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1. Parkinson’s Disease
Parkinson’s disease (PD) is a slowly progressing neurodegenerative motor disorder, named after
James Parkinson who initially recognized the disease in his monograph ‘An Essay on the Shaking
Palsy’. This assay was written almost two centuries ago and described several patients that
suffered from ‘paralysis agitans’, while their sense and intellect were not affected (Parkinson,
J., An Essay on the Shaking Palsy. Sherwood, Neely and Jones, London, 1817). Nowadays, with
a prevalence of about 1% at the age of 65, PD is considered to be one of the most common
forms of neurodegenerative disorders, ranking only second to Alzheimer’s disease (AD) (de
Lau and Breteler, 2006). There is a mean duration of 5 to 20 years between disease recognition
and death (Ishihara et al., 2007). Unfortunately, no treatment is currently available that slows
disease progression. As the average age of the general population increases, the prevalence
of PD is anticipated to dramatically increase as well, enhancing the requirement for effective
therapeutic strategies that counteract the progression of this debilitating disease.
1.1 Clinical symptoms of Parkinson’s Disease
PD is clinically characterized as a complex motor disorder, of which the cardinal features
are resting tremor, bradykinesia (slowed movements), rigidity, gait impairment and postural
instability (Hughes et al., 2001; Jankovic, 2008). Underlying these symptoms is attenuation
of striatal levels of the neurotransmitter dopamine due to the progressive and selective loss
of dopaminergic neurons in the Substantia Nigra pars compacta (SNpc). Over time, these
features generally worsen and if left untreated will eventually result in severe immobility and
falling. The disease is also accompanied by several non-motor symptoms such as dementia,
fatigue, depression, anxiety, sleep disturbances, constipation, bladder and other autonomic
disturbances. In fact, these non-motor symptoms may occur well before the onset of motor
symptoms for as much as 20 years (Aarsland et al., 2003; Hawkes, 2008).
1.2 Treatment of Parkinson’s Disease
Currently, drugs that are available to treat PD are aimed at alleviating the debilitating motor
symptoms and consist of dopamine agonists or drugs that increase the levels of dopamine in
the brain (Fahn, 2003). The most prescribed drug is levodopa (¬L-DOPA), which is a precursor
of dopamine and other catecholamines. After passing the blood-brain barrier, L-DOPA is
metabolized into dopamine by DOPA decarboxylase (DDC) (Burkhard et al., 2001) . Deep brain
stimulation, in which electrodes are placed in the thalamus, subthalamic nucleus (STN) or
internal globus pallidus (GPi), are also effective in alleviating symptoms, but results vary per
patient and the technique is a drastic medical intervention (Fahn, 2003; Fasano et al., 2012;
Moum et al., 2012). Other therapies, including stem cell transplantation, or gene delivery such
as glial cell-line derived neurotrophic factor (GDNF), are still in their infancy (Shastry, 2001). It
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is important to note, however, that so far no drug or surgical therapy has been shown to stop
or even slow down the rate of progression of (dopaminergic) cell loss in PD.
2. Pathogenesis of Parkinson’s Disease
2.1 Neuropathology
In order to obtain a definite diagnosis of PD, post-mortem histopathological analysis of the
brain is still the most reliable method. The main cellular feature of PD is dopaminergic cell
loss in the SNpc. As most of these neurons contain neuromelanin, cell loss is readily visible
by depigmentation of the SNpc. There is redundancy in this brain structure, as the classical
motor symptoms of PD only become manifest when 60% or more of the dopaminergic cells
are lost (Pavese and Brooks, 2009). It should be noted though that the neuropathology of PD is
not characterized solely by loss of dopaminergic neurons, as neurodegeneration extends well
beyond dopaminergic neurons (Hornykiewicz and Kish, 1987).
The other primary pathological characteristic of PD is the deposition of misfolded α-synuclein
into large proteinaceous inclusions called (classic) Lewy bodies (LBs). These LBs are easily
detectable by light microscopy due to their unique morphology, which led to their early
discovery by Frederich Lewy in 1912 (Lewy FH, Zur pathologischen Anatomie der Paralysis
Agitans. Deutsche Zeitschrift fur Nervenheilkunde (1913) 50:50–55). The classical LBs are
juxtanuclear proteinaceous spherical inclusions with a diameter of >15 µm which exist in
neuronal perikarya and contain an eosinophillic translucent glassy core consisting of granular
and vesicular material. In classic LBs, the core is surrounded by a pale-staining peripheral
halo which contains 8-10 nm diameter protein fibrils ordered in a radially or random fashion
(Pollanen et al., 1993; Wakabayashi et al., 2007). LBs stain positive for ubiquitin but are
particularly enriched in α-synuclein (Spillantini et al., 1997). In fact, immunohistochemical
detection of this protein is nowadays used as the gold standard to confirm the diagnosis of
PD. Even though α-synuclein is considered as the main constituent of LBs, LBs contain (>70)
proteins involved in diverse cellular processes ranging from intracellular transport to protein
degradation (Bennett, 2005; Wakabayashi et al., 2007).
Using immunohistochemical analysis of distribution of the aforementioned α-synuclein
aggregates, a neuropathological staging classification was proposed by Braak and coworkers
based on the notion that PD pathology progresses in a topographically predictable sequence
over six stages (Braak et al., 2003, 2005). In the early stages (1-2), the disease starts at the
medulla oblongata and anterior olfactory structures. At stages (3-4) the lesions progress in an
ascending course towards the SN and other nuclei of the forebrain, marking the typical motor
symptoms at mid-stage PD. Finally, at stage (5-6), the lesions spread towards the neocortex
matching the cognitive decline, which is often associated with end-stage PD (Braak et al., 2003,
2005).
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2.2 Parkinson’s Disease mechanisms
Studies using post-mortem PD brain tissue and/or in vitro and in vivo PD models and the
discovery of genes implicated in inherited forms of PD suggest several hypotheses regarding
the pathogenesis of the disease, a number of which are discussed separately below.
2.2.1. Mitochondrial (dys)function
A prevailing hypothesis is that mitochondrial dysfunction drives neurodegeneration in PD.
Mitochondria are organelles essential for cellular metabolism as they are responsible for
energy production in the form of adenosine triphosphate (ATP) and maintenance of calcium
homeostasis (Celsi et al., 2009). Furthermore, mitochondria are central in the mediation of cell
death as executioners of apoptosis (Keeble and Gilmore, 2007). There is a wealth of evidence
that links mitochondrial dysfunction to PD (Schapira, 2011; Trancikova et al., 2012), ranging
from actual reduced mitochondrial function in the SN of PD patients (Gu et al., 1997; Mann
et al., 1992; Schapira et al., 1989) to the ability of mitochondrial toxins such as 1-methyl4-phenyl-1,2,3,4-tetrahydropyridine (MPTP) and rotenone to induce a PD syndrome in both
man and animals (Betarbet et al., 2000; Dauer and Przedborski, 2003; Langston et al., 1983).
An important consequence of failing mitochondria is the (over)production of reactive oxygen
species (ROS) resulting in oxidation of cellular components like lipids, proteins and DNA (Hoang
et al., 2009; Jenner, 2003; Zhang et al., 1999), ultimately resulting in cell death.
2.2.2 Inflammation
The involvement of inflammation in PD was initially suggested by the observation of an
increased number of activated microglia in the SN of PD patients (McGeer et al., 1988).
Moreover, aggregated α-synuclein was found to activate microglia(Zhang et al., 2005). This
activation, in turn, mediated dopaminergic neuronal death, suggesting that dying neurons
could release immunogenic protein aggregates, resulting in persistent and progressive neuronal
damage due to an inflammatory response (Zhang et al., 2005). This finding is consistent with
the observation that inflammatory cytokine levels are elevated in the cerebrospinal fluid of
PD patients (Blum-Degen et al., 1995; González-Scarano and Baltuch, 1999). Importantly,
activated microglia, in addition to mitochondria, are also considered as a source of ROS that
can contribute to oxidation and neuronal cell death by oxidative stress (Shavali et al., 2006;
Zhang et al., 2005).
2.2.3 Impaired protein quality control and protein degradation in PD
Another prominent feature of PD pathogenesis is that (toxic) accumulation of misfolded
proteins drives disease progression, reflected by their abnormal deposition in brain tissue
as described above. This build-up of misfolded proteins is likely the result of a disbalance
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between (patho)physiological factors that drive protein misfolding and cellular mechanisms
required for protein quality control and/or protein degradation pathways.
Cells employ several sophisticated systems for protein quality control. In the cytosol for example,
heat shock proteins (HSPs), such as HSP70, HSP27 and αB-crystallin, exert chaperone activity
and reduce α-synuclein misfolding (Bandopadhyay and de Belleroche, 2010; Dedmon et al.,
2005; Outeiro et al., 2006). The intracellular protein folding organelle called the endoplasmic
reticulum (ER) is vital for protein quality control. Its primary function is the facilitation of
folding, maturation and delivery of secretory and membrane proteins. In this process, ER
luminal protein chaperones, folding enzymes and other protein quality control factors assist in
folding and trafficking of newly synthesized proteins (Zhang and Kaufman, 2006). Pathological
processes may disturb protein folding in the ER causing ER stress, also known as the unfolded
protein response (UPR), which allows the ER to cope with the excess of misfolded proteins.
However, prolonged activation of UPR induces cell death (Hetz, 2012) and in that regard, the
observation of UPR activation in post-mortem PD-brains might indicate a prominent role of this
pathway in neurodegeneration (Hoozemans et al., 2007). In addition, UPR induction has been
shown in animal- and in vitro PD -models based on 6-hydroxydopamine (6-OHDA), 1-methyl-4phenylpyridinium (MPP+), or rotenone treatment (Holtz and O’Malley, 2003; Ni and Lee, 2007;
Ryu et al., 2002; Silva et al., 2005).
Besides protein quality control, cells employ several degradation pathways to counteract
accumulation of misfolded proteins. Genetic mutations that negatively affect the function of
proteins involved in these degradational pathways have been associated with familial forms
of PD. Protein degradation can occur via the ubiquitin-proteasome system (UPS), a tightly
regulated process in which proteins are selectively tagged with multiple ubiquitin moieties
(i.e. polyubiquitinylation) that are recognized by the 26S proteasome complex for degradation
(Ciechanover and Brundin, 2003). In this regard, it was shown that the enzymatic proteosomal
activity itself was decreased in the SN of sporadic PD patients when compared to healthy
controls (McNaught et al., 2003). Involvement of UPS dysfunction in PD was observed in
autosomal recessive juvenile Parkinson’s disease in which mutations in the Parkin gene
affects the enzymatic activity of the corresponding protein (Kitada et al., 1998; Shimura et
al., 2000). The role of missense mutations in the ubiquitin carboxyl hydrolase (UCH-L1) gene
in the pathogenesis of PD is more obscure (Setsuie and Wada, 2007; Wilkinson et al., 1989).
This gene encodes for an enzyme that releases ubiquitin from ubiquitinylated proteins at the
final stage of protein degradation processes. Lowered enzymatic activity of UCH-L1 has been
proposed to disrupt ubiquitin homeostasis, thereby impairing UPS, which consequently leads
to accumulation of α-synuclein (Cartier et al., 2009, 2012).
Autophagy (which means ‘self-eating’) is a second important pathway in protein degradation.
Autophagy comprises three separate routes that differ in how cytoplasmic content is delivered
to the lysosome, a specialized cellular organelle used for proteolytic protein degradation: 1)
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microautophagy, 2) chaperone-mediated autophagy (CMA) and 3) macroautophagy. During
microautophagy the lysosome itself selectively takes up cytoplasmic proteins via invagination
(Mizushima et al., 2008). CMA is selective for certain proteins containing a targeting motif
in their amino acid sequence, i.e. Lys-Phe-Glu-Arg-Gln (KFERQ), which is recognized by heat
shock cognate protein of 70 kDa (hsc70) (Kaushik and Cuervo, 2008). The misfolded protein/
chaperone complex then binds to the lysosome-associated membrane protein type 2A
(LAMP-2A) and is internalized into the lysosome for degradation (Kaushik and Cuervo, 2008).
Importantly, microautophagy and CMA can only handle soluble and single protein units
(Finkbeiner et al., 2006; Kopito, 2000) and, for example, are responsible for the degradation
of the bulk of α-synuclein monomers (Webb et al., 2003). Macroautophagy, however, is
responsible for the bulk degradation of larger (misfolded) protein complexes and (dys)
functional cellular organelles, and is hereafter referred to as autophagy. Autophagy is initiated
by the formation of a double-membrane vesicle (nucleation), which expands (elongation) as
a structure called the phagophore. The edges of the phagophore then fuse (completion) and
form the autophagosome while engulfing cytoplasmic components destined for degradation.
Finally, the autophagosome fuses with a lysosome (called autolysosome) in order to degrade
its contents (Fig. 1 ) (Xie and Klionsky, 2007) Important evidence for a major role of disturbed

Fig. 1. Simplified pathway of autophagic vesicle generation. (A, B) Cytosolic material is sequestered by an
expanding membrane sac, the phagophore, (C) resulting in the formation of a double-membrane vesicle, an
autophagosome; (D) the outer membrane of the autophagosome subsequently fuses with a lysosome, exposing
the inner single membrane of the autophagosome to lysosomal hydrolases; (E) the cargo-containing membrane
compartment is then lysed, and the contents are degraded. (Adapted from Xie Z and Klionsky D, Autophagosome
formation: core machinery and adaptations., Nat Cell Biol. (2007), 9(10),1102-9)
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autophagy in neurodegeneration was shown in two independent studies in autophagydeprived knock-out mice, which lacked vital proteins in the autophagy machinery. These mice
suffered from massive neurodegeneration, accompanied by formation of protein aggregates
and inclusions in the autophagy-deprived areas of the brain (Hara et al., 2006; Komatsu et al.,
2006). In humans, a buildup of autophagic vacuoles was found in the SN of PD affected brain
(Anglade et al., 1997). In support of this observation, markers of autophagic activity were found
in LBs and in α-synuclein immunoreactive structures (Alvarez-Erviti et al., 2010), implicating a
cardinal role for the autophagy–lysosomal pathway in the formation and/or dissolution of LBs.
2.2.4 Specific vulnerability of Substantia Nigra dopaminergic neurons in Parkinsons disease
Even though the disease process underlying PD eventually progresses throughout the brain,
the demise of dopaminergic neurons in the SN, stands out in particular. One prominent theory
explaining the vulnerability of these neurons is that cytosolic dopamine (DA) (and its metabolites)
oxidize easily, resulting in neurotoxic free radicals in the cytoplasm (Greenamyre and Hastings,
2004). This toxic side-effect, however, is not regarded as the sole reason for disease progression,
illustrated by the relatively unharmed DA neurons in the neighboring ventral tegmental area in
PD (Dauer and Przedborski, 2003). Furthermore, there is no increase in the rate of progression
in PD patients treated with L-DOPA (Fahn, 2005), questioning the role of enhanced cytoplasmic
DA levels in neurotoxicity. Recent evidence suggests that sustained elevated cytosolic calcium
levels may underlie the vulnerability of the SN DA neurons in PD (Surmeier, 2007). Unlike the
vast majority of neurons in the CNS, the SN DA neurons are autonomously active and generate
action potentials regularly (2-4 Hz) in the absence of synaptic input. SN DA neurons are unusual
in this behaviour, as their ‘pacemaking’ activity is carried mainly by calcium (Fujimura and
Matsuda, 1989; Wilson and Callaway, 2000), which imposes an enormous metabolic burden
on neurons. Moreover, this sustained elevation in cytosolic calcium in the SN DA neurons is
suggested to stimulate mitochondrial respiratory metabolism, which drives oxygen radical
generation (Guzman et al., 2010). Therefore, a multiple-hit hypothesis is proposed to explain
the exceptional vulnerability of these dopaminergic neurons in the SN where the interplay
between cytoplasmic dopamine, elevated calcium levels and α-synuclein misfolding are key
players in SN neuronal degeneration (Mosharov et al., 2009; Sulzer, 2007).
2.3 α-synuclein
The synuclein family of proteins (consisting of α-, β- and the later discovered γ-synuclein) was
originally identified in the electric lobe of the Pacific electric ray Torpedo californica, which is
particularly enriched in cholinergic nerve tissue (Maroteaux et al., 1988). All three synuclein
members are predominantly expressed in the human brain, specifically at presynaptic terminals
(George, 2002; Iwai et al., 1995). α-Synuclein is a 14 kDa protein consisting of 140 amino
acids and alike its family members, is composed of a highly conserved N-terminal domain,
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containing an alpha-helical lipid-binding domain reminiscent of the lipid-binding domains of
apolipoproteins, and a C-terminal domain containing negatively charged (acidic) residues.
Unique for α-synuclein, however, is its hydrophobic non-amyloid β component (NAC; residues
61-95) domain. Even though α-synuclein comprises 1% of neuronal proteins, its physiological
function still remains largely elusive. The protein readily binds to lipid membranes upon which
its N-terminal tail adopts an amphipathic helical structure (Davidson et al., 1998; Eliezer et
al., 2001; Jo et al., 2002), which is essential for its presynaptic localization (Fortin et al., 2004).
Recent studies, point towards a major role of α-synuclein in Soluble NSF Attachment Protein
Receptor (SNARE) complex assembly, which is required for presynaptic vesicle exocytosis,
linking α-synuclein to modulation of neurotransmitter release, vesicle recycling and synaptic
integrity (Burré et al., 2010; Chandra et al., 2005; Nemani et al., 2010).
2.3.1 α-synuclein misfolding and aggregation
What makes α-synuclein prone to aggregation causing it to deposit into protein inclusions?
In vitro, the protein is intrinsically unfolded, which means that it has no fixed secondary or
tertiary structure in an aqueous environment (Weinreb et al., 1996). Under these conditions,
aggregation of α-synuclein can occur, which starts as soluble dimers and small oligomers that
eventually form larger insoluble oligomers and fibrillar aggregates (Uversky et al., 2001a).
Typical fibrils are 10-15 nm in width, several microns long and arranged in β-pleated sheets,
making them characteristic of amyloid fibrils (Conway et al., 2000; Giasson et al., 1999; Serpell
et al., 2000). The hydrophobic NAC domain within α-synuclein is critical for the propagation
of α-synuclein fibril formation as it is highly amyloidogenic and readily forms fibrils that are
similar to fibrils formed by other amyloidogenic proteins (El-Agnaf et al., 1998; Giasson et al.,
2001; Han et al., 1995; Uéda et al., 1993). Of importance for in vivo α-synuclein aggregation is
the association of α-synuclein with lipid membranes, which not only induces conformational
changes, but also enhances local concentrations of α-synuclein and hence increases the risk
of fibrillization (Perrin et al., 2001). Increased concentration of α-synuclein in the human brain
may be the result of overexpression of wild-type α-synuclein via duplication and triplication of
its encoding gene (SNCA), or via single nucleotide polymorphisms (SNPs) in the SNCA promoter
region that elevate SNCA copy number (Fuchs et al., 2008; Singleton et al., 2003). In addition,
pathogenic missense mutations in the SNCA have been linked to rare familial cases of PD.
Mutations in SNCA giving rise to an alanine53-threonine (A53T) (Polymeropoulos et al., 1997),
alanine30-proline(A30P) (Kruger et al., 1998), or an glutamic acid 46-lysine (G46K) substitution
can accelerate the oligomerisation of α-synuclein compared to WT α-synuclein (Conway et
al., 2001; Fredenburg et al., 2007; Li et al., 2001). These mutated forms of α-synuclein are
poorly degraded by the UPS and CMA pathways and worse, both α-synuclein mutants and
elevated expression of wild-type α-synuclein block the CMA degradation pathway which shifts
the burden of protein breakdown towards macroautophagy (Cuervo et al., 2004; McNaught et
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al., 2001; Vogiatzi et al., 2008; Xilouri et al., 2009).
2.3.2 Post-translational modifications influence α-synuclein misfolding and aggregation
In addition to the rare SNCA multiplications and mutations described above, a wide range of
effectors might induce α-synuclein misfolding via conformational changes within the protein. In
that regard, several non-covalent interactions of α-synuclein have been described that directly
influence α-synuclein conformation and induce its aggregation. For example, the presence of
multivalent cations such as aluminium(III), copper(II) and iron(III) induces the oligomerisation
of α-synuclein (Uversky et al., 2001b). Moreover, naturally occurring organic polyamines,
such as spermidine, putrescine and spermine, which are abundantly available in neurons
(Gilad and Gilad, 1986) are also known to accelerate α-synuclein aggregation (Antony et al.,
2003). Interestingly, also dopamine itself has been linked to misfolding of α-synuclein and it
has been reported that α-synuclein-DA interaction leads to accumulation of toxic α-synuclein
intermediates adding an extra pathogenic factor to SN DA neuron vulnerability (Conway et al.,
2001; Li et al., 2005; Norris et al., 2005).
In addition, a wide range of post-translational modifications (PTM) of α-synuclein (Aebersold
and Goodlett, 2001; Clark et al., 2005) have been reported that potentially affect not
only its conformation but also its function (Beyer, 2006). These include phosphorylation,
nitration, dityrosine crosslinking, methionine oxidation, ubiquitination, and crosslinking by
transglutaminases (Fujiwara et al., 2002; Lee et al., 2009; Segers-Nolten et al., 2008; Yamin

