
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Phenotypes and mechanisms in myoclonus-dystonia

Ritz, K.A.

Publication date
2012

Link to publication

Citation for published version (APA):
Ritz, K. A. (2012). Phenotypes and mechanisms in myoclonus-dystonia. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/phenotypes-and-mechanisms-in-myoclonusdystonia(a5ec0548-a4b0-46ea-8b75-829cd38edbbd).html


5Chapter Five

Katja Ritz, Anneloor L ten Asbroek, Marina AJ Tijssen, 
Remco V Klaassen, Daniel Gitler, Adrian Waite, Derek J 
Blake, August B Smit, Frank Baas

Manuscript in preparation

The brain-specific SGCE isoform 
interacts with synapsin



68

Abstract
Epsilon-sarcoglycan (SGCE) is a ubiquitously expressed protein with 
unknown function. Mutations in the SGCE gene lead to the neurological 
movement disorder myoclonus-dystonia (M-D). Pathophysiological 
mechanisms of  M-D remain elusive. Recent experiments suggest a brain-
specific SGCE function in the cerebellum, which has been corroborated by 
neurophysiological studies in M-D patients. We previously suggested that 
loss of  the major brain-specific SGCE isoform, which is highly expressed 
in the cerebellum, is causative for M-D. In the current study, we provide 
evidence for a specific interaction of  the synapsins with this brain-specific 
SGCE isoform. Using immunoprecipitation and isoform-specific SGCE 
peptide pull-down experiments, we identified this interaction for synapsin 
I and synapsin II in mouse and human cerebellar tissue. This interaction 
was identified for the brain-specific and not for the ubiquitous SGCE 
isoform, as shown by co-immunoprecipitation in the motor neuron-like 
cell line NSC-34. In HEK293 cells the synapsin-SGCE interaction was 
less stable suggesting that neuron-specific factors are involved in binding. 
Possibly, these interactions are not direct, but mediated by proteins in the 
same complex. Immunofluorescence revealed that synapsins co-localised 
with SGCE at the plasma membrane and at the distal tips of  dendrites. 
Our findings are compatible with a role for brain-specific SGCE in the 
modulation of  neurotransmitter release via its interaction with synapsin. 
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Introduction
The sarcoglycans are a family of  transmembrane glycoproteins. Six different sarcoglycans 
have been identified so far (SGCA, -B, -D, -E, -G, and -Z); they form a heterotetrameric 
complex at plasma membranes with a variable composition in different tissues. The 
sarcoglycan complex is part of  the dystrophin-glycoprotein complex (DGC), a large 
and widely expressed protein complex, which links the cytoskeleton to the extracellular 
matrix. The DGC is crucial for the integrity of  tissue and involved in signalling 
processes. The function of  the sarcoglycan complex and its role in the DGC is largely 
unknown.1,2 SGCA, -B, -D and -G are highly expressed in striated and smooth muscle, 
and mutations in these sarcoglycans lead to different forms of  limb-girdle muscular 
dystrophy. This form of  muscular dystrophy is characterised by progressive muscle 
weakness, implying a role for the sarcoglycan complex in normal muscle function.1 
In contrast to other sarcoglycans, SGCE is more broadly expressed and mutations in 
SGCE lead to the movement disorder myoclonus-dystonia (M-D). M-D is characterised 
by exclusively neurological symptoms, implying a specific function for SGCE in the 
brain. 

Patients with M-D present with sudden brief  jerks (myoclonus) and abnormal postures 
and/or repetitive movements (dystonia).3 Little is known about pathological mechanisms 
in M-D. The presence of  a brain-specific SGCE function seems likely, considering the 
CNS phenotype and the fact that in almost all cases M-D is caused by loss of  function 
of  the SGCE protein.4 In addition, brain-specific SGCE isoforms have been reported.5 
We recently showed that transcripts containing the alternatively spliced exon 11b 
represent the major brain-specific SGCE isoform, and that it is differentially expressed 
in the human brain with highest expression in the cerebellum.6 This isoform has a 
distinct intracellular C-terminus compared to the ubiquitously expressed isoform and 
contains a protein-protein binding motif  (PDZ-binding motif, Figure 1A).5 Therefore, 
we proposed that loss of  the brain-specific SGCE protein leads to the M-D phenotype, 
and that the function of  ubiquitous SGCE in other tissues is either redundant or can 
be replaced by other sarcoglycans.6 Our hypothesis has been supported by recent 
neurophysiological evidence. SGCE mutation-positive M-D patients showed an 
impaired saccadic adaptation, which is a sign of  cerebellar dysfunction.7

Thus far, there is no information on SGCE function. Assessment of  the subcellular 
localisation of  the major brain-specific isoform in mouse brain showed a concentration 
in synaptosomal membranes and synaptic vesicle-enriched fractions and enrichment of  
ubiquitous Sgce in postsynaptic membranes. These findings suggest distinct functions 
for different SGCE isoforms and that brain-specific SGCE mainly acts in presynaptic 
membranes of  neuronal cells.8
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The aim of  this study was to identify the proteins that interact with SGCE to investigate 
SGCE function and pathophysiological mechanisms in M-D. We therefore focused on the 
identification of  interactions of  the brain-specific SGCE C-tail by immunoprecipitation 
as well as isoform-specific SGCE peptide pull-down experiments. As protein source 
we used the synaptosomal fraction of  cerebellar extracts from human and mouse and 
performed subsequent mass spectrometric analysis. 

