dan wel onderdrukt wordt. De meest prominente 
stimulerende receptor binnen ons zenuwstelsel is de α-Amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor, oftewel de AMPA receptor, welke geactiveerd 
wordt na binding van glutamaat. AMPA receptoren zijn tetramere complexen die 
worden samengesteld uit een viertal subunits, GluA1-4. Hierbij zijn de combinaties 
van twee GluA2 subunits met twee GluA1 subunits, dan wel met twee GluA3 
subunits, het meest voorkomend. 

De hoeveelheid, verdeling, mobiliteit en kanaaleigenschappen van AMPA 
receptoren zijn in hoge mate bepalend voor het profiel van een synaptische 
verbinding, en deze variabelen staan dan ook onder stricte, dynamische regulatie. 
Zo kunnen de AMPA receptor subunits zelf verscheidene aanpassingen ondergaan, 
waaronder RNA splicing, RNA editing, fosforylatie en ubiquitinatie. Een tweede, en 
wellicht nog belangrijkere vorm van AMPA receptor regulatie, verloopt via de 
directe interactie met zogenaamde AMPA receptor auxiliary subunits. Deze klasse 
van receptor-geassocieerde eiwitten vervult een sturende rol in vrijwel de gehele 
levenscyclus van de receptor; van het transport naar de synaps, tot de verankering 
in de postsynaptische dichtheid en de verfijnde afstelling van de ionkanaal kinetiek. 
De meest bestudeerde AMPA receptor auxiliary subunits zijn de TARP en Cornichon 
eiwitten, maar hiertoe beperkt de groep zich niet. In 2010 publiceerde von 
Engelhardt et al, in samenwerking met ons lab, de ontdekking van een nieuwe 
AMPA receptor auxiliary subunit, genaamd CKAMP44/ Shisa9. Dit Shisa9 eiwit blijkt 
een belangrijke rol te vervullen in de synaptische communicatie en plasticiteit 
binnen het gyrus dentatus gebied van de hippocampus. Hoewel de functionele rol 
van Shisa9 hiermee gedeeltelijk in kaart is gebracht, blijft de vraag bestaan of 
Shisa9 naast de AMPA receptor ook nog andere eiwitten kan binden. Zo ja, wat dan 
de rol van deze interacties is binnen de Shisa9 gestuurde AMPA receptor regulatie. 

Spoedig na de identificatie van Shisa9 als AMPA receptor auxiliary subunit 
bleek dat er een uitgebreide familie van Shisa eiwitten bestaat, met tot op heden 
acht geidentificeerde leden in het muis genoom. Alle Shisa eiwitten zijn type-I 
transmembraan eiwitten, en allen bevatten een kenmerkende cysteine-rijke 
structuur binnen hun extracellulaire domein. Met name de nog onbekende Shisa6 
en Shisa7 eiwitten vertonen aanzienlijke structurele overeenkomsten met Shisa9. 
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In dit proefschrift omschrijf ik de experimenten die zijn ondernomen om de 
intracellulaire bindingspartners van Shisa6, -7 en -9 in kaart te brengen. Hiernaast 
heb ik met verscheidene methoden het functionele belang van deze interacties 
onderzocht. 
 
Hoofdstuk 2. De C-terminale interactoren van de AMPA receptor auxiliary subunit 
Shisa9 
In dit hoofdstuk hebben we de intracellulaire bindingspartners van Shisa9 in kaart 
gebracht middels het uitvoeren van een yeast two-hybrid screening. Hierbij lag 
onze interesse met name bij acht geïdentificeerde eiwitten die een PDZ-domein 
bevatten, aangezien het hieraan bindend motief (EVTV) een prominent onderdeel 
uitmaakt van Shisa9. PDZ-domein eiwitten kennen veelal een structurele functie 
binnen de postsynaptische dichtheid, en de verankering hieraan zou een 
belangrijke rol kunnen spelen in de mobiliteitsregulatie van het Shisa9–AMPA 
receptor complex. Om het functionele belang van de Shisa9–PDZ-domein eiwit 
interactie te onderzoeken hebben we deze verstoord middels de toevoeging van 
een concurrerend peptide. Deze verstoring leidde tot een duidelijke verandering in 
de kanaaleigenschappen van de AMPA receptor en ook tot veranderingen in de 
hippocampale netwerkactiviteit. C-terminale interacties van Shisa9 zijn dus van 
belang voor kanaalfunctie en neuronale netwerkactiviteit. 
 