Fig. 2. The effect of post-translational modifications on α-synuclein aggregation.
(Adapted from: Oueslati A, Role of post-translational modifications in modulating the structure, function and
toxicity of alpha-synuclein: implications for Parkinson’s disease pathogenesis and therapies., Prog Brain Res.
(2010),183, 115-45)
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et al., 2003). Interestingly, several of these PTM have been associated with conformational
changes within α-synuclein that may lead to aggregation as illustrated in figure 2. In this
regard, the protein cross-linking class of enzymes called transglutaminases (TGs: EC 2.3.2.13)
may stand out in particular, as the enzymatic activity of TGs is implicated in several other
neurodegenerative proteinopathies including AD and Huntington’s disease (Cooper et al.,
1997; Dudek and Johnson, 1994; Grierson et al., 2001; Halverson et al., 2005; Hartley et al.,
2008; Karpuj et al., 1999; Schmid et al., 2011; Tucholski et al., 1999; Wilhelmus et al., 2008;
Zainelli et al., 2005). In PD, evidence of TG-mediated cross-linking activity is found in LBs and it
is known that TGs alter the protein conformation of α-synuclein (Andringa et al., 2004; Junn et
al., 2003; Segers-Nolten et al., 2008). However, despite these promising initial data, additional
information on the role of TG activity in PD pathogenesis is lacking.
3. Transglutaminases
TGs, initially discovered in guinea-pig liver extracts in the 1950s, are a family of structurally
and functionally related enzymes that catalyze a variety of calcium- and thiol-dependent
PTMs (Griffin et al., 2002; Lorand and Graham, 2003). The main enzymatic reaction is an acyltransfer reaction between the γ-carboxamide group of a peptide-bound glutamine and either
the lysine group of a protein or the primary amino group of amines, in particular polyamines
like putrescine, spermidine or labeled polyamines such as 5 (biotinamido)pentylamide. The
most common reaction is the cross-linking of proteins, also called transamidation, via the
formation of a covalent intra- or intermolecular γ-glutamyl-ε-lysine dipeptide bond, formed
by reaction with the ε-amino group of a lysine residue (Chung and Folk, 1972; Sarkar et al.,
1957) (Fig. 3). However, depending on the pH (<7), or low availability of small amines or
lysines, hydrolysis of the glutamine residue can occur resulting in its conversion to glutamate
Table 1: The transglutaminase (TG) protein family
Protein
Synonym		
Molecular Mass (kDa)
Tissue expression
TG1		
Keratinocyte TG		
106			
Keratinocytes, Brain
TG2		
Tissue TG (tTG)		
78			
Ubiquitous
TG3		
Epidermal TG		
77			
Squamous epithelium, 			
								Brain
TG4		
Prostate TG		
77			
Prostate
TG5		
TGx			
81			
Lymphatic system, 			
								epithelial cells
TG6		
TGy			
80			
Ubiquitous, Brain
TG7		
TGz			
80			
Ubiquitous
FXIIIa		
Fibrin-stabilizing factor
83			
Dermal dendritic 				
								cells, platelets, placenta, chondrocytes,
								osteoblasts
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in a so-called deamidation reaction (Fleckenstein et al., 2002). Since enzymatic reactions
are reversible, transglutaminases also break isodipeptide cross-links. This reversal, however,
seldom occurs in vivo as it requires a free ammonia group. The TG-catalyzed formation of
covalent bonds between or within proteins often results in the formation of insoluble,
chemically and mechanically stable supramolecular structures. TG-induced cross-linking is
often referred to as ‘biological glue’ and considered important for tissue homeostasis and
structural integrity in biological systems. As such, TG activity has been implicated in a variety
of important physiological activities including neuronal growth and regeneration (Eitan et al.,
1994; Mahoney et al., 2000), bone development (Aeschlimann et al., 1996; Kaartinen et al.,
1999), angiogenesis (Upchurch et al., 1991), wound healing (Siegel et al., 2008; Upchurch et
al., 1991) , cellular differentiation (Chiocca et al., 1989; Van Strien et al., 2011) and apoptosis
(Nemes et al., 1997; Piacentini et al., 1991a).
3.1 The transglutaminase protein family
At the genomic level, the mammalian transglutaminase family consists of eight catalytically
active isoforms, including TG1-7 and the clotting factor Factor XIIIa (FXIIIa) (Table I). The best
characterized isotypes include TG1, TG2 (tTG), TG3, TG5, and FXIIIa, while the function of
TG4, TG6 and TG7 remains largely elusive (Iismaa et al., 2009; Thomas et al., 2013). FXIIIa is
a zymogen and has both intracellular and extracellular functions. It is a soluble enzyme that
is abundantly expressed in blood cells and involved in stabilization of fibrin clots and wound
healing (Muszbek et al., 1999). The two other zymogens TG1 (106 kDa) and TG3 (77 kDa) are also
activated by proteolysis. Both enzymes are present in soluble and membrane-bound forms and
are primarily involved in epidermal terminal differentiation (Candi et al., 2002). Alike TG1 and
TG3, TG5 (78 kDa) may require proteolytic activation and function in epithelial mesenchymal
transition, in which TG5 associates with the vimentin intermediate filament network (Cassidy
et al., 2005). tTG (78 kDa) remains the best characterized member of the TG family (Liu et al.,
2002; Pinkas et al., 2007). tTG is ubiquitously expressed in various tissues of the human body
and can be found for instance in liver, kidneys, heart, lung, spleen and neural tissues, such as
the brain and spinal cord (Lorand and Graham, 2003). Within the brain, tTG is predominantly
expressed in neurons of the frontal and temporal cortex, cerebellum and hippocampus, but is
also present in astrocytes (Andringa et al., 2004; Appelt et al., 1996; Johnson et al., 1997; Kim
et al., 1999; Lorand and Graham, 2003; Van Strien et al., 2011; Wilhelmus et al., 2008).
3.2 Structure of tissue transglutaminase
tTG is a monomeric protein of 687 amino-acids whose gene maps to chromosome 20q12
(Gentile et al., 1994). As shown in figure 3A, tTG consists of four distinct domains that span
from domain: 1) a N-terminal β-sandwich domain (amino acid (aa) 1–140), 2) a core domain (aa
141–460), 3) a C-terminal β-barrel domain 1 (aa 461–586) and 4) a β-barrel domain 2 (aa 587–
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Fig. 3. Schematic structure of the four domains and functional elements of the tTG protein. (A) The fibronectin
binding site (FN) is indicated in blue. In dark green, the Bcl-2 family BH3 domain is illustrated. The catalytic triad
consisting of Cys 277, His 335 and Asp 358 residues is depicted in orange. The calcium binding regions S1–S5 are
depicted in red. Redox regulation of enzymatic tTG activity is mediated via disulfide bridges (S-S) between Cys
230 and Cys 370 and Cys 370 and Cys 371 is illustrated as a light blue box. The regions that are involved in GTP,
ATP or GDP nucleotide binding and hydrolysis are shown in yellow. In light green, the phospholipid binding motif
(PL) is shown. The phospholipase Cδ1 (PLC) binding site is shown in pink. Finally, the putative nuclear localization
signals NLS1 and NLS2 are depicted in violet (B and C). The N-terminal β-sandwich is shown in blue (N), the
catalytic domain (Core) in green, and the C-terminal β-barrels (β1 and β2) in yellow and red, respectively.(B)
GDP-bound TG2. (C) tTG bound to the active-site inhibitor Ac-P(DON)LPF-NH2. (Király R, Protein transamidation
by transglutaminase 2 in cells: a disputed Ca2+-dependent action of a multifunctional protein. FEBS J. (2011),
278(24):4717-39 and Pinkas DM, Transglutaminase 2 undergoes a large conformational change upon activation.,
PLoS Biol. (2007), 5(12):e327)

687) (Liu et al., 2002; Pinkas et al., 2007). These domains have different secondary structure
arrangements since domains 1, 3 and 4 are composed of β-barrels, whilst domain 2 mainly
consists of α-helical secondary structures (Liu et al., 2002; Pinkas et al., 2007). The N-terminal
domain is responsible for binding fibronectin and integrins, whereas the C-terminal domain
2 is involved in the binding of phospholipids (Zemskov et al., 2011) and phospholipase Cδ1
(Hwang et al., 1995). tTG also contains an eight amino acid long-domain that is homologous
to the Bcl-2 family BH3 domain, involved in the interaction of tTG with the pro-apoptotic Bcl2 family member Bax (Rodolfo et al., 2004). In tTG, a guanine nucleotide binding site (GDP,
GTP) is located between the catalytic core and β-barrel domain 1. The transamidase activity of
tTG is differentially regulated by calcium and GTP/GDP. While calcium binding is essential for
tTG transamidase (i.e. cross-linking) activity, GDP or GTP binding inhibits cross-linking by tTG
(Achyuthan and Greenberg, 1987; Monsonego et al., 1998).
Investigation of the structural basis of calcium mediated activation of tTG by the use of several
biotechnical and biophysical techniques such as crystallography, site-directed mutagenesis,
small-angle scattering and protein dynamics, suggested that induction of transamidase activity
requires movement of protein domains, which influences the reactivity of the active site and
substrate accessibility (Griffin et al., 2002). A comparison between the crystal structure of the
GDP-bound conformer (Liu et al., 2002) (Fig. 3B) and enzymatically active tTG in an active-site
directed inhibitor-bound state (Pinkas et al., 2007) (Fig. 3C), revealed that enzymatic activation
results in a dramatic conformational change in the tertiary protein structure of tTG, where both
C-terminal β-barrels extend away from the catalytic core, resulting in a rod-like shape of the
protein, thereby exposing the active-site for substrate-binding. Based on these studies, tTG is
proposed to have open (i.e. transamidase activity) and closed (i.e. non active) conformers, that
display notably distinct features (Begg et al., 2006; Pinkas et al., 2007). Guanine nucleotide
binding to the β-barrel domain 1 locks tTG in a closed conformation where both C-terminal
β-barrels restrict access to the active-site. Moreover, in this inactive conformation, a tyrosine
residue at position 516 in β-barrel domain 1 forms a hydrogen-bond with the active-site
cysteine (Cys), further restricting transamidase activity (Liu et al., 2002). Calcium binding at
several sites in core domain 2 activates tTG transamidase activity. Upon activation, interactions
between the C-terminal β-barrels and the core domain break-down, resulting in the exposure
of the active-site, thus enabling transamidation activity (Pinkas et al., 2007). The catalytic
activity of tTG depends on the active site triad composed of Cys 277, histidine (His) 335 and
aspartate (Asp) 358 residues (Fig. 3A), of which the Cys is essential for catalytic activity as
it forms the actual thioester intermediate in the acyl-transfer reaction between tTG and its
substrates. In addition to the catalytic triad, a conserved tryptophan 241 residue is also critical
for transamidating activity (Murthy et al., 2002).
Activation of tTG by calcium can be counteracted by the allosteric inhibitor GTP (and to a lesser
extent by GDP). This guanidine nucleotide binds at lysine 173, which can hydrolyze GTP in a
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process involving serine 171, leading to a reversible, GTPase-dependent regulatory mechanism
(Achyuthan and Greenberg, 1987; Iismaa et al., 1997; Lai et al., 1996). In addition to Ca2+ and
guanine nucleotides, tTG is controlled via redox regulation, as (oxidative) formation of a Cys
370 - Cys 371 disulfide bond inhibits tTG transamidase activity (Stamnaes et al., 2010).
3.3 Regulation of tissue transglutaminase expression
At the genetic level, tTG expression is tightly controlled, which is reflected by the many
transcriptional factors that bind to the tTG promotor. The best known activators of tTG
expression in various tissues are retinoids which, via retinoic acid receptor (RAR) signaling,
activate a retinoid response element in the tTG promoter (Chen and Mehta, 1999; Nagy et al.,
1996). Transforming growth factor β1 (TGF-β1) is another transcriptional factor that binds to the
tTG promoter and induces tTG expression (Ritter and Davies, 1998). In addition, inflammation
is a potent inducer of tTG expression, exemplified by the ability of pro-inflammatory cytokines
such as tumor necrosis factor α (TNF-α), interleukin 1 β (IL1β) and interleukin 6 (IL6) to
upregulate cellular tTG levels (Johnson et al., 2001; Kuncio et al., 1998; Suto et al., 1993).
3.4 Cellular localization and biological function of tissue transglutaminase
Within cells, it is estimated that the majority (~80%) of tTG is present as a soluble fraction in
the cytosol (Lorand and Graham, 2003). However, depending on different cell-types ranging
from liver cells to neurons, tTG is also known to localize to other cellular compartments (Hand
et al., 1993). For example, tTG is found in the nucleus and the mitochondrial membrane
(Lesort et al., 1998; Rodolfo et al., 2004), in the cytoskeleton and the plasma membrane (Fesus
and Piacentini, 2002). Two reports also hint towards a possible localization of tTG at the ER
(Orru et al., 2003; Piacentini et al., 1991b), even though a functional connection remains to
be established. Apart from its intracellular localization, a fraction of tTG is secreted and is
present as extracellular protein on the cell surface, in the extracellular matrix (ECM) and inside
microvesicles shedded from cells, where it interacts with ECM proteins like fibronectin and
surface receptors like the integrins (van den Akker et al., 2012; Antonyak et al., 2011). Although
the exact mechanism of tTG secretion remains obscure, a non-ER-Golgi mediated route has
been proposed in which the fibronectin-binding site of tTG is crucial (Chen and Mehta, 1999;
Gaudry et al., 1999; Lorand and Graham, 2003). Alternatively, a tTG-export model was recently
described where tTG is imported first into perinuclear recycling endosomes and, in this manner,
is exported to the cell surface in complex with β1-integrins (Zemskov et al., 2011).
The expression of tTG depends on the cell type involved. For instance, endothelial and smooth
muscle cells constitutively express high amounts of tTG, whilst in other cell-types expression of
tTG is regulated by distinct signaling pathways typically at sites of injury or inflammation and
during terminal differentiation (Aeschlimann and Thomazy, 2000). The differential expression
of tTG in various cells and at different intracellular sites indicates that tTG can exert multiple
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functions (Ballestar et al., 1996; Fesus and Piacentini, 2002; Mastroberardino et al., 2006;
Mishra et al., 2006). These functions can be divided into calcium-independent and calciumdependent categories. The non-calcium dependent activity of tTG (i.e. not dependent on
enzymatic cross-linking activity) is considered the main function of tTG under physiological
conditions. In fact, under these conditions, cytosolic tTG transamidation activity is even