Material and methods
Screening for SGCE-interacting proteins
Tissue preparation and synaptic membrane isolation. Human brain material was 
obtained from a control case without history of  neurological diseases (male, 7 years, 
<8 h post-mortem delay) from the Department of  Neuropathology of  the Academic 
Medical Center (University of  Amsterdam, The Netherlands). Sections (20 µm) were 
cut from the cerebellar cortex and dentate nucleus and stored at -80ºC. Snap-frozen 
whole mouse cerebellum was obtained from wild type animals (C57BL/6) and stored 
at -80ºC until protein isolation. Pools of  human cerebellar cortex and dentate nucleus 
sections (400-600 mg) as well as pools of  mouse cerebellum (n=6-10 per experiment) 
were homogenised in ice-cold 0.32 M sucrose buffer with 5 mM HEPES/NaOH pH 
7.4 supplied with EDTA-free protease inhibitor (Roche Diagnostics, Almere, The 
Netherlands) and centrifuged at 1,000x g at 4ºC for 10 min to remove cell debris. 
Enrichment of  synaptosomes together with microsomes (P2 fraction) was achieved by 
ultracentrifugation of  the supernatant (100,000x g, 2 h, 4ºC). The pellet was resuspended 
in 25 mM HEPES/NaOH pH 7.4, 150 mM NaCl with EDTA-free protease inhibitor 
(Roche Diagnostics). Protein concentration was determined by Bradford protein assay 
(BioRad, Veenendaal, The Netherlands). This research was approved by the local IRB 
and informed consent was obtained for the use of  human tissue for research purposes.

Immunoprecipitation and peptide pull-down experiments for mass spectrometric 
analysis. Proteins were isolated from brain homogenates by two extractions in 25 
mM HEPES/NaOH pH 7.4, 150 mM NaCl, 1% Triton-X 100 containing EDTA-
free protease inhibitor (Roche Diagnostics). Immunoprecipitations were performed 
using anti-SGCE rabbit polyclonal antibodies (esg-4990 or pan-SGCE targeting all 
isoforms, esg-2 targeting the brain-specific isoform)4 on mouse cerebellar tissue for 
16 h at 4ºC (per IP: 5 mg synaptosomal fraction, 10 µg antibody). Protein A/G plus-
agarose beads (Santa Cruz, CA, USA) were added and incubated for 1 h at 4ºC. For 
pull-down experiments we used synthetic biotinylated SGCE peptides encompassing 
the C-terminus of  the ubiquitous and brain-specific SGCE C-tail, respectively (Table 
1; Genscript Corporation, Piscataway, NJ, USA). Peptide pull-down experiments were 
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performed with 1 mg human or mouse cerebellar lysates and 50 µg species-specific 
SGCE peptides. Biotinylated peptides were incubated with streptavidin-coated agarose 
beads (Thermo Scientific Pierce, Rockford, IL, USA) at 4ºC for 1 h and treated twice 
with biotin blocking-solution (Thermo Scientific Pierce). Biotinylated peptides were 
added and incubated at 4ºC for 16 h. For both approaches beads were washed 4 times 
(25 mM HEPES/NaOH pH 7.4, 150 mM NaCl, 0.1% Triton-X 100). Precipitated 
proteins were eluted by boiling in SDS-PAGE sample buffer and separated on 10% 
SDS-PAGE gels. 

The SDS-PAGE gels were fixed (50% ethanol, 3% phosphorous acid) and stained 
with Coomassie Brilliant Blue G-250. Each lane was excised and cut into small cubes. 
Destaining of  gel cubes was achieved by incubation and vortexing twice in 50 mM 
ammonium bicarbonate and 50% acetonitril for 20 min, followed by incubation in 100% 
acetonitril until gel pieces were dehydrated. In-gel digestion was performed with trypsin 
(sequencing grade modified trypsin, 5000 u/mg, Promega, Madison, MI, USA) in 50 
mM ammonium bicarbonate for 16 h at room temperature. Peptide digestion products 
were extracted (50% acetonitril, 0.5% trifluoroacetic acid) and dried in a SpeedVac. 
Samples were redissolved in 0.1% acetic acid immediately before mass spectrometric 
analysis using a liquid chromatography system coupled to a tandem mass spectrometer 
(LC-MS/MS, LTQ Orbitrap Discovery, Thermo Fisher Scientific, San Jose, Ca, USA).

Sgce co-immunoprecipitation was done using mouse cerebellar tissue and peptide 
pull-down experiments were performed twice per species (mouse and human). Each 
experiment included a control without peptide or antibody. 