Hoofdstuk 3. Het interactoom van het cytoplasma domein van Shisa6 – Een 
AMPA receptor auxiliary subunit 
Na Shisa9 is ook Shisa6 recentelijk bevestigd een AMPA receptor auxiliary subunit 
te zijn. Naast de duidelijke overeenkomsten tussen de twee familieleden, zijn er 
ook aanzienlijke verschillen. Zo komt Shisa6 in de gehele hippocampus tot 
expressie, en maakt het onderdeel uit van cerebellaire Purkinje cellen. Op het 
structurele vlak kent Shisa6 een groter intracellulair domein met onder meer een 
SH3-domein bindend motief. Mijn doelstelling in dit hoofdstuk was het bestuderen 
van het Shisa6 intracellulaire interactoom middels het uitvoeren van een yeast 
two-hybrid screen. Binnen deze screen zijn 262 potentiele Shisa6 interactoren 
geïdentificeerd, waarvan 16 eiwitten met een PDZ of SH3 domein. Van deze 16 
interactoren heb ik vervolgens bepaald via welk deel van Shisa6 hun binding 
verloopt, waarbij de essentiele rol van de PDZ en SH3 domein bindende motieven 
werd bevestigd. Ter afsluiting heb ik een vergelijking gemaakt tussen de yeast two-
hybrid resultaten, en een Shisa6 interactoom dat was verkregen via 
immunoprecipitatie experimenten op hippocampaal weefsel van de muis. Vijf van 
de Shisa6 interactoren konden via beide methoden worden geidentificeerd. 
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Hoofdstuk 4. Een yeast two-hybrid screen met het intracellulaire domein van 
Shisa7 – Een vergelijking tussen het interactoom van Shisa6 en Shisa7 
Shisa7 komt tot expressie in verschillende delen van brein, waaronder de 
hippocampus en de cortex, en vertoont grote structurele overeenkomsten met 
Shisa6 en Shisa9. Het is tot op heden echter onbekend of Shisa7 eveneens als 
AMPA receptor auxiliary subunit functioneert. In dit hoofdstuk gebruik ik de 
succesvolle yeast two-hybrid strategie om de intracellulaire bindingspartners van 
Shisa7 te identificeren. Vervolgens maak ik een uitgebreid vergelijk tussen de 
interactomen van Shisa6 en Shisa7. 
 
Hoofdstuk 5. De mogelijke rol van Shisa6 en Shisa7 binnen AMPA receptor 
ubiquitinatie 
Het transport van AMPA receptoren speelt een belangrijke rol bij het aanpassen 
van de sterkte van een synaptische verbinding, en dit proces dient dan ook goed 
gereguleerd te worden. Recent onderzoek heeft aangetoond dat de ubiquitinatie 
van de GluA1 subunit van de AMPA receptor, door het E3-ubiquitine ligase NEDD4, 
leidt tot receptor internalisatie. De details van dit proces zijn tot op heden echter 
onbekend. In dit hoofdstuk laat ik zien dat Shisa6 en Shisa7 beide in staat zijn om 
NEDD4 op een directe wijze te binden, en dat deze interactie ook in hippocampale 
eiwit complexen kan worden waargenomen. We stellen dan ook een model voor 
waarbinnen Shisa6 en Shisa7 de interactie tussen NEDD4 en de AMPA receptor op 
een structurele wijze faciliteren. 
 
Conclusie 
In dit proefschrift toon ik aan dat Shisa9 een verbinding aangaat met verscheidene 
PDZ-domein bevattende eiwitten, en dat deze koppeling van essentieel belang is 
voor het correct functioneren van hippocampale glutamaterge synapsen. Verder 
laat ik zien dat zowel Shisa6 en Shisa7 een uitgebreid intracellulair interactoom 
kennen, dat gedeeltelijk overlapt, maar wezenlijk verschillend is van het 
interactoom van Shisa9. Afsluitend stel ik een model voor waarbij Shisa6 en -7 een 
belangrijke rol spelen in de regulatie van AMPA receptor ubiquitinatie. 
 