Fig. 4. Biochemical activities of tTG.
tTG catalyzes a Ca2+-dependent acyl-transfer reaction between the γ-carboxamide group of a specific proteinbound glutamine and either the ε-amino group of a distinct protein-bound lysine residue (covalent protein
crosslinking is the principal in vivo activity) or primary amines such as polyamines and histamine. Water can
replace amine donor substrates, leading to deamidation of the recognized glutamines. tTG can be exposed on
the external leaflet of the plasma membrane. The presence of tTG outside the cell has been proposed to depend
on its interaction with fibronectin and integrins. tTG binds and thereby activates phospholipase C following
stimulation of several kinds of cell surface receptors; its endogenous GTPase activity ensures proper regulation
of transmembrane signalling through these receptors . Functions of tTG are performed in the cytosol (C), the
nucleus (N), at the cell membrane (M) and in the extracellular space (E). Except for its isopeptidase activity, all
other functions have been shown to occur in intact cells and/or tissues. (Fesus and Piacentinni, Transglutaminase
2: an enigmatic enzyme with diverse functions., Trends Biochem. Sci. (2002), 27(10); 534-539)
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thought to be dormant, as cytoplasmic calcium levels (<100 nM) are considered too low for
enzymatic transamidation to be activated. Moreover, high cellular GTP levels (~100 µM) also
ensure catalytically inactive tTG (Kleineke et al., 1979; Siegel and Khosla, 2007; Smethurst and
Griffin, 1996; Woods et al., 1986; Zhang et al., 1998).
As mentioned before, tTG has GTPase activity besides its transamidation function. In fact, tTG
binds and hydrolyzes GTP at similar rates as traditional guanine nucleotide-binding proteins
(G-proteins), a propensity that sets tTG apart from most other TG isoenzymes and suggests that
tTG is involved in signal transduction (Mian et al., 1995) (Fig. 4). Thus, at the cellular membrane,
the G-protein activity of tTG allows signal transduction from the plasma membrane-bound
α1b and α1D adrenergic receptors towards the downstream protein phospholipase Cδ1 (Chen
et al., 1996; Murthy et al., 1999; Nakaoka et al., 1994). Moreover, in this function, tTG also
mediates signal transduction via other receptors including the TPα thromboxane A2 receptor
(Vezza et al., 1999), and the oxytocin receptor (Park et al., 1998). Interestingly, a cellular
fraction of tTG has been detected as a heterotrimeric complex with an approximately 50 kDa
protein (termed Gβ h). When bound to this factor, both the closed and enzymatically inactive
conformations of tTG are stabilized, resulting in both reduced transamidation and diminished
GTPase function (Feng et al., 1999). On the plasma membrane, tTG facilitates cell adhesion to
the ECM by functioning as an adapter protein between ECM protein fibronectin and β1/β3/β5
integrins (Akimov et al., 2000; Zemskov et al., 2006). Other, less well-characterized functions of
tTG include serine/threonine protein kinase activity, identified by its ability to phosphorylate
insulin-like growth factor-binding protein-3 (IGFBP-3) (Mishra and Murphy, 2004), histons
(Mishra et al., 2006) and the p53 protein (Mishra and Murphy, 2006). Moreover, independent
of the thiol-group of the active-site Cys 277, tTG can exert protein disulfide isomerase (PDI)
activity, as measured by the tTG-mediated oxidative refolding and activation of ribonuclease A
(Hasegawa et al., 2003).
In contrast to the non-calcium dependent activities of tTG described above, in situations
of tissue damage, metabolic or cellular stress, tTG transamidation activity can be induced.
This induction of activity is mediated by the loss of calcium homeostasis, which leads to
elevated cytoplasmic calcium levels and the decrease in levels of cellular (metabolites), such
as adenosine triphosphate (ATP) GTP and GDP (Nicholas et al., 2003). Evidence that such
pathophysiological conditions indeed induce tTG activation is drawn from experiments with
cells treated with calcium ionophores (i.e. permeating the plasma membrane for calcium) or
with MPP+, in which massive increases in tTG transamidation activity were observed (Beck et
al., 2006; Smethurst and Griffin, 1996; Zhang et al., 1998).
3.5 Tissue transglutaminase transamidation activity and disease
Historically, tTG activity has been linked to apoptosis, which is one of the main types
of programmed cell death where several tightly regulated biochemical events lead to
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characteristic morphological changes and ultimately cell death (Kerr et al., 1972). For example,
tTG expression and activity was shown to be enhanced in hypertrophic rat liver and in cultured
hepatic cells upon induction of apoptosis (Fesus et al., 1987; Piacentini et al., 1991b). Moreover,
tTG crosslinks and silences the transcription factor Sp1 in the nucleus of ethanol-treated
hepatocytes, resulting in apoptosis (Tatsukawa et al., 2009). Intriguingly, the facilitatory role of
tTG in apoptosis seems dependent on its enzymatic activity, as inhibition of tTG activity often
results in decreased apoptosis (Oliverio et al., 1999). Follow-up studies that investigated the
link between increased tTG activity and induction or exacerbation of apoptosis have led to a
more complicated picture, showing that depending on cell-type, stressor, or localization within
the cell, tTG either has a pro-apoptotic (Datta et al., 2007; Fésüs and Szondy, 2005; Piacentini
et al., 2002; Tucholski and Johnson, 2002), or anti-apoptotic role(Cao et al., 2008; Yamaguchi
and Wang, 2006).
In addition to a role in cell-death or survival, aberrant activation of tTG has been implicated in
the formation of pathogenic protein aggregates and/or mediation of a gain- or loss of function
in proteins. For example, tTG activity has a prominent role in the formation of Mallory Denk
Bodies (MDB), which consist primarily of highly polyubiquitinated and cross-linked keratins
and are a hallmark of several liver diseases, most notably alcoholic hepatitis and cirrhosis
(Zatloukal et al., 1992). tTG crosslinking activity is also implicated in the formation of eye
cataracts, caused by aberrant crosslinking of β-crystallin in the outer epithelial layers of the lens
(Shridas et al., 2001). These examples emphasize the cellular requirement to tightly control
tTG activation and lower the chance of certain pathogenic side effects of tTG activation. An
interesting question therefore is what happens when the safety check on tTG activity fails,
especially under enduring stress conditions that seem to be characteristic of PD pathogenesis.
3.6 Tissue transglutaminase and protein misfolding in Parkinson’s disease
Evidence is mounting that tTG is linked to the development and pathology of PD (Muma, 2007;
Wilhelmus et al., 2008). Increased tTG protein levels as well as enhanced enzymatic activity of
tTG in disease-affected regions in brains of PD patients have been observed (Andringa et al.,
2004; Citron et al., 2002). In particular, elevated immunoreactivity of tTG-mediated cross-links
is found in LBs, suggesting a link between tTG and the formation of these protein inclusions
(Andringa et al., 2004; Junn et al., 2003; Nemes et al., 2009). Moreover, an increase in tTG
protein levels in the cerebrospinal fluid (CSF) of PD patients has been detected, pointing
towards enhanced expression or secretion of tTG (Vermes et al., 2004). However, further
evaluation of this potentially important link between tTG-mediated protein misfolding and
PD pathogenesis is hampered by a lack of detailed information about tTG localization and
expression within PD-affected neurons.
In vitro studies have revealed that α-synuclein is a substrate for tTG and that tTG-mediated
cross-links were identified in the aggregation prone NAC domain of α-synuclein (Jensen et
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al., 1995). Subsequent studies that evaluated the in vitro interaction between tTG and
α-synuclein demonstrated a tTG-dependent aggregation of α-synuclein into large aggregates
(Konno 2005). Moreover, detailed, in vitro characterization of tTG-mediated transamidation of
α-synuclein suggested that both intermolecular and intramolecular cross-links were formed
in α-synuclein resulting in formation of transamidated monomers as well as small oligomers
(Junn et al., 2003; Konno et al., 2005; Segers-Nolten et al., 2008). This observation is in line with
the identification of tTG-mediated cross-links in the SN of PD patients (Andringa et al., 2004),
linking tTG-mediated modification of α-synuclein to the build-up of protein aggregates in PD.
However, despite the apparent link between tTG and α-synuclein misfolding and aggregation
in PD, the actual presence and localization of tTG in neurons affected in the disease process
has not been established.
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4. Aims and outline of the thesis
PD is the most common neurodegenerative movement disorder, yet there is no current
treatment that stops the progression of the disease. Within the disease-affected neurons, large
protein inclusions called LBs are found of which misfolded α-synuclein protein is the primary
constituent. Protein misfolding is considered a cardinal step in this process that ultimately leads
to the demise of these neurons. Therefore, mechanisms that underlie the pathogenic builtup of misfolded proteins are important targets to combat this debilitating neurodegenerative
disease. tTG is a multifunctional enzyme involved in several cellular processes that are
relevant in PD pathogenesis. For instance, expression of the protein is elevated in the SNpc
in PD and there is evidence that tTG catalytic activity is involved in α-synuclein misfolding
and aggregation, as tTG-mediated cross-links are found in both LBs as well as in α-synuclein
itself. Together, these data hint towards an important link between tTG activity and misfolding
and accumulation of α-synuclein in PD. Our aim was to gain more insight in this connection
between tTG activity and the mechanisms underlying α-synuclein aggregation and deposition,
by focusing on the localization and functional role of tTG at the neuronal level. Therefore we
set out to 1) investigate the effect of blockade of tTG activity on α-synuclein aggregation under
PD-relevant settings and 2) to characterize the (sub)cellular distribution pattern and expression
of tTG in both PD-affected catecholaminergic neurons and a neuronal model of PD.
In chapter 2, we selected a well-characterized neuronal model of PD to study the role of
tTG-mediated cross-linking on α-synuclein misfolding. The availability of recently developed
selective peptidergic irreversible active-site inhibitors of tTG provided us with an unique
opportunity to study tTG activity in relation to α-synuclein misfolding.
In chapter 3, we compared the cellular localization of tTG in catecholaminergic neurons of
healthy control patients versus PD patients using an elaborate immunohistochemical approach.
In this context, we assessed colocalization of tTG with known (sub)cellular compartments and
organelles.
The results described in chapter 3 surprisingly revealed a novel and PD-disease specific
colocalization of tTG with the ER, which had not been identified before. To further characterize
the interaction of tTG with the ER under PD-relevant conditions, we decided to use the neuronal
model of PD applied in chapter 2. The results of this study are described in chapter 4 and are
extended in chapter 5 in which a novel role of tTG in regulation of autophagy is proposed.
Finally, in chapter 6, a discussion of the results described in this thesis is provided and
suggestions for further research are put forward.
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ABSTRACT
Transamidation of α-synuclein by the Ca2+-dependent enzyme tissue transglutaminase (tTG, EC
2.3.2.13) is implicated in Parkinson’s disease (PD). tTG may therefore offer a novel therapeutic
target to intervene in PD. Here we first evaluated the potency and efficacy of three recently
developed irreversible active-site inhibitors of tTG (B003, Z006 and KCC009) to inhibit tTG
activity in vitro and in living cells. In vitro, all compounds were found to be full inhibitors of tTG
activity showing a rank order of potency (defined by IC-50 values) of Z006 > B003 > KCC009.
Upon Ca2+ ionophore (A23187) induced activation of cellular tTG (measured by incorporation
of the tTG-specific amine substrate 5-(biotinamido)pentylamine (BAP) into cellular proteins)
in neuroblastoma SH-SY5Y cells, only Z006 (0.3–30 μM) retained the capacity to completely
inhibit tTG activity. Under these conditions B003 (3–300 μM) only partially blocked tTG activity
whereas KCC009 (3–100 μM) failed to affect tTG activity at any of the concentrations used.
Z006 (30 μM) also blocked the tTG mediated incorporation of BAP into α-synuclein monomers
and SDS-resistant multimers in vitro and in α-synuclein overexpressing SHSY5Y cells exposed
to A23187 or the PD mimetic 1-methyl-4-phenylpyridine (MPP+). Moreover, Z006 (30 μM)
substantially reduced formation of SDS-resistant α-synuclein multimers in SH-SY5Y cells
exposed to A23187 or MPP+ in the absence of BAP. We conclude that α-synuclein is a cellular
substrate for tTG under conditions mimicking PD and blockade of tTG activity counteracts
α-synuclein transamidation and aggregation in vitro and in living cells. Moreover, our cell
model appears an excellent readout to identify candidate inhibitors of intracellular tTG.
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INTRODUCTION
Parkinson’s disease (PD) is a neurological movement disorder, characterized by
progressive degeneration of catecholaminergic neurons in various brain areas, in
particular the substantia nigra pars compacta (SNpc) and locus coeruleus (Braak et al.,
2003). Another hallmark of PD is the presence of large intraneuronal proteinaceous
inclusions called Lewy bodies (LBs) and Lewy neurites (LNs). These inclusions consist
primarily of highly aggregated forms of the α-synuclein protein (Spillantini et al., 1997).
Similar α-synuclein containing inclusions occur in a number of other neurodegenerative
disorders, including dementia with Lewy Bodies (DLB) and multiple system atrophy, which,
together with PD, are commonly referred to as synucleinopathies (Galvin et al., 2001).
α-Synuclein is a relatively small acidic protein consisting of 140 amino-acids with an apparent
size of about 14 kDa. While its physiological function remains largely elusive, α-synuclein is
associated with the presynaptic nerve terminal, where it is involved in priming and recycling
of synaptic vesicles (Chandra et al., 2005; Gitler et al., 2008; Larsen et al., 2006). α-Synuclein
belongs to the family of so-called intrinsically disordered proteins and has been reported
to exist in an unfolded conformation in vitro, which, upon negatively charged phospholipid
binding, adopts an α-helical conformation (Eliezer et al., 2001; Ulmer et al., 2005; Weinreb et
al., 1996). This unfolded conformation makes α-synuclein prone to misfolding, allowing it to
readily form multimers and protofibrils that eventually fibrilize into insoluble aggregates which
constitute the core of LBs and LNs (Conway et al., 2000).
The importance of α-synuclein for PD pathogenesis is emphasized by the fact that increased
α-synuclein expression induced by multiplication of the α-synuclein gene can cause rare familial
forms of PD, whereas missense point mutations that stimulate protein misfolding, such as
A30P, A53T and E46K, give rise to autosomal dominant early-onset forms of PD (Chartier-Harlin
et al., 2004; Ibanez et al., 2004; Kruger et al., 1998; Polymeropoulos et al., 1997; Zarranz et al.,
2004). In addition, several other factors have been implicated in α-synuclein aggregation, such
as the presence of polycations and divalent metal ions, and post-translational modifications,
including oxidation, phosphorylation, nitrosylation and transamidation (reviewed in (Uversky,
2007)).
Tissue transglutaminase (tTG, EC 2.3.2.13), also known as TG2, is the best characterized
member of the transglutaminase (TG) family of enzymes, which consists of eight catalytically
active members and one inactive member (Griffin et al., 2002; Lorand and Graham, 2003). Like
other TGs, tTG is a thiol-sensitive, calcium-dependent enzyme that catalyzes several reactions,
in particular the acyl-transfer between the γ-carboxamide group of a polypeptide bound
glutamine and the ɛ-amino group of a polypeptide bound lysine or low molecular weight
(poly)amines such as putrescine, spermine and spermidine (Griffin et al., 2002; Lorand and
Graham, 2003). This so-called transamidation reaction results in the formation of covalent,
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highly protease resistant ɛ-(γ-glutamyl)lysine isopeptide cross-links or (γ-glutamyl)polyamine
bonds, respectively. Besides the increased expression of tTG protein in the SNpc and elevated
levels of tTG protein in cerebrospinal fluid (CSF) of PD patients (Andringa et al., 2004; Vermes
et al., 2004), tTG induced cross-links in soluble α-synuclein monomers and (small)multimers
are also detected in the SNpc of PD patients and cross-links are found in LBs from patients
suffering from PD and DLB (Andringa et al., 2004; Junn et al., 2003; Nemes et al., 2009). These
findings strongly implicate tTG activity in α-synuclein aggregation and thus in the pathogenesis
of synucleinopathies.
Alike the situation in the PD brain, tTG activity induces crosslinks in α-synuclein, in vitro (Konno
et al., 2005; Schmid et al., 2009; Segers-Nolten et al., 2008). Interestingly, intra-molecularly
cross-linked α-synuclein has recently been shown to function as a seed that initiates and
promotes α-synuclein misfolding (Nemes et al., 2009). As a result of all these findings, tTG is
increasingly recognized as a potential therapeutic target to counteract protein misfolding in
PD (Wilhelmus et al., 2008). Surprisingly, however, although established in a test-tube setting,
tTG-catalyzed transamidation of α-synuclein in more relevant, i.e. cellular model systems, is
still subject of debate (Junn et al., 2003; Suh et al., 2004). Moreover, the lack of selective tTG
inhibitors has seriously hampered evaluation of tTG as a potential therapeutic target. With the
recent synthesis of a number of selective pepidergic irreversible active-site inhibitors of tTG,
this problem has largely been overcome (Choi et al., 2005; Hausch et al., 2003; McConoughey
et al., 2010; Schaertl et al., 2010).
The SH-SY5Y neuroblastoma is a well-characterized catecholaminergic cell line often used as
a neuronal model in PD research (Schule et al., 2009). Upon treatment with all-trans-retinoic
acid (RA), SH-SY5Y cells stop dividing and show signs of neuronal differentiation and express a
large amount of tTG protein (Pahlman et al., 1984; Zhang et al., 1998). These properties make
the cell line ideally suited to identify targets of tTG activation in a live cell setup. Therefore,
in the present study we used RA treated wild-type and α-synuclein overexpressing SH-SY5Y
cells to study the effect of a number of recently developed tTG inhibitors on tTG activity and
transamidation of α-synuclein. Our results demonstrate that α-synuclein is an intracellular
substrate for tTG and that a relatively simple cellular model can be used to identify promising
drugs to counteract this pathogenetically important interaction.
MATERIALS AND METHODS
Materials
Poly-Horseradish Peroxidase (HRP) was obtained from Sanquin (Amsterdam, The Netherlands).
Dithiothreitol (DTT) was purchased from Promega (Leiden, The Netherlands). 5-(Biotinamido)
pentylamine (BAP), streptavidin coupled to agarose and the Bicinchoninic acid (BCA) Protein
Assay Kit were purchased from Pierce (Rockford, IL, USA). Dimethylsulfoxide (DMSO) was
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purchased from Riedel-de Haën (Seelze, Germany). Standard 96-well and Maxisorp immuno
96-well flat-bottom plates were obtained from Nunc (Roskilde, Denmark). 12-well culture
plates were obtained from Corning (Corning, NY, USA) and black 96-well plates were purchased
from Greiner (Alphen aan den Rijn, The Netherlands). SH-SY5Y cells were obtained from the
American Type Culture Collection (ATCC, Manassas, CA, USA). Fetal Bovine Serum (FBS) was
obtained from Cambrex (Verviers, Belgium). All other cell culture media and supplements were
obtained from Invitrogen/Gibco (Paisly, UK). Bovine serum albumin (BSA), o-phenylenediamine
dihydrochloride (OPD), 1-methyl-4-phenyl-pyridinium (MPP+), ethylenediaminetetraacetic acid
(EDTA), ethylene glycol tetraacetic acid (EGTA), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and all
other reagents were obtained from Sigma (St. Louis, MO, USA). Mouse monoclonal antibody
211 directed against human α-synuclein was purchased from Santa Cruz (Santa Cruz, CA,
USA). Mouse monoclonal antibodies Ab-2 (clone TG100) and Ab-3 (clones CUB 7402 + TG100)
directed against guinea pig tTG, were obtained from Thermo Scientific (Fremont, CA, USA).
Goat derived polyclonal antibody directed against guinea pig tTG was purchased from Millipore
(Haarlerbergweg, Amsterdam, The Netherlands). Mouse monoclonal antibody AC-15 directed
against amino acids 1–15 of Xenopus laevis β-actin was purchased from Abcam (Cambridge,
MA, USA). B003 (Boc-DON-Gln-Ile-Val-OMe) and Z006 (Z-DON-Val-Pro-Leu-OMe) were
purchased from Zedira GmbH (Darmstadt, Germany). Cbz-Gln-tyrosyl-halo-dihydroisoxazole
KCC009 was a kind gift of Alvine Pharmaceuticals, Inc. (San Carlos, CA, USA).
Cell culture
SH-SY5Y cells were cultured at 37 °C, under 5% CO2 in air in a 1:1 mixture of Eagle’s minimum
essential medium and Ham’s F12 nutrient mixture, containing 10% FBS, 2.5 mM l-glutamine,
1/100 non-essential amino acids and 1 mM sodium pyruvate. Cells were plated in 12-well
plates (25,000 cells/cm2). After 24 h, the medium was removed and replaced by cell culture
medium containing 3% FBS and 20 μM RA (Sigma). Six days after RA administration, cells were
used for cellular tTG activity measurements.
In vitro tTG activity assay
In vitro tTG activity was measured essentially as described by Jeitner et al. (2001), with few
modifications. In short, reaction buffer (100 mM HEPES–HCl, 20 mM DTT, 40 mM CaCl2, pH
8.0) was incubated in a black 96-well plate at 37 °C for 30 min. Freshly prepared monodansylcadaverine (CAD-DNS, Sigma), in HEPES–HCl, pH 8.0 and 1-N-(carbobenzoxy-l-glutaminylglycyl)-5-N-(5′N′N′-dimethylaminonaphthalenesulfonyl)diamidopentane (CGG-DNS, Zedira) was
added to each well to a final concentration of 10 μM and 200 μM, respectively. The mixture
was incubated 15 min prior to the addition of inhibitors. Finally, 3 μg/ml human recombinant
tTG (Zedira) in a 100 mM HEPES buffer (containing 10 mM DTT, 0.5 mM EDTA and 10 μg/ml
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BSA, pH 8.0) was added. The relative fluorescence enhancement was measured kinetically in
a fluorimeter (BMG, Germany) for 4 h at 260 nm (excitation) and 530 nm (emission) at 37 °C.
Results were corrected for background fluorescence, which was measured in samples where
tTG was omitted from the reaction.
Cellular tTG activity assay
For cellular tTG activity measurements, incorporation of BAP into proteins was determined
in SH-SY5Y cells, as described previously by Zhang et al. (Zhang et al., 1998) with slight
modifications. All cell incubation steps were performed at 37 °C and under 5% CO2 in air. SHSY5Y cells were washed once with phosphate buffered saline (PBS) and incubated thereafter
for 4 h with culture media containing 1 mM BAP. Subsequently, without changing medium, the
cells were preincubated for 15 min with various tTG inhibitors (dissolved in dimethyl sulfoxide
(DMSO) as 0.1 M stock solutions), or solvent at appropriate concentrations, prior to addition of
10 μM of the Ca2+ ionophore A23187 (Sigma) for 40 min, or, depending on the experiment, 1–5
mM MPP+ for 24 h. The cells were then carefully washed twice with cold PBS and sonicated
(Branson sonifier, Danbury, CT, USA) in 400 μl ice-cold homogenizing buffer (50 mM Tris, 150
mM NaCl, pH 7.4, containing 1 mM EDTA, 0.1 mM phenylmethylsulphonyl fluoride (PMSF) and
1 μg/ml of aprotinin/pepstatin). The protein concentrations of the lysates were determined
with the BCA assay and either immediately used for detection of tTG activity, or stored at
−20 °C. The use of frozen samples did not affect any of the results in the following detection
method (data not shown).
For detection of tTG activity, 96-well Maxisorp plates were incubated with 50 μl of coating
buffer (50 mM Tris, 150 mM NaCl, 5 mM EGTA, 5 mM EDTA, pH 7.4), followed by 1 μg of cell
lysate and incubated overnight at 4 °C.
After this step, 200 μl of incubation buffer (50 mM Tris–Cl, 80 mM NaCl, 2.5% BSA, 0.01% sodium
dodecyl sulfate (SDS) and 0.01% Tween-20, pH 7.4) was added. Incubation was continued for
2 h at 37 °C. After this period, wells were washed three times with 200 μl washing buffer (50
mM Tris–Cl, 80 mM NaCl, 0.5% BSA, 0.01% Tween-20, pH 7.4), followed by incubation with
100 μl of 0.1 μg/ml streptavidin conjugated Poly-HRP (Sanquin), diluted in wash buffer over 1
h at room temperature (RT). Subsequently, wells were washed three times with washing buffer
and incubated in OPD-solution (0.6 mg/ml OPD, 35 mM citric acid, 50 mM Na2HPO4, pH 5.0)
containing 0.01% hydrogen peroxide for 30 min at RT. The reaction was stopped by adding 1
M H2SO4. Absorbance was measured on a microplate reader (SPECTRAmax 250, Molecular
Devices, Sunnyvale, CA, USA) at a wavelength of 490 nm and was corrected for background,
which was defined as the absorbance in cellular extracts obtained from experiments where
BAP had been omitted from the culture medium.
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In vitro transamidation of α-synuclein by tTG
In vitro tTG catalyzed transamidation reactions were performed with 1 μM recombinant human
tTG (Zedira) and 50 μM recombinant human α-synuclein (rPeptide, Bogart, GA, USA) in buffer
containing 1 mM BAP, 10 mM Tris–Cl, 50 mM NaCl, 1 mM CaCl2 and 10 mM DTT, pH 7.4 for 30
min at 37 °C. The transamidation reaction was started by the addition of tTG. If drugs were
used (EDTA or Z006), they were added 5 min prior to addition of tTG. The reaction was stopped
by the addition of TBST (10 mM Tris–Cl, 150 mM NaCl, 0.1% Tween-20, pH 7.4), containing 1
mM EDTA. BAP labelled protein species were precipitated with 25 μl streptavidin coupled to
agarose slurry (Pierce) for 1 h at RT. After 5 subsequent washing steps with TBST, the samples
were heated for 10 min at 95 °C in Laemmli sample buffer (SB) (Laemmli, 1970) containing 10
mM DTT.
Cellular transamidation of α-synuclein by tTG
SH-SY5Y cells stably overexpressing α-synuclein (SH-SY5Y/Syn) were generated as described
(Gerard et al., 2010) and cultured using the same procedure and cell density as used for wild
type (WT) SH-SY5Y cells in 6-well plates for a total of 6 days. Thereafter, cells were, either
incubated with solvent, or treated for 24 h with 250 nM A23187 or 5 mM MPP+, with or
without the simultaneous addition of 30 μM Z006. After two washing steps with PBS, cells
were lysed in RIPA buffer (50 mM Tris–Cl, 150 mM NaCl, 1% NP-40, 0.1% SDS, 1 mM EDTA, pH
7.4) containing 0.1 mM PMSF and 1 μg/ml of aprotinin/pepstatin and subjected to sonication
to disrupt DNA strands. Protein concentrations were then determined with BCA and lysates
were boiled in SB for subsequent immunoblot analysis.
For biotin labeling experiments, 1 mM BAP was added simultaneously with 250 nM A23187 or
5 mM MPP+ in the presence or absence of 30 μM Z006 for 24 h. After lysis, 400 μg protein per
condition was used for subsequent streptavidin precipitation as described for the in vitro BAP
labeling experiments.
SDS-PAGE and immunoblot analysis
Protein fractions obtained from cell lysates or streptavidin precipitations were subjected to
12% SDS-poly acrylamide gel electroforesis (PAGE) and transferred to polyvinylidene fluoride
(PVDF) membranes via immunoblotting. After blocking the membranes for 30 min in TBST
containing 5% non-fat skimmed milk (ELK) (Campina, Woerden, Utrecht, The Netherlands),
membranes were probed with primary antibodies 211, Ab-3 and AC-15, where appropriate, in
TBST containing 2.5% non-fat skimmed milk. Secondary goat anti-mouse HRP-coupled antibody
(DAKO, Heverlee, Belgium) was used as secondary antibody. After washing the membranes
three times in TBS (10 mM Tris–Cl, 150 mM NaCl, pH 7.4), proteins were visualized with the
Supersignal West Dura extended duration substrate (Pierce) and imaged using the Chemidoc
XRS imaging system (Bio-Rad, Veenendaal, The Netherlands).
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tTG sandwich enzyme-linked immunosorbent assay (ELISA)
In order to measure cellular tTG concentrations in SH-SY5Y/Syn cells that were, either incubated
with solvent, or treated for 24 h with 250 nM A23187 or 5 mM MPP+, in the presence or
absence of 30 μM Z006, cells were lysed in RIPA and subjected to ELISA essentially as described
by us (Breve et al., 2008). In short, 96-well maxisorp plates (NUNC) were incubated with goat
derived polyclonal antibodies directed against guinea pig tTG (Millipore) at a dilution of 1/1000
for 16 h at 4 °C in coating buffer (50 mM Na2CO3, pH 9.2). Plates were rinsed once with
wash buffer (0.5 M NaCl, 10 mM Na2HPO4, 0.1% (v/v) Tween-20, pH 7.2) and subsequently
blocked for 1 h at RT with 200 μl/well wash buffer containing 0.5% BSA. After rinsing the
plates three times with wash buffer, 100 μl/well of 10 μg/ml cell lysate, diluted in wash buffer,
was incubated overnight at 4 °C. After washing, 100 μl/well wash buffer containing 1 μg/ml
monoclonal antibody Ab-2 (Thermo Scientific) was added for 1 h at RT. Subsequently, wells
were incubated with wash buffer containing 100 μl of 1 μg/ml biotinylated goat anti-mouse
IgG (H + L) (Jackson, Newmarket, Suffolk, England), followed by incubation with 100 μl wash
buffer containing 0.1 μg/ml streptavidin poly-HRP (Sanquin), each for 1 h at room temperature.
After final washing steps, 100 μl/well OPD-solution containing 0.01% hydrogen peroxide was
added and incubated at RT for 15 min. The reaction was stopped by the addition of 100 μl/
well 1 M H2SO4 and absorbance values were determined at 490 nm using a SPECTRAmax 250
microplate reader.
Cell viability assay
Under normal growth conditions, SH-SY5Y cells were cultured in 96-well cell culture plates
(Nunc). A final concentration of 0.5 mg/ml MTT was added to each well and was allowed
to incubate for 45 min at 37 °C under 5% CO2 in air. Thereafter, the medium was removed
and replaced by 200 μl of DMSO to which 0.5% (v/v) FBS had been added. After formazan
solubilization by vibration on a plate shaker, the absorbance of each well was measured at
540 nm using the SPECTRAmax 250 microplate reader, as described previously (Drukarch et
al., 1996). Absorbance data were calculated by subtracting the mean of background readings
obtained from identical incubations in the absence of cells.
Statistics
To calculate IC-50 values, concentration response curves were fitted by nonlinear regression
using a four-parameter hill slope equation with the software package Graphpad Prism 5 (La
Jolla, CA, USA). Statistical analysis was performed with the software package Graphpad Prism
5, using one-way analysis of variance (ANOVA) with Bonferroni′s correction of P values for
multiple comparison. For MTT analysis, Student’s t-test was used. A P-value less than 0.05 was
considered statistically significant.
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Fig. 1. Molecular structure of tTG inhibitors used in this study and setup of tTG activity measurements. (A) The
reactive moieties that irreversibly bind to tTG are in gray. B003 and Z006 rely on a 6-diazo-5-oxonorleucine group,
whereas KCC009 contains a 3-halo-4,5-dihydro-isoxazole reactive group. (B) Schematic overview of cellular
determination of tTG activity, as described in Section 2. RA (20 μM) differentiated SH-SY5Y cells, which express
high cellular tTG levels (Zhang et al., 1998), are incubated with BAP. Upon cellular stimulation with calcium
ionophore A23187, the cellular Ca2+ concentration is increased and tTG is activated resulting in the incorporation
of BAP into proteins.