Table 1. Biotinylated SGCE peptides.

Mass spectrometric analysis and protein identification. Mass spectrometry results 
were analysed using Proteome Discoverer 1.0 software (Thermo Fisher Scientific). MS/
MS spectra were searched against the mouse or human database (Swissprot and NCBI) 
using Mascot (Matrix Science) and GPS Explorer (Applied Biosystems, Foster City, CA, 
USA). 
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Validation of  potential SGCE binding proteins
Cell culture, differentiation, expression constructs, and transfections. HEK293 
and NSC-34 (mouse motor neuron-like cell line)9 cells were grown in Dulbecco’s 
modified Eagle’s medium with GlutaMAX (Gibco, BRL, Carlsbad, CA, USA) 
supplemented with 10% fetal calf  serum (Gibco) and penicillin/streptomycin. NSC-34 
cells were differentiated in culture medium supplemented with 1% FCS for 6 days.

N-terminally myc-tagged mouse Sgce constructs were used for overexpression of  
ubiquitous (NM_001130188.1) or brain-specific Sgce (NM_001130190.1). The vector 
contained the hEF1-HTLV promoter and a 21 amino acid IL2 signal sequence enabling 
proper trafficking of  Sgce to the plasma membrane. C-terminally DDK-tagged human 
constructs for both SGCE isoforms (NM_003919 and NM_001099400) were obtained 
commercially (OriGene, Rockville, MD, USA). Plasmids expressing rat synapsin Ia, Ib, 
IIa, IIb, and IIIa were based on pEGFPC1; they encoded EGFP or EYFP fused to the 
N-termini of  the synapsins.10

Transfections were performed using TransIT-293 transfection reagent (Mirus Bio, 
Madison, WI, USA) for HEK293 cells and TransIT-neural transfection reagent (Mirus) 
for differentiated NSC-34 cells according to instructions of  the manufacturer and with 
a ratio of  1:3 (µg DNA: µl TransIT).

Immunoprecipitation and western blotting. Cells were harvested 40-44 h after 
transfection and lysed in 25 mM HEPES/NaOH pH 7.4, 150 mM NaCl, 1% Triton-X 
100 containing EDTA-free protease inhibitor mix (Roche Diagnostics). Cell debris was 
removed by centrifugation. Equal amounts of  protein were incubated for 4 h at 4ºC with 
3 µg of  a pan-synapsin rabbit polyclonal antibody, which detects all synapsin isoforms 
(Genscript). Protein G-sepharose 4 fast flow (GE Healthcare, Uppsala, Sweden) were 
added and incubated at 4ºC for 16 h. For myc-SGCE immunoprecipitations, c-myc 
tag monoclonal antibody-agarose beads (Clontech, Palo Alto, CA, USA) were used. 
Immunocomplexes were washed 4 times with 25 mM HEPES/NaOH pH 7.4, 150 mM 
NaCl, 0.1% Triton-X 100 and eluted from the beads by boiling in SDS-sample buffer. 
Samples were analysed on 8% SDS-PAGE gels and transferred onto PVDF membrane 
(Millipore, Billerica, MA, USA). Pre-blocked blots were incubated with primary 
antibodies at 4ºC for 16 h (anti-myc/HRP, mouse monoclonal, 1:2000, Invitrogen, 
Breda, The Netherlands; anti-GFP, rabbit serum polyclonal, 1:1000, Invitrogen). 
Species-specific secondary antibodies conjugated to horseradish peroxidase were used 
if  applicable (dilution 1:2000, Dako, Glostrup, Denmark). Reactive protein bands were 
visualised using Lumi-Light PLUS Western blotting substrate (Roche Diagnostics) and 
a LAS-3000 Luminescent Image Analyzer (Fuji Photo Film, Kleve, Germany).

To investigate whether the identified synapsin-SGCE interaction was phosphorylation-
dependent, we performed co-immunoprecipitation experiments using a phospho-
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synapsin antibody, which detects only synapsin isoforms phosphorylated at position 
Ser9 (rabbit polyclonal, Genscript) and co-immunoprecipitation experiments with the 
pan-synapsin antibody after treatment of  the protein lysate with lambda phosphatase 
(NEB, Westburg, Leusden, The Netherlands; 2 units per µg protein lysate, 30 min at 
30ºC). Quantification of  protein bands was performed using AIDA Image Analyzer 
software (Raytest, Straubenhardt, Germany).

Immunofluorescence and confocal microscopy. Differentiated NSC-34 cells 
grown on cover slips were co-transfected with Sgce and synapsin. Fourty hours after 
transfection, cells were fixed with 4% paraformaldehyde at room temperature and 
permeabilised in 100% methanol at -20ºC. Blocking was performed with 5% fish skin 
gelatin (FSG; Sigma, Zwijndrecht, The Netherlands) diluted in PBS for 30 min. 