Curriculum vitae 

151 
 

Curriculum vitae 
Anna Karataeva was born on the 26th of August 1984 in Tbilisi (USSR), currently the 
capital of Georgia. In 1991 her family moved to Russia. She graduated from 
Moscow state university cum laude in 2007 and obtained a Diploma degree in 
Biochemistry. During her study in Moscow, she performed diploma thesis in the lab 
of dr. F. F. Severin, where she investigated the mechanism of yeast apoptosis. In 
2007 Anna moved to the Netherlands. At first she worked in Utrecht University in 
the lab of prof. dr. Ineke Braakman under supervision of dr. Stefan Rüdiger and 
investigated HSP90-assisted protein folding. In 2010 she moved to Amsterdam and 
joined the lab of prof. dr. A. B. Smit at the Vrije Universiteit Amsterdam, Center for 
Neurogenomics and Cognitive Research. In the lab of Prof. dr. Smit Anna worked on 
her PhD thesis dedicated to the Shisa family of AMPA receptor auxiliary subunits. 
  



Curriculum vitae 

152 
 

 

 



Acknowledgements 

153 
 

Acknowledgements 
I would like to thank my supervisor Professor A. B. Smit. Dear Guus, thank you very 
much for offering me the great opportunity to work in your lab and finish my PhD 
in the department of Molecular and Cellular Neurobiology. These four years were 
not always easy and smooth, I had some moments of frustration and feeling of 
being lost in the in the labyrinth of fundamental science. Luckily, I made it through 
with your help and advice. I am proud to become a neuroscientist. I can change 
jobs and places but my brain is shaped to be a brain of a neuroscientist.  

I wish to express my gratitude to the members of the reading committee 
prof. dr.  Huibert Mansvelder, dr. Françoise Coussen, dr. Sander Groffen, dr. 
Helmut Kessels, dr. Ronald van Kesteren.  

Prof. Spijker, dear Sabine, thank you for being my office mate during my 
most difficult year of PhD, the last year. It was really nice to discuss science and 
shoes, and shopping with you. Thanks to you, I convinced Remco to allow me to go 
to Forever21 in L.A. with an argument - Sabine recommended. I hope to see you on 
high heels soon again! 

Dear Dr. Li, dear Ka Wan, I would like to say thank you for helping me with 
deciding what to do next with my IP and MS experiments, for your comments and 
suggestions and of course for a great time we had during our proteomics dinners.  

Our Shisa team – Jasper, Marta, Leanne, Huib (professor Mansvelder), 
Remco, thank you. Jasper, thanks for explaining to me what all those 
ununderstable curves actually mean. Marta and Leanne, girls, it was nice to have 
our Shisa meetings in such a pleasant atmosphere. Thank you everyone in the Shisa 
team for a pleasant and productive work that we have done together. 

Pim, thank you for writing scripts for huge YTH data, without you it would 
take forever to finish. 

Many thanks to my dear colleagues. Iryna, my lunch mate, I am really 
happy that we met in the lab and became real friends. Honestly, I miss those days 
that we chat together during breaks at work. I wish you and your little daughter to 
be very-very happy.  

Joerg, you deserve the entire paragraph  You are my good friend and a 
source of inspiration. I love talking to you and discussing science, Dutch politics, 
labor market, future plans and dreams. I wish we could always work together. 
Remember, the day you become a big professor/boss/CEO, I will gladly join your 
enterprise. Hopefully, somewhere in Australia.  

When I just started, it was quite empty in B444. Nikhil, you were first to 
come and become my companion. It was nice to hear stories about India and learn 
that the male Russian name Nikita is a popular girl name in India. Our countries 



Acknowledgements 

154 
 

definitely have a lot in common, like huge corruption. That gave us topics for lots of 
discussions. Ramesh, unfortunately you left already and are far from Holland now. I 
was happy to meet you and I was very pleased to be invited to your place for small 
dinner for me and Remco. Food was absolutely delicious. Natasha and Karen, finally 
girls also inhabited B444, and we became a fun office. I wish both of you to finish 
your PhDs, find nice boyfriends and jobs and be happy.  
 Patricia, thank you so much for helping me in the first days in the lab. It 
was nice to be welcomed in the lab and be taken care of. I have got my own tube 
racks, tips boxes nicely labelled with my name by you. I greatly appreciate the 
order that you and Ning created in our enormous stash of antibodies.  