In vitro and cellular inhibition of tTG activity
In the current study, we used recently developed peptide based irreversible active-site
inhibitors of tTG i.e. B003, Z006 and KCC009 (Choi et al., 2005; Schaertl et al., 2010). Whereas
both B003 and Z006 employ a 6-diazo-5-oxo-norleucine (DON) reactive group, KCC009 has
a dihydro-isoxazole group for active-site inhibition of tTG (Fig. 1A). The results from our in
vitro test, which is based on the tTG mediated formation of the highly fluorescent reaction
product CGG-DNS–CAD-DNS from CGG-DNS and CAD-DNS, show that all three drugs inhibited
tTG activity with equal efficacy, but with different potency. Thus, under the experimental
conditions used, Z006 displayed an IC-50 of ±0.04 μM, reaching maximal inhibition at ±0.3
μM ( Fig. 2A). Compared to Z006, B003 was found to be less potent (IC-50 ± 0.3 μM), with a
maximally effective concentration of ±3 μM ( Fig. 2A). KCC009, however, was the least potent
with an IC-50 of ±1 μM and a maximally effective concentration of ±10 μM ( Fig. 2A)
In contrast to the in vitro data, the results from our cellular model clearly distinguished
between the different drugs on both potency and efficacy of tTG inhibition. In fact, to our
knowledge, our data are among the first to establish a clear concentration–effect relationship
of pharmacologic tTG inhibition in cells, although using a different experimental setup, effects
of inhibitors on tTG activity in SH-SY5Y cells have been reported previously (Beck et al., 2006;
Lesort et al., 2003; Singh et al., 2003). This model, originally characterized by Zhang et al.

(Zhang et al., 1998), is based on detection of tTG-mediated covalent incorporation of the
amine donor BAP into cellular proteins following activation of transamidation activity by a rise
in intracellular Ca2+ concentration as a result of exposure of the cells to Ca2+ ionophores like
A23187.
Under these experimental conditions, Z006 induced a concentration-dependent inhibition of
cellular tTG activity with an IC-50 of ±0.7 μM and near complete blockage of BAP incorporation
at a concentration of 10 μM (Fig. 2B). Although similar to the in vitro measurements, B003 was
found to be approximately 10-fold less potent than Z006 in inhibiting tTG activity in SH-SY5Y
cells (IC-50 ± 7 μM), it demonstrated considerable less efficacy in the cell model, reaching 75%
enzyme inhibition at a maximally effective concentration of 300 μM ( Fig. 2B). In contrast to
the DON based inhibitors Z006 and B003 and the in vitro measurements, the dihydroisoxazole
based compound KCC009 failed to significantly affect cellular tTG activity in concentrations
up to 100 μM ( Fig. 2B). At higher concentrations of KCC009, the amount of DMSO (>1%)
required to completely dissolve the compound interfered with the cellular tTG assay.
In the absence of A23187, only small amounts of BAP bound to proteins. This non-specific (i.e.
non tTG-mediated) BAP incorporation was not influenced by the tTG inhibitors, who also did
not affect cellular viability at any of the concentrations tested (data not shown). Moreover,
BAP incorporation due to exposure to A23187 was completely blocked by co-incubation with
the Ca2+ chelating agent EDTA at a concentration of 1 mM (data not shown).
Fig. 2. In vitro and cellular tTG activity measurements in
the presence of irreversible active-site inhibitors. (A) In
vitro concentration–response curves of tTG inhibitors
B003 (◊), KCC009 (□) and Z006 (○) were determined
by measuring tTG activity in the presence of increasing
concentrations of inhibitors. tTG activity in the presence of
DTT (10 mM) and Ca2+ (10 mM) was defined as maximum
activity and set to 100%. Data were then plotted on a
log-scale with Graphpad Prism 5 statistical software
package and expressed as percentage of maximum
activity. (B) The cellular concentration–response curves
of the compounds described above were determined by
measuring tTG activity in RA differentiated SH-SY5Y cells
in the presence of increasing inhibitor concentrations.
Cellular tTG activity in cells treated with A23187 (10
μM, 40 min) was defined as maximum activity and set
to 100%. tTG activity in the presence of inhibitors was
plotted on a log-scale with Graphpad Prism 5. Data
is expressed as percentage of maximum tTG activity.
Background correction was performed as described in
Section 2. All experiments were performed three times
in triplicate and data are depicted as mean + SEM.

Chapter 2

37

α-Synuclein is a substrate of tTG in vitro
The above mentioned data indicated that (1) cellular BAP incorporation properly reflected
tTG activity in A23187-treated cells, (2) the assay method differentiates between alleged tTG
inhibitors in their potency and efficacy to block intracellular tTG activity, and (3) protein-bound
BAP is an indicator of newly formed cross-links. We therefore wondered whether we could use
this polyamine to develop a cellular assay that measures the effect of inhibition of tTG activity
on α-synuclein transamidation. For this purpose, we first investigated BAP incorporation into
human recombinant α-synuclein in the presence of Ca2+ activated recombinant human tTG
in vitro. Immunoblot analysis, following streptavidin precipitation of BAP bound α-synuclein,

Fig. 3. tTG transamidates α-synuclein monomers and multimers in vitro.
Human recombinant tTG (1 μM) was incubated in the presence of human
recombinant α-synuclein (αS) (50 μM) and BAP (1 mM). Biotinylated
proteins were precipitated and analyzed on immunoblot (IB, monoclonal
antibody 211). Enzymatic activity of tTG was blocked when Z006 (30 μM)
or EDTA (1 mM) was co-incubated during the transamidation reaction. As
control for unspecific conjugate binding, empty streptavidin coupled to
agarose (beads) was used. Experiment was repeated 3 times with similar
results. Typical experiment is shown.

revealed both α-synuclein monomers as well as SDS-stable multimers (Fig. 3), in line with
previous in vitro studies that only used tTG and α-synuclein (Junn et al., 2003; Konno et al.,
2005; Lashuel et al., 2002; Nemes et al., 2009; Segers-Nolten et al., 2008). Moreover, BAP
incorporation into α-synuclein was completely blocked via co-incubation with the tTG inhibitor
Z006 (30 μM), or by Ca2+ chelation with EDTA (1 mM) ( Fig. 3), whereas no BAP incorporation
occurred in the absence of tTG (data not shown).
α-Synuclein is a cellular substrate of tTG
In an additional set of experiments, we used lentiviral transduced SH-SY5Y cells that stably
express human WT α-synuclein (characterized previously by Gerard et al. (Gerard et al., 2010))
and treated these cells with A23187 in the presence of BAP, following differentiation with RA.
Upon a short treatment (40 min) of these cells with A23187 (10 μM), i.e. the paradigm that
was used for determination of the cellular concentration–response curves of tTG inhibitors,
no biotinylated α-synuclein could be detected. Therefore, a longer incubation time with BAP
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(24 h), in combination with reduced A23187 (250 nM) concentrations, was used. Under these
circumstances, BAP incorporation could be readily detected in α-synuclein monomers and a
variety of SDS-stable α-synuclein immunoreactive multimers (Fig. 4). Moreover, in the presence
of Z006 (30 μM), a large reduction in biotinylated α-synuclein was observed (Fig. 4).