Primary and secondary antibodies were diluted in 5% FSG and each incubated for 
1 h (anti-myc tag, goat polyclonal, 1:500; Abcam, Cambridge, UK and Cy3-conjugated 
affinity-purified donkey anti-goat; Jackson ImmunoResearch, West Grove, PA, USA). 
DAPI (Sigma) was used as a nuclear counterstain. Glass slides were mounted in 
VectaShield (Vector Laboratories, Burlingame, CA, USA). Imaging was performed 
using a digital camera (DP12, Olympus, Zoeterwoude, The Netherlands) attached to a 
fluorescent microscope (Vanox, AHBT3, Olympus, The Netherlands). Co-localisation 
was assessed by confocal microscopy using a Leica TCS-SP2 mounted on an inverted 
microscope (Leica, Heidelberg, Germany) and a digital CCD camera.

Screening of  synapsin mutations in M-D patients
Mutation analysis was performed in our cohort of  SGCE mutation-negative M-D 
patients by direct sequencing of  all exons and intron-exon boundaries of  synapsin I 
and II (ABI big dye v3.1 chemistry, ABI 3730 X1 capillary system, Applied Biosystems, 
Foster City, CA, USA). We sequenced 19 definite and 29 probable M-D cases (criteria 
according to Gruenewald and colleagues).11 CodonCode Aligner software was used to 
analyse obtained sequences (v3.6.1, CodonCode Corporation, Dedham, MA, USA). 
Primer sequences and PCR conditions are available upon request.

Results
Co-immunoprecipitation as well as peptide pull-down experiments and subsequent 
mass spectrometric analysis revealed several potential protein interactions of  SGCE. 
As we were specifically interested in brain-specific interactions, we first grouped the 
potential binders in two groups, binders for brain-specific SGCE (Table 2) and binders 
for ubiquitous SGCE (Table 3). 
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Potential brain-specific SGCE interacting proteins. To identify brain-specific 
SGCE interactions, we used an antibody targeting the brain-specific variant for co-
immunoprecipitation. As a second approach, we used biotinylated synthetic peptides 
encompassing the ubiquitous or brain-specific C-terminus for pull-down experiments, 
as the brain-specific antibody may compete with potential protein interactions for 
binding. The only sequence difference between ubiquitous and brain-specific SGCE lies 
within the C-terminus (Figure 1A), which was used to raise the brain-specific antibody. 
A protein was considered a potential interaction partner of  brain-specific SGCE when 
(1) at least 3 distinct peptides were identified, (2) the potential candidate was not or 
considerably lower present in the control experiment (beads without peptides/ without 
antibody), (3) the potential candidate was not (<3 distinct peptides) precipitated using 
ubiquitous SGCE as bait and (4) they were reproducible in independent experiments. 
Criterion 4 only holds for peptide pull-down experiments as they were performed twice 

Table 2. Proteins identified by mass spectrometric analysis using brain-specific SGCE as bait.

Proteins are listed that met following criteria: (1) at least 3 distinct peptides were identified, (2) they 
were not or considerably lower present in the control (beads only), (3) they were not (<3 distinct 
peptides) precipitated using ubiquitous SGCE as bait and (4) they were reproducible (peptide pull-
down experiments were performed twice per species; we only listed proteins that met all criteria in 
independent experiments). HS, homo sapiens; MM, mus musculus.



75

5

Brain-specific SG
C

E
 and synapsin

per species. Upon immunoprecipitation in mouse cerebellar tissue ten proteins matched 
our criteria. Two independent SGCE peptide pull-down experiments revealed 14 hits in 
mouse and also 14 hits in human cerebellar tissue. Of  these hits, six hits were identified 
in two independent experiments in human and five in mouse tissue (Table 2). Of  the 
reproducible hits, four were present in both species (HNRPM, SUCA, SYN2, and 
SNAP25). Only one protein, synapsin II, was identified in all isoform-specific peptide 
pull-down and immunoprecipitation experiments. Another member of  the synapsin 
protein family (synapsin I) matched all criteria in the mouse immunoprecipitation 
experiment and both human peptide pull-down experiments.

Upon immunoprecipitation, two other functionally interesting candidates were highly 
enriched: dihydropyrimidinase-related protein 2 (DPYSL2), a protein that can act as a 
mediator of  growth cone collapse as well as a modifier of  axon number, length and 
neuronal polarity12 and clathrin heavy chain-1 (CLTC), a major protein component of  
the cytoplasmic face of  coated pits and vesicles.13 Notably, several synaptic vesicle-
associated proteins were identified in the brain-specific SGCE peptide pull-down 
experiments next to the synapsins such as rabphilin-3A, piccolo, and SNAP-25. 
Especially SNAP-25 showed a high coverage, but co-immunoprecipitation failed to 
confirm this potential interaction upon overexpression in NSC-34 or HEK293 cells 
(data not shown). 