Ning, dear Ning, I am so glad we worked together. It was so nice to get 
small Chinese presents from you. They are carefully stored or decorating our 
house, I love drinking your wonderful tea. My warmest and best wishes to you. I 
hope we still will meet. We should! 

Asiya, my Russian mate, I remember how we met for the first time and 
since then I was always pleased to stay in touch with you. Even though you are so 
far now, it’s really nice that we did not lose the connection and still are up to date 
with our news. We should keep it this way! 

Frank, I am always so happy to see your bright smiley face. During our 
parties I do like to share a company with you. Those evenings are always fun. And 
we definitely need to attend football matches as planned! 

Brigitte, thank you so much for your help and taking care of 
communication with Pedel and other organizational tasks.  

Mark, Ronald, Michel, Lody, Marion, Roel, Rolinka, Esther, Marlene, Danai, 
Bart (a great cook), Yvonne (the strictest person in the lab ), Celine, Anne-Lieke, 
Mariette, Jochem, Pieter, Nutabi, Priyanka, Loek (a latent pole dance lover), 
Andrea, Maarten, Ruud, Sigrid, Eva, Zhanmin, Rene thank you all, guys, for being 
my colleagues, advisors and friends. 

Remco, ik houd van jou. I had to travel 3000 km to meet you. Remco, 
thank you for being a rational half in our relationship. I am a dreamer and you take 
care that those dreams are still attached to the ground. Thank you for supporting 
me through so many moments of my emotional break downs and still being with 
me. I am happy with you. As I said to you, you came to me from my dream and I 
honestly believe in it. I wish us many-many happy years together! Я тебя люблю! 
And start learning Russian already! 

Dear Anneke and Wim, my Dutch family. I am so happy that Remco has 
such wonderful parents, who accepted me to the family and help and support me 



Acknowledgements 

155 
 

like a real daughter. I am proud to become a member of the Klaassen family. Dank 
jullie wel. 

Dear Jetske and of course Finny, thank you for talking and listening to me, 
thank you for initiating my Dutch conversation practice. I do love our girl’s outings 
in the ballet and eating sushi together. We should keep up!!!   

And last but not least I want to thank my mum and my grandma (my 
second mum). Вы для меня самые важные люди на свете. Вы моя семья. 
Спасибо вам огромное за то, что выростили меня. За то, что отпустили так 
далеко от дома на поиски счастья и за то, что верили в меня. Я вас обеих 
очень-очень люблю! 
 


	General introduction
	Structure of an excitatory chemical synapse
	The presynapse: neurotransmitter release
	The postsynapse
	Glutamate receptors
	AMPA receptors
	Synaptic plasticity
	Short-term plasticity
	Long-term plasticity
	AMPA receptor mobility
	AMPA receptor auxiliary subunits
	Figure 4. A schematic of the AMPA receptor subunits, its auxiliary subunits and scaffold proteins. GluA1-4 AMPA receptor subunits; TARPs, GSGL1, CNIH-2, -3, Shisa6, 9, and SOL-1, -2 auxiliary to AMPAR subunits, PSD95 scaffold protein. N, N-terminus; C...
	The Shisa family of AMPA receptor auxiliary subunits
	Aim and outline of this study
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Supplementary figures
	Abstract
	Introduction
	Materials and methods
	Results
	Shisa6 has potential PDZ and SH3 domain-binding sites
	Screening for proteins interacting with Shisa6; yeast two-hybrid analysis
	Screening for proteins interacting with Shisa6; immunoprecipitation analysis
	Analysis of the interactors of Shisa6
	Domain interaction analysis of the Shisa6 protein
	SH3 and PDZ domain-binding sites in the C-terminal part of Shisa6
	Discussion
	Supplementary information
	Abstract
	Introduction
	Materials and methods
	Results
	Potential SH3, WW and PDZ domain-binding sites in the cytoplasmic domain of Shisa7
	Supplementary information
	Abstract
	Curriculum vitae
	Acknowledgements


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [481.890 680.315]
>> setpagedevice