Fig. 4. Cellular Ca2+ influx induces tTG mediated α-synuclein transamidation.
RA differentiated SH-SY5Y/Syn cells were incubated with 250 nM A23187 for
24 h with (Z6) or without (−) the presence of Z006 (30 μM) as detailed in
Section 2. All incubations were performed in the presence of BAP (1 mM).
Biotinylated proteins were precipitated and subjected to immunoblot (IB)
analysis. α-Synuclein (αS) was visualized using monoclonal antibody 211.
As control for unspecific conjugate binding, empty streptavidin coupled
to agarose (beads) was used. For details see Section 2. Experiment was
repeated 3 times with similar results. Typical experiment is shown. Although
all samples originate from the same IB, a shorter illumination time was
required for human recombinant α-synuclein.

tTG-dependent α-synuclein transamidation is induced by the PD mimetic MPP+
Given the fact that ionophore-induced calcium mobilization in differentiated SH-SY5Y/Syn
cells readily resulted in tTG-dependent α-synuclein transamidation and multimerization, we
questioned whether this phenomenon also occurs under conditions more relevant to PD.
Therefore, we treated the cells with the mitochondrial complex I inhibitor MPP+, an active
metabolite of 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine (MPTP) that is commonly used as
a toxin to induce PD-like phenomena in several well-established cellular and in vivo PD models
(Burns et al., 1983; Heikkila et al., 1984). In line with previous work by Beck et al. (Beck et
al., 2006), we found that incubation with MPP+ (1–5 mM) for 24 h induced a concentrationdependent activation of tTG activity in RA-differentiated WT SH-SY5Y cells (Fig. 5A). More
importantly, following treatment of RA-differentiated SH-SY5Y/syn cells with MPP+ (5 mM)
and BAP (1 mM) for 24 h and subsequent precipitation of biotinylated proteins, α-synuclein
monomers and SDS-stable α-synuclein immunoreactive multimers could be discerned on
immunoblot (Fig. 5B), in a pattern similar to that observed upon treatment with A23187 ( Fig.
4). Moreover, in the presence of MPP+, co-incubation with 30 μM Z006 reduced the levels of
biotinylated α-synuclein below the detection limit of the assay (Fig. 5B).
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Fig. 5. Cellular tTG-mediated α-synuclein transamidation is induced by MPP+ treatment. (A) RA differentiated
SH-SY5Y cells were treated with increasing concentrations of MPP+ (1–5 mM) for 24 h in the presence of BAP
(1 mM). BAP incorporation into proteins was quantified as described in Section 2. tTG activity in untreated cells
was defined as basal activity and set to 100%. Data were subjected to one-way ANOVA and Bonferroni’s Multiple
Comparison Test when means were significant. The experiment was performed three times in triplicates and data
are depicted as mean + SEM. (B) RA differentiated SH-SY5Y cells overexpressing α-synuclein (αS) were exposed
to MPP+ (5 mM) for 24 h with (Z6) or without (−) Z006 (30 μM) in the presence of BAP (1 mM). Biotinylated
proteins were precipitated and analyzed on immunoblot (IB) with α-synuclein specific monoclonal antibody 211.
As control for unspecific conjugate binding, empty streptavidin coupled to agarose (beads) was used. Experiment
was repeated 3 times with similar results. Typical experiment is shown.

α-Synuclein multimerisation is not dependent on BAP
In the above set of data, in order to determine whether activation of tTG by either A23187 or
MPP+ resulted in newly formed transamidated α-synuclein species, we used BAP incorporation
as a specific marker for tTG catalyzed crosslinks. A limitation of this approach may be that the
presence of polyamines itself is reported to induce α-synuclein multimerisation (Antony et
al., 2003). To rule out the possibility that α-synuclein multimerisation and the effect thereon
of tTG inhibition is dependent on the presence of the polyamine BAP, we treated SH-SY5Y/
Syn cells with A23187 (250 nM) or MPP+ (5 mM) for 24 h in the presence or absence of Z006
(30 μM). Importantly, BAP was omitted from these experiments. As depicted in Fig. 6A (upper
panel), although absent in untreated cells, treatment with A23187 or MPP+ resulted in the
formation of α-synuclein positive, SDS-resistant multimers and larger aggregates that did not
migrate further than the stack of the SDS-PAGE gel. Co-incubation with Z006 (30 μM), however,
strongly reduced α-synuclein multimer and aggregate formation. In fact, in cells treated with
Ca2+ ionophore or MPP+, only mild α-synuclein multimerization and aggregate formation was
noted in the presence of the tTG inhibitor (Fig. 6A, upper panel).
Finally, to rule out that the inhibitory effect of Z006 on α-synuclein transamidation induced

by A23187 or MPP+ following prolonged incubation was due to an effect of Z006 on tTG
protein expression or processing rather than activity, we quantified total tTG levels in the
aforementioned SH-SY5Y/Syn cells with two different approaches. First, tTG levels were
estimated on immunoblot, using β-actin as a loading control (Fig. 6A, lower panel). Second, tTG
concentrations were determined with a previously in-house established tTG specific sandwichELISA (Breve et al., 2008) (Fig. 6B). Even though a small decrease in tTG protein levels in A23187
and MPP+ treated cells was noted, co-incubation with Z006 (30 μM) did not significantly alter

Fig. 6. α-Synuclein multimerization is independent of BAP or changes in tTG concentration. (A) RA differentiated
SH-SY5Y cells overexpressing α-synuclein (αS) were exposed to A23187 (250 nM) or MPP+ (5 mM) for 24 h with
(Z6) or without (−) Z006 (30 μM). Cell lysates were analyzed with immunoblotting (IB) and probed with antibodies
211, Ab-3 and AC-15. Experiment was repeated 3 times with similar results. Typical experiment is shown. (B)
Determination of the tTG concentration by ELISA was performed as described in Section 2. The tTG concentration
in untreated RA differentiated SH-SY5Y cells overexpressing α-synuclein was 497 ± 59 ng per mg total protein.
Co-incubation of Z006 (30 μM) with MPP+ (5 mM) or A23187 (250 nM) treated cells had no significant (N.S.) effect
on cellular tTG protein levels (one-way ANOVA and Bonferroni’s Multiple Comparison Test, P > 0.05). (C) Cellular
viability of SH-SY5Y cells overexpressing α-synuclein treated with Z006 or vehicle-matched control (DMSO) as
measured with MTT. Formazan absorbance of vehicle-matched cells was set to 100%. Z006 treatment had no
significant effect on cellular viability (Student’s t-test, P > 0.05). Experiments represented in panels B and C were
performed four times in triplicates and data are depicted as mean + SEM.
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tTG protein levels (Fig. 6A, lower panel and Fig. 6B). It is important to note that incubation with
Z006 (30 μM) did not affect cellular viability of SH-SY5Y/Syn cells, as measured with MTT (Fig.
6C).
DISCUSSION
Post-translational modification by tTG is increasingly recognized as an important stimulatory
factor in the aggregation of α-synuclein and formation of LBs, as observed in PD and related
synucleinopathies (Andringa et al., 2004; Junn et al., 2003; Nemes et al., 2009). Therefore, tTG
may represent an attractive target to counteract α-synuclein misfolding in neurodegenerative
diseases. In the present study, we used a cell model to study the effect of pharmacological
inhibition of enzyme activity on the interaction between tTG and α-synuclein. We show here
for the first time that in neuronally differentiated, α-synuclein overexpressing cells, active tTG
is able to transamidate cellular α-synuclein, resulting in formation of modified monomeric and
multimeric α-synuclein species which appear similar to those detected by us and others in vitro
(Junn et al., 2003; Konno et al., 2005; Schmid et al., 2009; Segers-Nolten et al., 2008) and in
PD brain (Andringa et al., 2004). These results underscore the validity of our model. Moreover,
our data demonstrate that this interaction between tTG and α-synuclein was abolished not
only in vitro but also in our cell system in the presence of a recently developed cell-membrane
permeable irreversible tTG active-site inhibitor. We also show that this effect of tTG inhibition
is not due to drug-induced reduction of tTG protein levels or altered processing of the
enzyme. As such, they support and add to previous data reported by Junn et al. who showed
blockade of α-synuclein aggregation in tTG and synuclein overexpressing cells exposed to high
concentrations of the classic but non-specific, competitive tTG inhibitor cystamine (Junn et
al., 2003). Therefore, although the methods used do not allow us to conclude that blockade
of tTG activity will prevent all α-synuclein aggregation under the conditions prevailing in the
diseased brain, our results do suggest that the contribution of tTG to this process is amenable
to effective pharmacological intervention.
Under physiological circumstances, at least in cultured cells, cytoplasmic Ca2+ levels are too
low to induce the transamidation activity of cellular tTG and the enzyme remains catalytically
silent (Zhang et al., 1998). This is in line with our results demonstrating no detectable enzymatic
interaction between tTG and α-synuclein under control, i.e. non-stimulated, condition.
However, under pathological conditions such as prevail in PD, cytoplasmic Ca2+ concentration
rises to levels which enable tTG to interact with its substrates (Zhang et al., 1998). To specifically
identify tTG modified forms of α-synuclein under experimental conditions mimicking PD, we
activated intracellular tTG either through stimulation of Ca2+ influx with the ionophore A23187
(Fesus et al., 1981) or inhibition of mitochondrial respiration with the PD mimetic MPP+ (Beck
et al., 2006). Simultaneously, we incubated the cells with the well-characterized labelled
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synthetic tTG substrate polyamine BAP (Zhang et al., 1998), followed by enrichment of BAPpositive α-synuclein protein. Taking into consideration the highly stable (i.e. covalent), protease
and detergent resistant nature of tTG-mediated transamidation products (Schmid et al., 2009;
Segers-Nolten et al., 2008), this method in principle allows for sensitive determination of all
tTG modified α-synuclein species into which BAP is incorporated within the time frame of
the experiment. However, also using BAP incorporation in α-synuclein overexpressing and RAdifferentiated SH-SY5Y cells, Suh and coworkers failed to detect any interaction between tTG
and α-synuclein following a 20 min treatment with the potent, but highly toxic Ca2+ ionophore
maitotoxin (Suh et al., 2004). In our opinion, the most likely explanation for this apparent
difference in results is the relatively short incubation time with Ca2+ ionophore used by Suh et
al. Also in our hands, extended periods of exposure to A23187 or MPP+ were required in order
to reach detectable amounts of biotinylated α-synuclein.
Naturally occurring polyamines, like spermine and spermidine, have been shown to stimulate
α-synuclein aggregation, albeit thus far only in vitro (Antony et al., 2003). In our in vitro
setting, in the absence of tTG, neither spontaneous incorporation of BAP into α-synuclein,
nor α-synuclein multimerization was detected (data not shown). Moreover, in our cell model
omission of BAP did not prevent α-synuclein aggregation induced by exposure to A23187
or MPP+, nor altered the ability of the tTG inhibitor Z006 to substantially inhibit this effect,
thereby ruling out that effects observed in the presence of BAP were independent of tTG.
Off course, in contrast to the experiments in which BAP was used, in this set of experiments
where BAP was omitted, we cannot exclude the possibility that Z006 exerted its effect on
α-synuclein aggregation indirectly, rather than directly, e.g. via blockade of the interaction
between tTG and another protein which influences α-synuclein folding. Nevertheless, these
data do support the notion that activation of tTG stimulates α-synuclein multimerization. On
one hand, tTG can transamidate α-synuclein directly resulting in large multimers, consisting
only of α-synuclein, or α-synuclein complexed with other proteins. Another explanation is that
transamidated α-synuclein monomers acts as seeds that recruit other α-synuclein molecules
thereby inducing multimerisation of α-synuclein, as proposed by Nemes et al. (Nemes et al.,
2009).
The irreversible tTG active-site inhibitors used in this study were found to have excellent in
vitro enzyme activity blockade characteristics with apparent potencies in the rank order Z006 >
B003 > KCC009, which compare well with data provided previously by others applying different
assays (Madi et al., 2005; McConoughey et al., 2010; Schaertl et al., 2010). As expected,
although maintaining similar rank order, quantitative measurement of tTG activity in living
RA-differentiated wild-type SH-SY5Y cells showed that both Z006 and B003 had a reduced
potency, i.e. approximately 20-fold lower IC-50 values compared to the in vitro measurements.
In our view, this may be considered as a relatively small decline in light of the large differences
in experimental setup. In contrast to B003, however, Z006 retained the ability to (almost)
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completely inhibit tTG activity inside cells in low micromolar concentrations. Data published
recently by the groups of Schaertl and McConoughey confirm our observation, that in a cellular
environment Z006 shows better pharmacological characteristics as a tTG inhibitor than B003
in terms of apparent potency (McConoughey et al., 2010; Schaertl et al., 2010). Interestingly,
Schaertl et al. reported a much higher cellular IC-50 value for both Z006 and B003 as compared
to our results. Although this may be attributed simply to the fact that the group of Schaertl
used a somewhat different assay procedure, in which incorporation of radiolabelled polyamine
putrescine into the cellular protein fraction is measured in tTG overexpressing HEK cells, it
could also point to cell-type dependent characteristics of tTG inhibition. To our knowledge,
this issue has not been considered before but, in light of its potential impact on the ongoing
development of tTG inhibitors for treatment of diseases affecting a large variety of cell types
(Choi et al., 2005; Griffin et al., 2008; Hausch et al., 2003; McConoughey et al., 2010; Schaertl
et al., 2010; Siegel and Khosla, 2007; Watts et al., 2006), deserves further consideration in
future experiments.
In contrast to Z006 and B003, KCC009 failed to affect cellular tTG activity in concentrations up
to 100 μM. For reasons discussed in Section 3, we were unable to test higher concentrations
of the compound. In other studies using cultured cells KCC009 has been claimed to block tTG
activity in concentrations of 100 μM and above, although actual measurements of effect on
ongoing tTG activity in living cells were not made (Siegel et al., 2008; Yuan et al., 2005). If
correct, these data suggest that the lack of effect of KCC009 on cellular tTG activity in the
present study is explained by the concentration range in which the compound was tested.
However, considering our data, this would also imply that, in comparison to Z006 and B003
who show an approximately 20-fold decline between cellular and in vitro measurements
(see above), a far higher reduction in apparent potency would occur for KCC009 under the
experimental conditions used. KCC009 is highly lipophilic and is expected to readily pass the
cell membrane. Indeed, exposure of cultured cells to KCC009 followed by cell extraction and in
vitro measurement of tTG activity showed inhibition of tTG activity by residual KCC009 retained
in the cell extract (Siegel et al., 2008). Therefore, the apparent failure to inhibit cellular tTG
activity in concentrations up to 100 μM in our experimental setup is unlikely to be due (only)
to insufficient uptake. More likely, it is caused by a combination of compound characteristics,
perhaps the relative instability of the reactive dihydroisoxazole moiety in KCC009 as compared
to the DON group in both Z006 and B003, and prevailing conditions in the cell interior, like
high concentrations of tTG protein and/or enzyme substrates. This conclusion is in line with
observations made in an in vivo mouse model for chronic liver disease in which KCC009 clearly
reduced overall liver injury, an effect which may be caused by interaction of the compound
with tTG present at the cell surface or in the extracellular matrix (Akimov and Belkin, 2001;
Akimov et al., 2000), but had no effect on tTG regulated formation of Mallory Bodies inside
hepatocytes (Strnad et al., 2006). Within this context, it is also curious to note that Schaertl
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and coworkers reported a virtual lack of effect on intracellular enzyme activity for the large
majority of tTG inhibitors tested by them (Schaertl et al., 2010). Thus, further investigation of
the factor(s) determining intracellular efficacy of tTG inhibitors is clearly warranted.
Finally, tTG is increasingly recognized as a promising target to counteract protein aggregation
occurring inside cells in a number of degenerative diseases. Besides α-synuclein in PD and
other synucleinopathies this includes huntingtin in Huntington’s disease (Karpuj et al., 1999;
Lesort et al., 1999) tau in Alzheimer’s disease and related tauopathies (Johnson et al., 1997;
Singer et al., 2002) and keratins in chronic liver disease (Zatloukal et al., 1992). In light of this
rising interest, the selection of suitable, i.e. intracellularly active drug candidates by the use
of relatively simple and reproducible cell models will become more important. In this way,
large numbers of compounds may be screened before further testing in dedicated but more
time-consuming cellular- and animal models. That the non-radioactive, quantitative cellular
BAP protein incorporation assay as applied by us may be used for this purpose is underscored
by the observation, that the maximally effective concentration of Z006 identified in this
manner (i.e. 30 μM) was shown to reduce BAP incorporation into α-synuclein monomers and
multimers and α-synuclein aggregation below the detection limits of the much more laborious
immunoblotting assays. Therefore, taken together, our work adds to the growing body of
literature on tTG inhibition as a promising target for disease modifying therapeutic strategies
in PD and other protein misfolding diseases.
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ABSTRACT
Parkinson's disease (PD) is characterized by the accumulation of α-synuclein aggregates and
degeneration of melanized neurons. The tissue transglutaminase (tTG) enzyme catalyzes
molecular protein cross-linking. In PD brain, tTG-induced cross-links have been identified in
α-synuclein monomers, oligomers and α-synuclein aggregates. However, whether tTG and
α-synuclein occur together in PD affected neurons remains to be established. Interestingly,
using immunohistochemistry, we observed a granular distribution pattern of tTG, characteristic
of melanized neurons in PD brain. Apart from tTG, these granules were also positive for typical
endoplasmic reticulum (ER)-resident chaperones, that is, protein disulphide isomerase, ERp57
and calreticulin, suggesting a direct link to the ER. Additionally, we observed the presence
of phosphorylated pancreatic ER kinase (pPERK), a classical ER stress marker, in tTG granule
positive neurons in PD brain, although no subcellular colocalization of tTG and pPERK was
found. Our data therefore suggest that tTG localization to granular ER compartments is specific
for stressed melanized neurons in PD brain. Moreover, as also α-synuclein aggregates were
observed in tTG granule positive neurons, these results provide a clue to the cellular site of
interaction between α-synuclein and tTG.