We did not follow-up on potential ubiquitous SGCE binding proteins in this study, 
but we want to highlight some interesting candidates. Upon co-immunoprecipitation, 
another sarcoglycan, SGCD, was identified, which is known to act in the same complex 
as SGCE in different tissues.2 Our results suggest that ubiquitous SGCE is part of  
a sarcoglycan complex in the brain; however, these results need further validation. 
Two candidates that were identified with the pan-SGCE antibody were interesting 
with respect to their function and disease association. Inositol 1,4,5-triphosphate 
receptor type 1 (IPTR1), an intracellular calcium channel, was highly enriched upon co-
immunoprecipitation. Mutations in IPTR1 cause the movement disorder spinocerebellar 
ataxia type 15 (SCA15), which is characterised by slowly progressive gait and limb 
ataxia and cerebellar dysfunction.14 Also, the sodium/potassium-transporting ATPase 
subunit alpha-3 (ATP1A3), the catalytic subunit of  the sodium/potassium-ATPase, was 
identified. Mutations in the ATP1A3 gene lead to the dystonia-plus syndrome DYT12, 
also known as rapid onset dystonia parkinsonism.15 Also these candidates remain to be 
validated.
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Table 3. Proteins identified by mass spectrometric analysis using ubiquitous SGCE as bait.



77

5

Brain-specific SG
C

E
 and synapsin

Brain-specific SGCE interacts with synapsin in differentiated NSC-34 cells. 
To validate a potential interaction of  brain-specific SGCE with synapsin I and II, we 
performed co-immunoprecipitation experiments in HEK293 and differentiated NSC-
34 cells transiently overexpressing synapsins (synapsin Ia, Ib, IIa, or IIb) and myc-tagged 
Sgce (brain-specific or ubiquitous). Immunoprecipitation using anti-myc showed no 
specific interaction with synapsins in either cell line. Anti-synapsin immunoprecipitation 
validated previous findings obtained by Sgce immunoprecipitation in cerebellar tissue. 
Transfected synapsin Ia, Ib, IIa, and IIb specifically interacted with brain-specific and 
not ubiquitous myc-tagged Sgce in three independent experiments in differentiated 
NCS-34 cells. In addition, endogenous synapsin could be immunoprecipitated with 
transfected brain-specific myc-tagged Sgce (Figure 2A). This interaction was disrupted 
using a C-terminally DDK-tagged SGCE plasmid, suggesting that the C-terminal tag 
may disturb the C-terminal interaction of  brain-specific SGCE with synapsin. Anti-
synapsin immunoprecipitation in HEK293 cells resulted in variable results of  potential 
interactions between different synapsin isoforms and brain-specific Sgce, in which 
synapsin Ia appeared to be the most stable and reproducible interaction of  all synapsin 
isoforms. 

Proteins are listed that met following criteria: (1) at least 3 distinct peptides were identified, (2) they 
were not or considerably lower present in the control (beads only), (3) they were reproducible (peptide 
pull-down experiments were performed twice per species; we only listed proteins that met all criteria 
in independent experiments). HS, homo sapiens; MM, mus musculus.

Table 3. (continued)
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Synapsin III is the third member of  the homologous synapsin protein family (Figure 
1B). We did not identify synapsin III in the mass spectrometric analysis upon Sgce 
immunoprecipitation. However, considering the sequence homology we also tested 
whether synapsin III can interact with brain-specific Sgce. Transient overexpression 
of  synapsin IIIa and Sgce and subsequent synapsin immunoprecipitation showed that 
also synapsin IIIa interacts with brain-specific and not ubiquitous Sgce in differentiated 
NSC-34 cells (Figure 2B). 

Phosphorylation of  synapsins at Ser9 inhibits their binding to phospholipids and plays 
a role in the reversible binding to synaptic vesicles.16 Therefore, we investigated the effect 
of  phosphorylation of  synapsins on the synapsin-Sgce interaction. Immunoprecipitation 
using a phosphorylation-specific synapsin antibody revealed that the specific interaction 
with brain-specific Sgce is present (Figure 2C). Dephosphorylation of  synapsins with 
lambda phosphatase prior to immunoprecipitation with the pan-synapsin antibody 
immunoprecipitated less Sgce compared to samples without lambda treatment. However, 
there was also a reduction in the amount of  synapsin in the immunoprecipitate (Figure 
2D). There was no evidence for degradation of  synapsin upon lambda treatment that 
may explain this reduction. By quantification of  the protein bands we determined the 

Figure 1. Schematic model of  the two major SGCE isoforms and the mammalian synapsin family. 
(A) Presented are the ubiquitous (ub) and brain-specific (bs) SGCE isoforms. Both isoforms share 
the extracellular N-terminus, a transmembrane domain type 1 (TM), and part of  the intracellular 
C-terminus and only differ at the C-terminal end. A PDZ-binding motif  has been predicted 
for the brain-specific isoform. (B) The different synapsin domains (domain A-J) and protein 
kinase phosphorylation sites (P) are presented per synapsin isoform. Asterisks represent putative 
phosphorylation sites based on sequence homology. Figure 1B was adapted from Suedhof  and Cesca 
and colleagues.19,26 C, carboxy terminus; N, amino terminus; aa, amino acids.
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Figure 2. Only brain-specific (bs) and not ubiquitous (ub) myc-tagegd Sgce interacts with synapsin 
(Syn) in differentiated NSC-34 cells. (A) Immunoprecipitation (IP) of  total synapsin after transient 
overexpression of  respective myc-tagged Sgce and synapsin isoforms. Also, immunoprecipitation 
of  endogenous synapsin revealed the interaction with brain-specific Sgce. A typical result of  the 
no-antibody control is shown for overexpression of  Sgce with synapsin Ia. (B) Also, transient 
overexpression of  Sgce (bs or ub) with synapsin III and immunoprecipitation of  total synapsin 
revealed a specific interaction with brain-specific and not ubiquitous Sgce. (C) Immunoprecipitation 
of  phosphorylated synapsin at position Ser9. A representative result is given for ubiquitous and brain-
specific Sgce in combination with synapsin Ia. All other synapsin isoforms yielded similar results. 
(D) Immunoprecipitation of  total synapsin after treatment with lambda (λ) phosphatase revealed 
a reduced amount of  precipitated Sgce, but there was also a reduction in the amount of  synapsin 
in the immunoprecipitate. Antibodies used for detection on protein blots were anti-myc for Sgce, 
anti-phospho-Syn for synapsin phosphorylated at position Ser9 (all isoforms) and anti-GFP for total 
synapsin (all isoforms, non-phosphorylated and phosphorylated synapsin).
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relative ratios of  synapsin/Sgce which were 1.3 for lambda treated and 2.7 for untreated 
experiments (average of  three independent experiments). These ratios either suggest 
that Sgce binds more efficiently to non-phosphorylated synapsin or that Sgce interacts 
with both, non-phosphorylated and phosphorylated synapsin, but that the complex can 
be immunoprecipitated more efficiently when synapsin is non-phosphorylated.

Sgce co-localises with synapsin at the plasma membrane and dendrites. To 
determine if  and in which compartments Sgce and synapsins co-localise, we transiently 
transfected differentiated NSC-34 cells with ubiquitous or brain-specific myc-tagged 
Sgce in addition to one of  the five synapsin isoforms (synapsin Ia, Ib, IIa, IIb, or IIIa), 
and examined transfected cells by immunofluorescence and confocal microscopy. 
Synapsins showed a diffuse cytoplasmic and punctuate axonal expression pattern. Both 
myc-tagged Sgce isoforms were particularly expressed at the plasma membrane and 
in processes of  differentiated NSC-34 cells. In both regions they showed partial co-
localisation with all synapsin isoforms (Figure 3). No major differences in expression 
patterns were observed studying the different synapsin isoforms or the myc-tagged 
Sgce isoforms.

Associations of  synapsin I and synapsin II sequence variants with SGCE 
mutation-negative M-D patients. In view of  the interaction of  synapsin with brain-
specific SGCE, synapsin is a putative candidate gene for M-D. Mutation analysis of  
coding regions of  synapsin I and synapsin II in 48 SGCE mutation-negative M-D 
patients (19 definite, 29 probable patients) revealed two variants. One synapsin I missense 
mutation in exon 1 was identified in a probable M-D patient, thus in a patient with 
the definite M-D phenotype and a negative family history (NM_006950.3, c.152C>G, 
p.A51G, hemizygote). This change is predicted to be benign or possibly damaging by 
prediction softwares (SIFT: tolerated, score 0.17; Align GVGD: Class C0; PolyPhen-2: 
HumDiv predicts possibly damaging, score 0.484 and HumVar predicts benign, score 
0.141). This variant was identified in one out of  976 control chromosomes (Caucasian) 
in a heterozygous state (female control). The parents of  the mutation carrier originated 
from North Africa. We do not know the frequency of  the p.A51G variant in this 
population; in the Caucasian population it is a low frequency variant. 

In addition, a novel 12-nucleotide repeat was identified in exon 1 of  synapsin II. This 
repeat maintains the reading frame and results in a 4-amino acid repeat (c.211_222dup, 
p.Q71_P74dup and c.211_222[3], p.Q71_P74[3]; Figure 4A and 4B). The identified 
sequence of  exon 1 in controls as well as patients did not align with NC_000003.11 
but with AC_000135.1. Frequencies and genotypes are presented in Table 4. The allele 
frequency was in Hardy-Weinberg equilibrium in patients and controls. The 2-allele 
appeared to be less and the 3-allele more frequent in patients (n=48) compared to 
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Figure 3. Co-localisation of  myc-tagged Sgce and EYFP/EGFP-synapsin isoforms. Differentiated 
NSC-34 cells were transfected with myc-tagged ubiquitous (ub) or brain-specific (bs) SGCE and with 
the different EYFP/EGFP-tagged synapsin isoforms (synapsin Ia, Ib, IIa, IIb, or IIIa). Fourty hours 
after transfection cells were processed for immunofluorescence. Co-localisation was observed at the 
plasma membrane and tips of  dendrites with all isoform combinations. 