Chapter 3

47

INTRODUCTION
Parkinson's disease (PD) is characterized primarily by progressive degeneration of melanized
neurons in the midbrain and brainstem, and accumulation in various brain areas of aggregated
α-synuclein protein in cytoplasmic neuronal inclusions known as Lewy bodies (LBs) (Braak et
al., 2003). α-Synuclein is abnormally processed in PD (Duda et al., 2000), and the conversion of
its normal, monomeric form into mature β-pleated fibrils is associated with neuronal loss not
only in some autosomal-dominant familial forms of PD, but also in the more common idiopathic
form of PD (Duda et al., 2000). In addition to protein misfolding, a number of other factors
including mitochondrial dysfunction and related oxidative stress have been strongly implicated
in the pathogenesis of neurodegeneration in PD (Martinez et al., 2010; Schapira et al., 1989;
Winklhofer and Haass, 2010). Understanding the mechanisms that underlie neuronal cell loss
and their interactions in PD is crucial for the development of effective neuroprotective strategies.
The transglutaminase (TG) protein family (EC 2.3.2.13) consists of nine members, among which
transglutaminase 2, also known as tissue transglutaminase (tTG), is the best characterized. tTG
plays an important role during development, cell differentiation and apoptosis (Fesus, 1993). tTG is
a calcium-dependent enzyme that catalyzes several post-translational modifications of proteins,
including the formation of (γ-glutamyl)polyamine bonds, the deamidation of protein substrates,
and, perhaps most importantly, the formation of molecular cross-links that result in covalent ε-(γglutamyl)lysine isopeptide bonds within or between peptide chains (Lorand and Graham, 2003).
In various neurodegenerative diseases, evidence is accumulating that tTG contributes to
the formation of protein aggregates (Wilhelmus et al., 2008). The presence of tTG, and its
cross-linking products, have been identified in aggregated protein deposits which are the
pathological hallmarks of Alzheimer's disease (AD) (Singer et al., 2002; Wilhelmus et al.,
2009), other tauopathies (Halverson et al., 2005; Norlund et al., 1999; Singer et al., 2002)
and Huntington's disease (Karpuj et al., 1999; Lesort et al., 1999; Zainelli et al., 2003).
Furthermore, the proteins that form the core of these accumulated protein deposits, that
is, amyloid-beta, tau and huntingtin, are all excellent substrates of tTG, and tTG is known to
directly affect their aggregation state (Gentile et al., 1998; Hartley et al., 2008; Kahlem et al.,
1998; Lesort et al., 1999; Miller and Johnson, 1995; Norlund et al., 1999; Singer et al., 2002).
In PD brain, elevated levels of tTG protein have been observed (Andringa et al., 2004). More
importantly, tTG-mediated cross-links were identified in both soluble α-synuclein monomers and
oligomers, and LBs, suggesting that tTG plays an important role in α-synuclein misfolding and the
formation of α-synuclein deposits (Andringa et al., 2004; Junn et al., 2003; Nemes et al., 2009).
This notion is supported by in vitro studies revealing direct high affinity interactions of tTG with
α-synuclein, resulting in the formation of the various cross-linked forms of α-synuclein detected
in PD brain (Nemes et al., 2009; Schmid et al., 2009; Segers-Nolten et al., 2008). However,
although there is compelling evidence that tTG plays a role in the misfolding and deposition of
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α-synuclein in PD, Andringa and colleagues reported that tTG itself is not typically associated
with LBs. In fact, they noted a fine granular staining pattern of tTG in melanized neurons in the
Parkinsonian substantia nigra (SN), suggesting that under pathological conditions, tTG may
be associated with and/or accumulate in a subcellular compartment (Andringa et al., 2004).
Interestingly, although tTG is generally considered as a soluble cytosolic protein, it has
also been described to exist intracellularly in a particulate form which has escaped further
characterization (Hand et al., 1993). Recently, evidence has been provided for an association
of tTG with mitochondria (Rodolfo et al., 2004) and lysosomes (Zemskov et al., 2007), whereas
a possible functional association of tTG with the endoplasmic reticulum (ER) has been hinted
at (Orru et al., 2003). Therefore, given the emerging importance of tTG in PD pathogenesis,
but uncertainty about its cellular localization and possible implications thereof, we set out to
elaborate the findings of Andringa and co-workers (Andringa et al., 2004) and investigated the
cellular distribution of tTG in melanized neurons in PD.
MATERIALS AND METHODS
Brain tissue
Paraffin-embedded SN and locus coeruleus (LC) of PD cases (n = 12; 8 male, 4 female, age
72.5 ± 5) and control subjects (n = 5; 1 male, 4 female, age 61.3 ± 13) were obtained from the
Born-Bunge Institute, University of Antwerp, Campus “Drie Eiken,” Antwerp, Belgium. ParaffinTable 1. Primary Antibodies Used in this Study for Immunohistochemistry. Abbreviations: PDI = anti-protein
disulfide isomerise; tTG = tissue transglutaminase; pPERK = phosphorylated pancreatic ER kinase; ERp57 = antiER protein 57.
Primary
antibody
Ab2792
06-471
Ab-1
Ab4
Ab2907
Z0458
Ab15895
Sc-32577
Ab10287
610786
AT8
MAB422

Antigen
Rat PDI
Guinea pig tTG
Guinea pig tTG
Mouse calreticulin
Human calreticulin
Human ubiquitin
Human VDAC1/porin
Human pPERK
Human ERp57
Human α-synuclein
Human
hyperphosphorylated tau
Human cathepsin-D

Species

Dilution

Source (reference)

1:100
1:1500
1:500
1:1000
1:200
1:500
1:1000
1:100
1:1000
1:1000

Abcam, Cambridge, UK
Upstate, Lake Placid, NY, USA
Lab Vision, CA, USA
Abcam, Cambridge, UK
Abcam, Cambridge, UK
Dako, Glostrup, Denmark
Abcam, Cambridge, UK
Santa Cruz Biotechnology, CA, USA
Abcam, Cambridge, UK
BD Biosciences, San Jose, CA, USA

Mouse

1:1000

Thermoscientific , Rockford, IL, USA

Mouse

1:500

Chemicon, Temecula, CA, USA

raised in
Mouse
Goat
Mouse
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Mouse
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embedded hypothalamus of PD (n = 4; 2 male, 2 female, age 76 ± 13.7) and control cases
(n = 4; 2 male, 2 female, age 74.8 ± 12.7) were obtained from the Netherlands Institute for
Neurosciences. All cases had a post-mortem interval of less than 48 h. PD cases were clinically
documented and neuropathologically confirmed to have idiopathic PD. Controls were agematched to PD and had no history of neuropsychiatric illness or neuropathological changes.
Paraffin-embedded SN of AD cases (n = 3, 2 male, 1 female, age 77 ± 5.6) was also obtained from
Born-Bunge Institute. The diagnosis of AD was based on a combination of neuropathological
(both male patients Braak stage 5, female patient Braak stage 6) and clinical criteria, and all
cases had a post-mortem interval of less than 48 h. Tau pathology was observed in the midbrain
of all AD patients. Substantia nigra tissue samples from frontal temporal dementia patients (n
= 4; 1 male, 3 female, age 70.2 ± 6.8) were obtained after rapid autopsy and immediately
frozen in liquid nitrogen (the Netherlands Brain Bank, Amsterdam, the Netherlands).
Immunohistochemistry
Serial coronal sections (6 µm) of the post mortem brain tissue were immunostained with
primary antibodies listed in Table 1, as described previously (Wilhelmus et al., 2009,
2011). In short, sections were pre-incubated with 20% animal serum, the type of which
was determined by the specific secondary antibody used. Secondary antibodies were all
purchased from Jackson Immunoresearch Europe Ltd. (Suffolk, UK); biotin-labeled donkey
anti-goat (1:200), biotin-labeled goat anti-mouse (1:200) and biotin-labelled goat anti-rabbit
(1:200). Immunohistochemistry was performed according to the avidin-biotin-peroxidase
method. Reaction products were visualized with the Vectastain elite Avidin Biotin kit (Vector
Laboratories, Burlingame, CA, USA), using nickel enhanced 3,3'-diaminobenzidine (DAB) as
the chromogen (Sigma, St. Louis, MO, USA) to discriminate between antibody staining and
neuromelanin present within neuromelanin-containing neurons. Immunohistochemistry
on the frontal temporal dementia (FTD) tissue was visualized using DAB as the chromogen.
Endogenous peroxidase activity was blocked by incubation of the sections in 0.3% H2O2 with
0.1% sodium azide prior to immunolabeling. For each antibody, various concentrations were
tested to determine the optimal immunoreactivity (ie, the highest intensity of specific labeling
without significant background staining). Negative controls consisted of representative sections
processed without the primary antibody.
Authors G.A and J.B. independently performed a semi-quantitative analysis of both the antitTG and anti-calreticulin immunoreactivity in the melanized neurons of the SN, using a score
from 0 to 4, with 0 indicating no immunoreactivity was observed in melanized neurons per
microscopic field (magnification ×10), 1 indicating 0% to 30%, 2 indicating 30% to 60%, 3
indicating 60% to 90% and 4 indicating immunoreactivity was observed in more than 90%
of melanized cells within a microscopic field. Inter-observer scores were highly consistent
(average inter-observer consensus was 93%; differentially judged images were excluded).
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Fig. 1. The tissue transglutaminase (tTG)-immunoreactive granules are present in melanized neurons in Parkinson's
disease (PD) brains. Immunohistochemical staining of tTG (antibody 06-471, Table 1) in the substantia nigra (SN)
of control and PD brains demonstrated tTG-immunoreactive granules in melanized neurons of the SN in PD
brains (C,D), whereas a weak homogeneous cytoplasmic tTG-immunoreactivity was observed in control brains
(A,B). tTG-immunoreactive granules were also observed in neurites of melanized neurons in PD brains (E, arrow).
Immunohistochemical staining of tTG with a monoclonal tTG-specific antibody (antibody Ab-1, Table 1) in the
SN of PD brains demonstrated similar tTG-immunoreactive granules in melanized neurons of the SN in PD brains
(F) as observed with the polyclonal anti-tTG antibody. Semi-quantitative analysis, performed as described in the
Materials and Methods section, of the presence of tTG-immunoreactive granules in melanized neurons of the SN
demonstrated a significant increase in tTG-positive granule-containing melanized neurons in PD brains compared
with control brains (G). Statistical analysis was performed using a Student's t-test. Mean ± standard deviation is
shown. Scale bars: (A–F) 20 µm.
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Double immunofluorescence
For double immunostaining, tissue sections were fixed and pre-incubated as described
previously. Sections were simultaneously incubated with the primary antibodies of interest.
Secondary antibodies used were: biotin-labeled donkey anti-goat antibody coupled to Alexa594
(1:400, Molecular Probes, Eugene, OR, USA) and biotin-labeled donkey anti-rabbit antibody
coupled to Alexa488 (1:400, Molecular Probes) or biotin-labeled donkey anti-mouse antibody
coupled to Alexa488 (1:400, Molecular Probes). Fluorescence was analyzed with a Leica TCS
SP2 AOBS confocal laser scanning microscope (Leica Microsystems, Rijswijk, the Netherlands).
A series of images was obtained separately in both channels through a 63× glycerin lens (zoom
factor 4×, Z-increment 0.12 µm, approximately 100 images of 1024 × 1024 pixels).
Statistical analysis
Statistical differences of the percentage of cells demonstrating tTG-positive granules (Figure
1G) or calreticulin-positive granules (Figure 4H) in melanized neurons of the SN between
control and PD brain were performed using a Student's t-test (analyzed by GraphPad Prism,
version 4.03, La Jolla, CA, USA). The level of significance (P value) of the differences between
groups and the control is indicated in the figures.
RESULTS
Granular tTG is specifically present in melanized neurons in PD brains
To investigate the staining pattern of tTG in melanized neurons in control and PD cases, we used
immunohistochemistry. In both control (Figure 1A,B) and PD patients (Figure 1C,D), a weak
homogeneous cytoplasmic tTG immunoreactivity (polyclonal antibody 06-471) of comparable
intensity was observed in melanized neurons of the SN. Interestingly, in addition we observed
the presence of abundant tTG-immunoreactive granules in melanized neurons of SN in PD
brains (Figure 1C,D), whereas these granules were only occasionally observed in melanized
neurons of SN in control brains. Apart from the localization of these tTG-immunoreactive
granules in neuronal cell bodies, we also noticed these granules in neuronal processes of
melanized neurons in PD brains (Figure 1E). Using a monoclonal antibody directed against
tTG (Ab-1), similar tTG-immunoreactive granules were observed in melanized neurons of
SN in PD brains (Figure 1F). In control cases, the monoclonal antibody demonstrated a weak
homogeneous cytoplasmic tTG immunoreactivity, similar to the polyclonal anti-tTG antibody
described previously (not shown). Semi-quantitative analysis of our results demonstrated a
highly significant increase (P = 0.0051) in the number of melanized neurons demonstrating
the tTG-immunoreactive granules in SN in PD compared with control brains (Figure 1G).
In order to investigate possible colocalization of tTG with α-synuclein, we double stained tTG
and α-synuclein in the SN of PD patients. In general, we observed no colocalization of tTG with
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Fig. 2. The tissue transglutaminase (tTG)-immunoreactive granules localize to α-synuclein containing neurons
and are characteristic of substantia nigra (SN) and locus coeruleus (LC) of Parkinson's disease (PD) brain. Double
immunofluorescence was performed using anti-tTG (A,D, antibody 06-471) and anti-α-synuclein (B,E, antibody
610786, Table 1) antibodies on SN of PD brain. In general, no spatial colocalization of tTG staining was observed
with α-synuclein in Lewy bodies (LBs) (arrow with asterisk, A–C) and Lewy neurites (arrow with double asterisk,
A–C). However, although both tTG and α-synuclein inclusions coexist within melanized neurons of the SN in PD
brain, minor colocalization on the subcellular level was observed in occasional LBs (arrow with asterisk, A–F).
Immunohistochemical staining of ubiquitin (antibody Z0458) demonstrated LBs in melanized neurons of the SN,
but no granular staining pattern (G). Immunohistochemical staining of tTG (antibody 06-471) in the SN, LC and
hypothalamus of PD brains demonstrated tTG-immunoreactive granules in both melanized neurons of the SN
(H) and LC (I) in PD brains, whereas these tTG-immunoreactive structures were present in a small number in
hypothalamus (J). In addition, no tTG-immunoreactive granules were observed in melanized neurons of the SN in
Alzheimer's disease (AD) brain (K). Furthermore, no tTG-immunoreactive granules were observed in melanized
neurons of the SN in frontal temporal dementia (FTD) brain (M, arrow), whereas hyperphosphorylated tau
immunoreactivity (antibody AT8) was present (L, arrow). Scale bars: (A–K) 20 µm.
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α-synuclein in both LBs and Lewy neurites (LNs) (Figure 2A–C). However, although both tTGpositive granules and α-synuclein positive inclusions coexisted within melanized neurons of
the SN in PD brains, only minor subcellular colocalization of tTG and α-synuclein was observed
in an occasional LB (Figure 2D–F). To rule out the possibility that the tTG-positive granules
consisted of aggregated proteins, we investigated the staining pattern of ubiquitin, a general
marker of protein accumulation (Alves-Rodrigues et al., 1998). Although ubiquitin staining
was abundantly present in LBs in melanized neurons of the SN in PD, we found no granular
staining (Figure 2G). Furthermore, to study whether the observed tTG-immunoreactive
granules are also present in melanized neurons of other PD-affected areas, we investigated
tTG immunoreactivity in the LC. Indeed, in all PD patients, tTG-immunoreactive granules,
similar to those found in the SN (Figure 2H), were observed in the LC (Figure 2I). In contrast,
although weak homogenous tTG immunoreactivity was found similar to that observed in the
SN, in regions lacking typical α-synuclein pathology, for example, the hypothalamus, only some
tTG-immunoreactive granules were observed within neurons of similar size as the melanized
neurons of the SN and LC (Figure 2J). To exclude that these tTG-immunoreactive granules are a
general phenomenon of melanized neurons in other neurodegenerative diseases, we analyzed
tTG staining in the SN of AD and FTD brain. However, in contrast to PD, no tTG-immunoreactive
granules were found in melanized neurons of the SN in AD brains (Figure 2K). In addition,