Caucasian controls (n=270); this trend was not significant (p=0.11, Table 4). However, 
more M-D patients need to be genotyped to draw a definite conclusion.

Discussion
In this study we showed that the brain-specific SGCE protein interacts with the 
synapsins, which are proteins involved in synaptic function. This neuron-specific 
interaction provides fundamental insights into SGCE function in the brain and 
particularly into pathophysiological mechanisms of  the SGCE-associated neurological 
movement disorder M-D.
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The synapsins and SGCE. Synapsins are phosphoproteins regulating synaptic vesicle 
release and are expressed in the central and peripheral nervous system. They are not 
expressed, or at very low levels, in non-neuronal cells. Three synapsin genes have been 
identified so far (synapsin I, II, III), and each gene has at least two isoforms.17,18 Synapsins 
have a high lipid-binding affinity explaining their binding to synaptic vesicles. Several 
synapsin interactors have been reported, such as a variety of  cytoskeletal components 
and kinases.19 Different functions for synapsins have been implicated, such as a role in 
synapse formation, fine-tuning of  synaptic transmission and synaptic plasticity.20 Nine 
phosphorylation sites have been reported and associated with conformational changes 
affecting binding to actin and synaptic vesicles and neurotransmitter release.16,21,22 
The modulation of  neurotransmitter release is the most studied and best-understood 
function. Non-phosphorylated synapsins are thought to link synaptic vesicles to the actin 
cytoskeleton, creating a vesicle reserve pool. Upon an action potential and subsequent 
calcium influx, synapsins are phosphorylated inducing conformational changes, a 
reduction of  binding to actin and the release of  synaptic vesicles. Synaptic vesicles then 
fuse with the presynaptic membrane for neurotransmitter release. Upon termination of  
the stimulus, vesicles are endocytosed and reassociate with dephosphorylated synapsin.19

Figure 4. Twelve-nucleotide repeat in exon 1 of  synapsin I. (A) Displayed are the three different 
homozygous genotypes identified (1/1, 2/2, 3/3). Detected heterozygous genotypes were 1/2, 1/3, 
and 2/3. Genotype 1/1 aligned to 100% with the reference sequence AC_00135. (B) Depicted is 
part of  the N-terminal amino acid sequence of  synapsin I for the three homozygous genotypes. The 
repeat is highlighted by arrows. The 4-amino acid repeat is located in domain B of  synapsin I. 2/2: 
c.211_222dup, p.Q71_P74dup; 3/3: c.211_222[3], p.Q71_P74[3].
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Synapsin I and synapsin II were identified by mass spectrometric analysis upon 
immunoprecipitation of  brain-specific SGCE and brain-specific peptide pull-down 
experiments in the synaptosomal fraction of  cerebellar tissue. Synapsins were not 
identified using the pan-SGCE antibody or the biotinylated peptide encompassing 
the ubiquitous SGCE C-tail. This isoform-specific interaction was validated by co-
immunoprecipitation in differentiated NSC-34 cells. From mass spectrometric analysis, 
we did not obtain evidence for preferential binding to one of  the synapsin isoforms 
(synapsin Ia, Ib or IIa, IIb); all identified peptides were present in both isoforms. Co-
immunoprecipitations in NSC-34 cells suggest that brain-specific SGCE interacts 
with both synapsin genes and isoforms. Also synapsin III, the third member of  the 
homologous synapsin protein family, selectively interacts with brain-specific SGCE 
in differentiated NSC-34 cells. Synapsin III was not identified by mass spectrometric 
analysis, which can either be due to the overall lower expression levels of  synapsin III 
compared to synapsin I and II,23 or that brain-specific SGCE and synapsin III do not 
physiologically co-localise or interact. This observation is relevant with respect to SGCE 
function, as synapsin I and II are predominantly expressed at nerve terminals in mature 
neurons,17 and synapsin III is more broadly expressed and downregulated in mature 
neurons,24,25 which implies a function for SGCE selectively at nerve terminals. This 
hypothesis is in line with the observed localisation of  SGCE at the tips of  dendrites in 
differentiated NSC-34 cells (Figure 3). 

In HEK293 cells, the interaction was less stable. This difference can be due to the 
need for neuronal factors that may be important for a stable interaction. Thus, either 
SGCE does not directly bind to the synapsins, but functions in the same complex or 
the interaction depends on neuron-specific posttranslational modifications. We did not 
find evidence for a role of  phosphorylation, as we were able to immunoprecipitate the 
synapsin-SGCE complex using either the phospho-specific or pan-synapsin antibody. 
The latter antibody also immunoprecipitated the complex after dephosphorylation of  
synapsin. The effect of  phosphorylation of  other reported synapsin phosphorylation 
sites remains to be demonstrated.