Fig. 3. The tissue transglutaminase (tTG)-immunoreactive granules do not colocalize with antibodies directed
against proteins specific for mitochondria and lysosomes. Double immunofluorescence of tTG (A,D, antibody
06-471) with either an anti-porin antibody (B, antibody Ab15895, Table 1) or an anti-cathepsin D antibody (E,
antibody MAB422, Table 1) demonstrated no colocalization in melanized neurons of the substantia nigra in
Parkinson's disease brains. Panels A and C also show a tTG positive capillary (arrow) using the 06-471 antibody.
Scale bars: (A–F) 20 µm.
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earlier observations of our group demonstrated no tTG-immunoreactive granules in neurons
associated with senile plaques or in neurofibrillary tangles in AD brain (Wilhelmus et al., 2009).
Furthermore, no tTG-immunoreactive granules were observed in melanized neurons of the
SN in FTD brain (Figure 2M, arrow), whereas hyperphosphorylated tau immunoreactivity
(antibody AT8) was clearly present (Figure 2L, arrow).
No colocalization of granular tTG staining with mitochondria and lysosomes
So far, the subcellular localization of tTG is limited to its presence in the mitochondria and
lysosomes, at least in some cell types (Park et al., 2010). To elucidate whether the observed
tTG immunoreactive granules represent either of these cellular organelles, we investigated the
colocalization of tTG with proteins specifically present in these structures (Park et al., 2010).
We found no colocalization of tTG staining with the staining of antibodies directed against
porin (specific for mitochondria, Figure 3A–C) or cathepsin D (specific for lysosomes, Figure
3D–F). Taken together, these data demonstrated that the observed tTG granules are not part
of the subcellular structures known to possess tTG, at least not in the cell type studied.
Granular tTG is part of the ER in melanized neurons in PD brains
Apart from its connection to mitochondria and lysosomes (Park et al., 2010), tTG has been
suggested to be associated with the ER (Orru et al., 2003). Therefore, to investigate whether
the tTG-positive granules are of possible ER origin, we studied the colocalization of tTG with
antibodies directed against ER-specific proteins in melanized neurons in the SN of PD brains.
Interestingly, we observed a staining pattern in serial sections of melanized neurons in the SN of
PD brains for both the anti-protein disulfide isomerase (PDI) (Figure 4B) and the anti-ER protein
57 (ERp57) (Figure 4D) antibodies similar to that observed for tTG (Figure 4A,C). Unfortunately,
however, both anti-PDI and anti-ERp57 antibodies were found to be unsuitable for double
immunofluorescence in paraffin-embedded tissue sections. We therefore studied the staining
pattern of another ER resident protein, calreticulin (Michalak et al., 2009). We found that
calreticulin staining (antibody Ab2907, Table 1) demonstrated similar granules as observed
with tTG staining in melanized neurons in PD brains, although no overlay in the staining pattern
of calreticulin and tTG was observed in other parts of the SN (Figure 4E–H). Similar as to tTG, a
semi-quantitative analysis of our results for the SN demonstrated a highly significant increase
in the number of calreticulin positive granule-containing melanized neurons in PD compared
with control brains (Figure 4I). Moreover, double immunofluorescence demonstrated that
tTG (Figure 4J) colocalized with calreticulin (Figure 4K) in a significant number of the granular
structures found in melanized neurons in the SN of PD brains (Figure 4J–L), indicating that only
a specific part of the ER is positive for tTG under these pathological conditions. Furthermore, an
alternative anti-calreticulin (antibody Ab4, Table 1) antibody demonstrated both a similar staining
pattern for calreticulin in immunohistochemistry, as well as colocalization of calreticulin with
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Fig. 4. Anti-protein disulfide isomerase (PDI), anti-ER protein 57 (ERp57) and calreticulin staining are present in
tissue transglutaminase (tTG)-immunoreactive granules of melanized neurons in Parkinson’s disease (PD) brains.
Immunohistochemical staining of anti-PDI (antibody Ab2792) or anti-ERp57 (antibody Ab10287) antibodies in
the substantia nigra (SN) of PD brains demonstrated both PDI-immunoreactive granules (B, arrow) and ERp57immunopositive granules (D, arrow) in melanized neurons of the SN in PD brains, similar to the tTG staining
(A and C, arrow). Immunohistochemical staining of calreticulin (antibody Ab2907) in the SN of control (E,F)
brains demonstrated only weak and cytoplasmic immunoreactivity. In contrast, calreticulin-positive granules
were observed in melanized neurons of the SN in PD brains (G,H), similar to the observed tTG-positive
granules (A). Semi-quantitative analysis, performed as described in the Materials and Methods section, of the
presence of calreticulin-positive granules in melanized neurons of the SN demonstrated a significant increase in
calreticulin-positive granule-containing melanized neurons in PD brains compared with control brains (I). Double
immunofluorescence of tTG (J, antibody 06-471) with calreticulin (K, antibody Ab2907) staining demonstrated
colocalization of calreticulin in tTG-immunopositive granules in melanized neurons of the SN in PD brains (L).
Statistical analysis was performed using a Student’s t-test. Mean ± standard deviation is shown. Scale bars: (A–L)
20 µm.

the tTG immunoreactive granules using double immunofluorescence in the melanized neurons
in PD brains (not shown), as observed with the anti-calreticulin antibody (antibody Ab2907).
tTG-positive granules in melanized neurons are not part of the unfolded protein response
Finally, to establish whether tTG-immunoreactive granules containing neurons are in a state
of ER stress, we analyzed the presence of phosphorylated pancreatic ER kinase (pPERK), a
critical mediator and indicator of the unfolded protein response (Salminen et al., 2009), within
melanized neurons of the SN in PD brain. Identical to our previous results in a different set of
patients (Hoozemans et al., 2007), we observed pPERK-immunoreactive granules in melanized
neurons of PD brains (Figure 5B–D), whereas no pPERK staining was observed in control
patients (Figure 5A). Moreover, we found that melanized neurons, which demonstrated tTGimmunoreactive granules (Figure 5E), also contained pPERK-immunoreactive granules (Figure
5F). However, tTG and pPERK did not colocalize within the same set of granules (Figure 5G).

Fig. 5. Phosphorylated pancreatic ER kinase (pPERK) staining does not colocalize with tissue transglutaminase (tTG)-immunoreactive granules in melanized neurons in Parkinson's disease (PD) brains. Immunohistochemical staining of pPERK (antibody Sc-32577) was absent in melanized neurons of the substantia nigra (SN) in control brain
(A). In contrast, pPERK staining was observed in melanized neurons of the SN in PD brains (B–D). Double immunofluorescence of tTG (antibody 06-471) (E, arrow) and pPERK staining (antibody Sc-32577) (F, arrow) demonstrated
no colocalization of pPERK in tTG-immunoreactive granules in melanized neurons (G). Scale bars: (A–G) 20 µm
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DISCUSSION
tTG is increasingly implicated in PD pathogenesis. Confirming and extending earlier data
by Andringa et al (Andringa et al., 2004), in the current study we showed the presence of
tTG immunoreactivity in melanized neurons in SN and LC of PD brain. Besides a faint diffuse
cytoplasmic staining, not easily separated from background staining, tTG demonstrated a
distinct intracellular granule-like staining pattern in melanized neurons in PD brain, only scantly
observed in controls. Besides cell bodies, these tTG-immunoreactive structures were observed
in neuronal extensions and localized to neurons showing α-synuclein pathology, thereby
implicating them in the PD disease process. Attempts to further characterize the granular tTG
staining pattern led us to conclude that in melanized neurons in PD, tTG accumulates in an ER
compartment, but does not associate with α-synuclein containing aggregates. Although the fact
that tTG-induced cross-links have been identified in LBs, there is no proof that tTG itself occurs
in protein aggregates in the PD brain, or forms cross-linked tTG-polymers (Andringa et al., 2004;
Junn et al., 2003). Together, therefore, our results make it highly unlikely that the granular
tTG immunoreactivity observed in PD brain represents tTG containing cytoplasmic aggregates.
Inside cells, tTG is generally considered as a soluble cytosolic protein, but it is also observed
in the nucleus in cultured cells (Fesus and Piacentini, 2002) and in the nucleus of neurons in
Huntington's disease brains (Zainelli et al., 2003). The association of tTG with mitochondria
was the first evidence that tTG might also present in other specific cellular organelles
(Rodolfo et al., 2004). In addition, Zemskov and co-workers recently demonstrated that the
internalization of cell surface tTG results in the association of tTG with lysosomes, as it is
routed through the endosomal-lysosomal pathway toward degradation (Zemskov et al., 2007).
Earlier data pointed already to the existence of a particulate form of tTG which, unfortunately,
escaped further characterization (Hand et al., 1993). Our study represents the first report that
describes a strong association of tTG with granular structures under pathological conditions.
While characterizing the origin of these tTG-immunoreactive structures, we ruled out the
aforementioned subcellular compartments in which the presence of tTG has been described.
Thus, the lack of immunoreactivity for mitochondria and lysosomal markers argued against
these compartments being involved. On the other hand, the presence of immunoreactivity for
the soluble ER-chaperones PDI, ERp57 and calreticulin strongly argued in favour of an ER origin
of the tTG-immunopositive structures.
tTG does not contain a signal sequence targeting it to the ER, although association with
membrane structures is known to occur (Fesus et al., 1983; Harsfalvi et al., 1987). This raises
the question as to how and why tTG becomes linked to the ER. Within this context, it is of
importance to note that tTG forms complexes with calreticulin inside cells (Feng et al., 1999).
Considering the prevalent localization of calreticulin to the ER, this may be a way in which the tTG
molecules are directed toward the ER (Michalak et al., 2009). Furthermore, upon cellular stress,