Brain-specific SGCE differs in the last 27 C-terminal amino acids from ubiquitous 
SGCE, indicating that binding of  the synapsins takes place within the brain-specific 
intracellular domain (Figure 1A). The synapsins are composed of  a highly homologous 
N-terminal region and a more variable, alternatively spliced C-terminus. The 
homologous N-terminus comprises three domains; domain A is a short region shared 
by all synapsins and its isoforms and it is thought to be involved in the reversible synaptic 
vesicle association; domain B shows a weaker homology among synapsins and functions 
as a link to domain C, a large and highly homologous region in all synapsins, which 
mediates the interaction with the actin cytoskeleton and synaptic vesicle phospholipids 
(Figure 1B).19,26 Presumably, brain-specific SGCE interacts with the highly homologous 
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synapsin N-terminus, as we showed that brain-specific SGCE can interact with all the 
synapsin isoforms upon overexpression (Figure 1B).

The different synapsin genes show a widespread expression pattern throughout 
the human brain, and their isoforms are differentially distributed in distinct types 
of  synapses.26 In deep cerebellar nuclei for instance, synapsin Ib was detected in all 
nerve terminals, whereas synapsin IIa was not present in the GABA-containing nerve 
terminals.26 In the brain, SGCE was predominantly detected in neurons; the brain-
specific SGCE isoform was highly expressed in the cerebellum.6 There is evidence that 
SGCE is selectively expressed in neuronal subtypes, namely in monoaminergic neurons 
of  the brain stem and hypothalamus.27 Further studies need to investigate whether the 
identified interaction is restricted to certain neuronal subtypes and to the cerebellum.

Table 4. Genotypic distribution of  the 12-nucleotide repeat in exon 1 of  synapsin I in M-D patients 
and a Caucasian control population.

χ2 was calculated for the allele frequency (df, degree of  freedom). χ2 calculations for the genotype 
frequency is not valid as less than 80% of  the cells have an expected frequency of  5 or greater. N.a., 
not applicable.

The synapsins and disease. Thus far, two synapsin I nonsense mutations have been 
reported in two families with X-linked epilepsy, autism spectrum disorders and variable 
learning and behavioural disabilities.28,29 Synapsin II has been associated with epilepsy 
and schizophrenia.30-32 Synapsin triple knockout mice are viable and show impaired 
motor coordination and defective spatial learning.33 Synapsin I and II single or double 
mutants exhibit a mild behavioural phenotype and spontaneous and sensory stimuli-
evoked epileptic seizures with myoclonic elements.34-37 Epileptic seizures in these 
mice have been linked to disturbances in synaptic homeostasis with loss of  inhibitory 
GABAergic transmission.38-40 Notably, epilepsy has been reported in two M-D 
families,41,42 but it is not part of  the phenotype in the majority of  cases. In this study, 
we identified one synapsin I missense mutation in a M-D patient. The same variant has 
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been associated with epilepsy and autism spectrum disorders.29 Our M-D patient had 
no history of  epilepsy or autism, but presented with mild cognitive deficits. We further 
report the presence of  a 12-nucleotide repeat in exon 1 of  synapsin II. We observed 
a trend to a lower frequency of  the 2-allele and a higher frequency of  the 3-allele in 
SGCE mutation-negative M-D patients compared to controls. However, this was not 
significant. Notably, the missense change in synapsin I as well as the repeat in synapsin 
II were located in the linker region B (Figure 1B). Domain B is shared by all synapsin 
genes and isoforms and thus may be involved in the synapsin-SGCE interaction. Further 
studies need to investigate whether different genotypes influence the interaction with 
SGCE and whether the observed missense change is associated with M-D.

Considering the high cerebellar expression of  brain-specific SGCE, it is likely that 
the synapsin-SGCE interaction is restricted to the cerebellum and probably to certain 
neuronal subpopulations. One synapsin mouse model may mimic disturbances 
of  this potential cerebellum-specific interaction. A cell-specific transgenic mouse 
model selectively overexpressing a highly conserved part of  a domain important for 
neurotransmitter release in cerebellar Purkinje cells (domain E, Figure 1B) showed 
impairments in balance, coordination, and motor learning with a normal cerebellar 
structure and cell morphology.43 Remarkably, Sgce knockout mice were also reported 
with deficits in motor coordination, balance, and learning in addition to myoclonic jerks 
and psychiatric alterations.44 However, it remains to be demonstrated whether both 
models share a common disease etiology.

Conclusion. Although the molecular mechanisms are not completely understood, 
our findings suggest that brain-specific SGCE interacts with synapsin and is involved 
in synaptic function and probably in neurotransmitter release. SGCE plays rather a 
modulatory than regulatory role in synaptic function, considering the benign and concise 
M-D phenotype. As a possible M-D disease mechanism, we suggest a presynaptic 
defect due to loss of  the synapsin-SGCE interaction and consequently an impaired 
modulation of  neurotransmitter release in the cerebellum. We propose that this deficit 
affects cerebellar output signalling to the basal ganglia as striatal changes in M-D patients 
and the M-D animal model were reported.44,45 Future studies are needed to investigate 
whether neurotransmitter release or synaptic vesicle turnover rates are affected in M-D.
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