3

as occurs in melanized neurons of the SN in PD brain, the ER is reportedly capable of forming
subcompartments containing ER-chaperones, in particular calreticulin and PDI (Kamhi-Nesher
et al., 2001; Ni and Lee, 2007). These chaperones are involved in protein folding and assembly
steps, and are frequently upregulated following cellular stress (Ni and Lee, 2007). Among other
functions, tTG is involved in the modification of proteins by inducing cross-links that result
in both the stabilization (Melino et al., 1994) and increased resistance of proteins toward
proteolytic-breakdown(Hartley et al., 2008; Segers-Nolten et al., 2008), while at the same time
ensuring continued protein solubility (Lai et al., 2004). Because almost all tTG positive granules
colocalized with calreticulin immunoreactivity, but not vice versa, our data may suggest that the
appearance of tTG immunoreactive ER granules reflects, at least part of, a protein-quality control
mechanism to prevent proteins from misfolding or destabilizing as a result of ER stress. As such,
tTG redistribution and clustering with protein-folding chaperones, together with the unfolded
protein response (UPR), may initially act to relieve the burden on the ER. This interpretation
of our data, albeit speculative at the present time, is supported by the fact that in melanized
neurons in PD brain, tTG-immunoreactive granules were detected in cells showing signs of
UPR induction (presence of pPERK). In addition, Beck and colleagues recently demonstrated
that tTG activation protects against toxicity induced by the Parkinsonian mimic 1-methyl-4phenylpyridinium (MPP+) in differentiated human neuroblastoma cells (Beck et al., 2006).
A number of other intriguing questions can be raised about the functional implications of
our results. Under physiological conditions, intracellular cytoplasmic tTG is catalytically
silent (Nemes et al., 2009). An activation requires the elevation of Ca2+ to levels which are
incompatible with cell survival and which originally formed the basis for the theory linking
tTG-mediated cross-linking of cellular proteins to the execution phase of (apoptotic) cell death
(Ientile et al., 2007). In the Parkinsonian brain, tTG-induced cross-links have been identified
in both soluble α-synuclein monomers, small oligomers and in highly aggregated α-synuclein
fibrils in LBs (Andringa et al., 2004; Junn et al., 2003; Nemes et al., 2009). Although these
data clearly suggest the presence of catalytically active tTG in PD neurons, it is not clear if
and where in the cell the interaction between tTG and α-synuclein occurs and how the Ca2+
concentrations necessary to activate cytoplasmic tTG can be reached. Here, we observed no
apparent colocalization of tTG with highly aggregated α-synuclein in LBs or LNs. However,
melanized neurons in PD brain did show the presence of both granular tTG and aggregated
α-synuclein within the same set of neurons, suggesting that interaction may occur. Recently,
Nemes and co-authors demonstrated that only limited increases in Ca2+ levels are sufficient
to activate cross-linking activity when tTG is bound to membrane lipids (Nemes et al., 2009).
As soluble α-synuclein binds avidly to membranes and the presence of α-synuclein in ER has
been noted (Colla et al., 2012), tTG associated with ER structures as observed by us, may
provide an excellent location for α-synuclein-tTG interaction under the conditions prevalent
in the Parkinsonian brain. Experiments evaluating this possibility are ongoing in our lab.
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Another issue to be solved by future experiments is the possible contribution to PD
pathogenesis of the other proteins identified by us in the tTG-granules in melanized neurons
of PD brains, that is, the folding chaperones PDI, ERp57 and calreticulin. The Ca2+-binding
chaperone calreticulin and the oxido-reductases PDI and ERp57 are abundantly expressed
in the ER, where they are primarily involved with (N-linked) glycosylation of proteins and
oxidative protein folding, respectively (Ni and Lee, 2007). Together, they play a crucial role
in the assembly and transport of MHC class I complexes (Blanchard and Shastri, 2008).
Similar to other protein chaperones like Hsp70 and Hsp90, however, they are also known to
be externalized through a process likely to involve vesicular exocytosis (Evdonin et al., 2006;
Hegmans et al., 2004), especially under conditions of cell stress (Li and Srivastava, 2001).
At the cell surface, calreticulin, PDI and ERp57 modulate cell adhesion, redox status and
immune recognition (Bedard et al., 2005; Blanchard and Shastri, 2008; Michalak et al., 2009;
Wang et al., 2002; Xiao et al., 1999). Only very little data are available about the possible
role of these enigmatic proteins in PD pathogenesis. However, impaired function because
of oxidative/nitrosative modifications (PDI) or increased expression (calreticulin, ERp57) in
neuronal cells cultured in the presence of the dopaminergic neurotoxin 6-hydroxydopamine
has been described (Holtz and O’Malley, 2003; Kim-Han and O’Malley, 2007; Lee et al., 2003).
Finally, the prevalent association of tTG immunoreactivity with a granular ER compartment
in affected neurons, as observed in the current study, adds to the growing list of reports
describing altered ER function in PD (Wang and Takahashi, 2007). Whether an association of
tTG with the ER is of a neuroprotective nature or forms part of the pathogenic process driving
protein aggregation and neuronal cell death, remains to be established.
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ABSTRACT
Parkinson's disease (PD) is characterized by accumulation of α-synuclein aggregates and
degeneration of melanized, catecholaminergic neurons. The tissue transglutaminase (tTG)
enzyme catalyzes molecular protein cross-linking. In PD, tTG levels are increased and crosslinking has been identified as an important factor in α-synuclein aggregation. In our quest
to link tTGs distribution in the human brain to the hallmarks of PD pathology, we recently
reported that catecholaminergic neurons in PD disease-affected brain areas display typical
endoplasmic reticulum (ER) granules showing tTG immunoreactivity. In the present study, we
set out to elucidate the nature of the interaction between tTG and the ER in PD pathogenesis,
using retinoic-acid differentiated SH-SY5Y cells exposed to the PD-mimetic 1-methyl-4phenylpyridinium (MPP+). Alike our observations in PD brain, MPP+-treated cells displayed
typical TG-positive granules, that were also induced by other PD mimetics and by ER-stress
inducing toxins. Additional immunocytochemical and biochemical investigation revealed that
tTG is indeed associated to the ER, in particular at the cytoplasmic face of the ER. Upon MPP+
exposure, additional recruitment of tTG toward the ER was found. In addition, we observed
that MPP+-induced tTG activity results in transamidation of ER membrane proteins, like
calnexin. Our data provide strong evidence for a, so far unrecognized, localization of tTG at the
ER, at least in catecholaminergic neurons, and suggests that in PD activation of tTG may have a
direct impact on ER function, in particular via post-translational modification of ER membrane
proteins.
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INTRODUCTION
Parkinson's disease (PD) is a common neurodegenerative disorder marked by progressive loss
of melanized, catecholamine producing neurons in the midbrain (substantia nigra) and brain
stem (locus ceruleus). Among the many factors and mechanisms implicated in the degeneration
of these neurons, oxidative stress, mitochondrial dysfunction and apoptosis feature strongly
(Guzman et al., 2010; Napolitano et al., 2011; Schapira, 2008; Silva et al., 2005; Winklhofer
and Haass, 2010). Another pathological hallmark of PD is the accumulation of aggregated
α-synuclein protein in diffuse neuronal deposits and more structured cytoplasmic neuronal
inclusions known as Lewy bodies (LBs) and Lewy neurites (Spillantini et al., 1997). A key
feature in α-synuclein aggregation and PD pathology is the conversion of normal monomeric
α-synuclein into aggregated fibrillar species, formation of which appears to be linked to
neuronal cell dysfunction and death (Conway et al., 2000; Duda et al., 2000; Winner et al.,
2011).
Oxidative stress, mitochondrial dysfunction as well as α-synuclein misfolding have been
associated with induction of endoplasmatic reticulum (ER) stress, in the form of the so-called
unfolded protein response (UPR), in both PD brain and experimental PD models (Bellucci et al.,
2010; Hoozemans et al., 2007; Jiang et al., 2010b; Wilhelmus et al., 2011). Although protective
in nature, if sustained, activation of the UPR may lead to cell death (Rutkowski and Kaufman,
2007). In this way, ER stress, as observed in PD, may be linked to both neuronal survival and
neuronal cell death. Determining mechanisms and consequences of ER stress in PD may
therefore be instrumental in devising new ways to understand and battle neuronal dysfunction
in this devastating disease.
The transglutaminase (TG) protein family (EC 2.3.2.13) consists of eight enzymatically active members, among which the so-called tissue transglutaminase (tTG) is the best characterized (Griffin et al., 2002; Lorand and Graham, 2003). tTG is a ubiquitously expressed, Ca2+
dependent enzyme which catalyzes covalent post-translational modifications of proteins, in
particular formation of intra- or intermolecular ε(γ-glutamyl)lysine cross-links and (γ-glutamyl)
polyamine bonds (Griffin et al., 2002; Lorand and Graham, 2003). In addition to this well-characterized role in post-translational modification of proteins, under certain conditions tTG can
also act as a G-protein or as a protein disulphide isomerase (Hasegawa et al., 2003; Nakaoka et
al., 1994; Singh et al., 1995). Although generally considered to be a soluble cytoplasmatic protein, depending on cell type and experimental conditions, tTG has also been found in various
subcellular organelles, i.e. the nucleus and mitochondria (Fesus and Piacentini, 2002; Rodolfo
et al., 2004), and associated with the plasma membrane and extracellular matrix (Akimov and
Belkin, 2001; Zemskov et al., 2006).
tTG is present in brain parenchyma where it is primarily expressed by neurons and involved in
neuronal outgrowth and differentiation during development (Bailey and Johnson, 2004; Perry
and Haynes, 1993). A growing body of evidence, however, implicates tTG also in the pathoge-
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nesis of a number of neurodegenerative disorders, including PD (Andringa et al., 2004; Junn et
al., 2003; Lesort et al., 1999; Muma, 2007). Besides increased tTG protein levels in cerebrospinal fluid of patients (Vermes et al., 2004), in PD brain, tTG mRNA, protein levels and activity
are increased in the substantia nigra (Andringa et al., 2004). Moreover, in PD brain tTG co-immunoprecipitates with α-synuclein, and tTG-induced cross-links have been identified in both
soluble α-synuclein monomers and oligomers as well as in LBs (Andringa et al., 2004; Nemes
et al., 2009; Segers-Nolten et al., 2008; Verhaar et al., 2011). In addition, (over)activation of
intracellular tTG in neurons leads to impaired mitochondrial respiration and oxidative stress
and may be instrumental for the induction and/or execution of apoptosis (Piacentini et al.,
2002, 2005; Rodolfo et al., 2004).
Recently, we demonstrated that in PD brain, tTG immunoreactivity localizes primarily to granular structures which were observed only in the cytoplasm of melanized neurons of the
substantia nigra and locus ceruleus (Wilhelmus et al., 2011). In these structures, tTG staining
strongly overlapped with immunoreactivity for classical ER-resident chaperones like calreticulin and PDI, whereas no colocalization was observed between tTG and markers for either
mitochondria, lysosomes or aggregated α-synuclein. Interestingly, the neurons containing
these tTG-positive granules did show signs of ER stress in the form of granular staining of
the phosphorylated UPR marker pancreatic ER kinase (pPERK), which, however, showed no
overlap with tTG immunoreactivity. Together, these data suggest that in PD (a fraction of) tTG
associates with an ER compartment in stressed catecholaminergic neurons. To our knowledge,
until now only very limited evidence is available concerning the presence and/or role of tTG
at or in the ER under either physiological or pathological conditions (Piacentini et al., 1991).
Therefore, in light of our findings and considering the potential importance of altered ER function and tTG activity in PD pathogenesis, we set out to further characterize the nature of the
interaction between tTG and the ER under both unstressed conditions and conditions relevant
to PD pathogenesis. For this purpose, we used the human SH-SY5Y neuroblastoma which is a
well-characterized catecholaminergic cell line often used as a neuronal model in PD research.
Upon treatment with all-trans-retinoic acid (RA), SH-SY5Y cells stop dividing and show signs
of neuronal differentiation and express a large amount of tTG protein (Zhang et al., 1998).
Moreover, preliminary studies in our lab had shown that these cells were ideally suited for our
purpose as exposure to the PD mimetic and mitochondrial toxin 1-methyl-4-phenyl-pyridinium (MPP+) induced formation of tTG-positive granules similar to those observed in PD brain.
MATERIALS AND METHODS
Cell culture
Human neuroblastoma SH-SY5Y cells (American Type Culture Collection, ATCC, Manassas,
VA, USA) were grown in uncoated 12-well culture dishes (MTT assay), 6-well culture dishes
(Western blotting, dot-blotting or ELISA) or collagen (6–10 μg/cm2) pre-coated 8-well chamber
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slides (immunocytochemistry) containing 45% MEM (31095-029, Gibco, Paisly, UK)/45% HAM
F12 (Gibco 21765-029) supplemented with 10% fetal calf serum (FCS), 1 mM l-glutamine,
penicillin (100 U/ml), streptomycin (50 μg/ml), 1 mM sodium pyruvate and non-essential amino
acids, at 37 °C under an atmosphere of 5% CO2/95% air. Unless indicated differently, cells were
plated at a density of 25.000/cm2. Twenty-four hours after plating, cells were differentiated
by refreshing the medium with new MEM/HAM F12 medium containing 3% FCS and 20 μM
RA (Sigma, St. Louis, MO). Unless stated otherwise, incubation with RA was continued for
6 days without changing the medium. Subsequently, cells were incubated with various
concentrations (as indicated in the figure legends) of MPP+, rotenone, 6-hydroxydopamine
(6-OHDA), thapsigargin or tunicamycin, staurosporin and nocodazole (all purchased from
Sigma) for up to 24 h (as indicated in the figure legends). In all experiments, unless indicated
differently, the above-mentioned agents or solvent were added to the medium and incubation
was continued without changing the medium until the end of the experiment.
tTG sandwich ELISA
Quantification of tTG in cell lysates from differentiated SH-SY5Y cells was performed as
described by Breve et al. (Breve et al., 2008).
MTT assay
Cell viability of SH-SY5Y cells was measured using a 3-(4,5-Dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay (Drukarch et al., 1996). The MTT assay was performed
by adding 110 μl of MTT solution (Sigma, prepared in advance at 5 mg/ml in PBS) to each
well and incubated for 30 min. Then medium was removed and 1.5 ml (dimethylsulfoxide)
DMSO, containing 0.2% FCS, was added to each well. Finally, 200 μl of this DMSO solution was
transferred into a 96-wells plate, and after shaking the plate, absorbance was measured with
a spectrophotometer (SpectraMAX 250, Molecular Devices) at 540 nm.
(Immuno)fluorescence and granule staining
For (immuno)fluorescence stainings (IF), cultured cells were fixed using cold methanol (100%)
for 10 min and pre-incubated with 3% BSA in TBS (10 mM Tris–Cl, 150 mM NaCl, pH 7.5)
containing 0.05% Triton X-100. Concentrations of primary antibodies were used as described
in Supplementary Table 1. Where appropriate, Alexa488 or Alexa594 fluorochrome-coupled
secondary antibodies directed against rabbit or mouse were used (1:400, Molecular Probes,
Eugene, OR, USA). Hoechst 33342 (Invitrogen, Carlsbad, CA, USA) staining, as a marker for
cell degeneration, was performed according to manufacturer's protocol. Fluorescence was
analyzed with a Leica TCS SP2 AOBS confocal laser scanning microscope (Leica Microsystems,
Rijswijk, The Netherlands). A series of images was obtained separately in both channels
through a 63 × glycerin lens (zoom factor 4 ×, Z-increment 0.12 μm, approximately 100
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images of 1024 × 1024 pixels). Semi-quantitative analysis of cells demonstrating tTG-positive
granules in both control and MPP+-treated cells was performed by counting the number of
cells demonstrating tTG-positive granules compared to the total number of cells within one
microscopical field. Treatment of the cells was performed in duplo, and at least 4 microscopical
fields were analyzed.
Lipid droplets were identified in cultured cells using the fluorescent neutral lipid dye BODIPY
493/503, according to the manufacturer's protocol (Invitrogen) (Gocze and Freeman, 1994).
Detection of bilayer lipid membranes within cells was performed using FM®1-43 fixable
lipophilic styryl compounds (Molecular Probes). Cells were cultured on 8-well chamber slides
as described above. Life cells were incubated with 5 μg/ml dye in ice-cold Hanks Balanced
Salt Solution (HBSS) for 1 min. Subsequently, cells were fixed with ice-cold 4% formaldehyde
in HBSS for 10 min. Thereafter, cells were immunostained for tTG as described above (06-471
antibody, Supplementary Table 1) and mounted with vectashield® containing 4′-6-Diamidino2-phenylindole (DAPI) to stain nuclei (H-1200, Vector Laboratories, Burlingame, CA, USA). Cells
were analyzed with a Zeiss Axiovert 200 M Marianas inverted microscope, equipped with a
motorized stage and a turret of four epifluorescence cubes (FitC, Cy5, Cy3, DAPI as well as a
DIC bright field cube). A cooled charge coupled device (CCD) camera (Cooke Sensicam SVGA,
1280 × 1024 pixels) recorded images with true 16-bit capability. The microscope, camera,
and data processing were controlled by SlideBook software (SlideBook version 4.2, Intelligent
Imaging Innovations) which allowed acquisition of 3D confocal stacks.
Isolation of rough ER from SH-SY5Y cells
In order to obtain ER-enriched microsomes, SH-SY5Y cells were cultured in 75 cm2 culture
flasks under standard growth conditions, with several modifications. Prior to RA treatment,
SH-SY5Y cells were grown to confluence. Then, medium was replaced by RA-containing
medium, and replenished every 3 days for a total of 6 days. For treatment with 5 mM MPP+, or
solvent for 24 h, the medium for both untreated and MPP+-treated cells was refreshed. Where
indicated, 0.5 mM biotinylated pentylamine (BAP; Pierce, Rockford, Il, USA) was co-incubated
during control or MPP+ treatment. Isolation of ER-enriched microsomes was performed with
the Sigma ER isolation kit (ER0100) according to the manufacturer's instructions using Ca2+
precipitation. This method, which is described by Hamilton et al. (Hamilton et al., 1999),
allows isolation of highly purified rough ER. In short, 5 × 107 cells were washed twice with
PBS and harvested by scraping. Cells were allowed to swell for 20 min in hypotonic medium
(10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1 mM ethylene glycol
tetraacetic acid (EGTA), 25 mM KCl, pH 7.8), containing protease inhibitors (PIM); 0.1 mM
phenylmethanesulfonyl fluoride (PMSF), 1 μg/ml of aprotinin, leupeptin and pepstatin (Sigma),
corresponding to three-times the volume of the cell pellet. After a brief centrifugation step
of 600 ×g for 5 min at 4 °C, the pellet was resuspended in isotonic medium (10 mM HEPES,
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250 mM sucrose, 1 mM EGTA, 25 mM KCl, pH 7.8), containing PIM, corresponding to two-times
the volume of the cell pellet and homogenized with a dounce homogenizer. The suspension
was then centrifuged at 1000 ×g for 10 min at 4 °C. Supernatant was subsequently transferred
to a clean vial and centrifuged at 12,000 ×g for 15 min at 4 °C and was slowly titrated with
an ice-cold solution of 8 mM CaCl2 in water, corresponding to 8-times the volume of the
supernatant, followed by a 10 min incubation-step on ice. The recovered pellet, after another
centrifugation step at 8000 ×g for 10 min at 4 °C, contained the ER-enriched microsomes which
were resuspended in isotonic medium and where indicated and used for biochemical analysis.
Biochemical methods
For digitonin treatment of differentiated SH-SY5Y cells, cells were washed twice with AC
buffer (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4, 0.5 mM MgCl2, 1.2 mM
CaCl2 and 5 mM d-(1)-glucose, pH 7.2) and subsequently permeabilized with 500 μl/well of
40 μg/ml digitonin in AC buffer containing PIM, for 15 min on ice. After washing twice with
AC-buffer, the cells were either fixed in ice-cold 4% formaldehyde in Hanks Buffered Saline
Solution (HBSS) for immunofluorescence staining, or lysed with RIPA lysis buffer (50 mM Tris–
HCl, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, pH 7.5), containing
PIM, for immunoblot analysis. BAP labeling of SH-SY5Y cells was performed on cells cultured
in 75 cm2 culture flasks under standard growth conditions, with several modifications. Prior
to RA treatment, SH-SY5Y cells were grown to confluence and RA containing medium was
replenished every 3 days for a total of 6 days. Then cells were either treated with solvent,
5 mM MPP+, or 5 mM MPP+ in combination with 30 μM of the irreversible tTG inhibitor Z006
(Zedira GmbH, Darmstadt, Germany) for 24 h, in the presence of 0.5 mM BAP (Verhaar et al.,
2011). After extensive washing with PBS, the cells were lysed in RIPA buffer containing PIM,
sonicated for 10 s at low power on ice, and cellular debris was removed by centrifugation
at 16,000 ×g for 10 min at 4 °C. Then 1 mg protein was incubated with 40 μl streptavidin
coupled to agarose beads for 16 h at 4 °C. After thorough washing in TBST (10 mM Tris–Cl,
150 mM NaCl, 0.1% Tween-20, pH 7.4), the streptavidin beads were boiled in Laemmli sample
buffer (SB) containing 10 mM dithiothreitol (DTT). For extraction of ER-enriched microsomes,
membranes were obtained as mentioned previously and were divided in equal portions and
a final volume of 1 M NaCl, 100 mM NaHCO3, pH 11 or 1% Triton X-100 or TBS was added to
the fractions. After an incubation of 30 min on ice, fractions were centrifuged at 100,000 ×g
for 1 h at 4 °C. The supernatant was boiled in SB and the remaining pellet was resuspended in
an equal volume of SB. Proteolytic digestion of the ER-enriched microsomes was performed
with 100 μg/ml Proteinase K (PK; Sigma) in the presence of 1 mM CaCl2 for 30 min on ice. The
proteolytic degradation reaction was stopped with 5 mM (PMSF) and subsequent boiling of
the sample in SB.
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Immunoblotting
Where appropriate, protein concentrations of samples obtained from whole cell lysates or
ER microsomes were determined with the bicinchoninic acid assay (BCA, Pierce, Rockford, IL,
USA) and 1 μg of protein per sample was fractionated on 12% SDS-PAGE gels and transferred
onto polyvinylidene fluoride (PVDF; Millipore) membranes. For dot-blot experiments, 1 μg
of protein was pipetted onto nitrocellulose membranes (Millipore), which were allowed
to dry overnight. Blots were probed with primary antibodies at concentrations, described
in Supplementary Table 1, in TBST containing 2.5% non-fat skimmed milk (ELK, Campina,
Amersfoort, The Netherlands), overnight at 4 °C. Thereafter, immunoblots were incubated
with secondary antibodies (goat anti-mouse- or goat anti-rabbit peroxidase, Dako, Glostrup,
Denmark) for 1 h at RT. Peroxidase activity was detected using enhanced chemiluminescence
(Supersignal West Dura, Pierce), according to the manufacturer's description and analyzed
using a luminescence imager (Biorad, Milan, Italy). Band intensity was quantified using the
Quantity One® 1-D analysis software, version 4.6, from Biorad.
Electron microscopy
Immediately after isolation, the ER pellet obtained after the aforementioned CaCl2 precipitation
was fixed with ice-cold 2% glutaraldehyde and 1% paraformaldehyde in 0.1 M sodium
cacodylate buffer (SC) at pH 7.4 for 4 h on ice. Thereafter, the pellet was washed twice with SC
and subsequently post-fixed with 2% osmium tetroxide in SC for 16 h at 4 °C. After two washing
steps with SC, the sample was block-stained in 2% aqueous uranyl acetate for 16 h at 4 °C. After
a series of dehydration steps using ethanol, the sample was embedded in Epon (EMS, Hatfield,
PA, USA). Ultra-thin slices were then stained with 2% lead citrate for 5 min at RT. Photographs
were taken with a Philips CM 100 Bio electron microscope at 60 kV.
Statistical analysis
Statistical differences between the percentage of tTG-positive granules in untreated and MPP+treated SH-SY5Y cells (Fig. 1C), or the amount of tTG bound to ER microsomes in untreated
and MPP+-treated SH-SY5Y cells (Fig. 4E) were evaluated using a Student's t-test. Statistical
analysis of more than two sets of data in other experiments was performed using a one-way
ANOVA tested for equal variances (Bartlett's), followed by a Tukey's Multiple Comparison Test
(analyzed by GraphPad Prism, version 4.03, La Jolla, CA, USA). The level of significance of the
differences between groups is indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001; n.s. =
non-significant.
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RESULTS
Parkinsonian mimetics induce characteristic tTG-positive granules in SH-SY5Y cells
In order to further investigate our previous findings of the presence of tTG, calreticulin, PDI and
ERp57 in granular ER characteristic of melanized neurons in SN of PD brain (Wilhelmus et al.,
2011), we mimicked the neuronal distress occurring in PD patients by treating differentiated
catecholaminergic human neuroblastoma cells (SH-SY5Y) with the mitochondrial toxin 1-methyl4-phenylpyridinium (MPP+) (1–5 mM). In line with previous results (Itano and Nomura, 1995;
Sheehan et al., 1997), we demonstrated a concentration-dependent decrease in cell viability
of SH-SY5Y cells following MPP+ treatment (Fig. 1A). Interestingly, tTG immunoreactivity
(both anti-tTG antibodies listed in Supplementary Table 1) in SH-SY5Y cells shifted from a
light punctuated pattern in the control situation, toward staining of tTG-positive granulelike structures in the cytoplasm of MPP+-treated cells (Fig. 1B). These tTG-positive granulelike structures measured approximately 1 μm in diameter (Fig. 1B), similar to the structures
previously detected in melanized neurons in the SN of PD brain (Wilhelmus et al., 2011). In
parallel with the shift toward a granular staining pattern, the cytoplasmic immunoreactivity of
tTG was strongly reduced in MPP+-treated cells demonstrating tTG-positive granules (Fig. 1B).
Semi-quantitative analysis showed that the increase in the number of tTG granule-positive
cells correlated with MPP+ concentration (Fig. 1C). However, the percentage of tTG granule
positive cells was limited to a maximum of approximately 25% of the total number of surviving
cells at a concentration of 5 mM MPP+ (Fig. 1C). This maximum of 25% of the total number of
cells demonstrating tTG-positive granules was not influenced by length of incubation (up to
6 days), although the number of surviving cells slowly decreased in time at any concentration
of MPP+ used (data not shown). This strongly suggests that the total number of cells within
the treated cell population demonstrating tTG-positive granules over time is underestimated.
To obtain more insight into the development process of the tTG-positive granule-like
structures, we investigated tTG staining in MPP+ (5 mM)-treated SH-SY5Y cells at different time
points during a 24-hour incubation. We found an increase in tTG immunopositivity in cells,
compared to the control situation, starting 2 h after MPP+ treatment (Fig. 1D). Furthermore,
during this time period, tTG staining shifted from a light punctuated immunoreactivity to
a strong punctuated pattern (Fig. 1D). The number of cells demonstrating punctuated tTG
staining gradually increased in time for up to 16 h. After 16 h of MPP+ treatment, the first cells
demonstrating typical tTG-immunoreactive granular structures were observed, the number
of which increased following continued incubation for 24 h (Fig. 1D). In addition, tTG staining
was not only detected in the cytoplasm of the cell body surrounding the nucleus (Fig. 1D), but
also in cellular neurites (Fig. 3A, arrow), similar to our findings in melanized neurons of the SN
in PD brain (Wilhelmus et al., 2011). To investigate whether the appearance of increased tTG
staining and tTG-positive granule-like structures following MPP+ treatment is associated with
altered levels of tTG protein, the effect of MPP+ (1–5 mM) on tTG protein levels in SH-SY5Y
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Fig. 1. MPP+-treated SHSY5Y cells demonstrate tTG
immunoreactive granule-like structures in a concentration- and time-dependent manner. Cultured
RA-differentiated SH-SY5Y
cells were treated with either solvent or 0.5, 1, 2.5,
or 5 mM MPP+ for 24 h.
Cell viability was analyzed
using a MTT-based viability assay. MTT reduction is
presented as a percentage
of control (solvent). MPP+
treatment resulted in a concentrationdependent decrease in cell viability (A).
tTG staining of both untreated cells and
cells incubated with 5 mM MPP+ for 24 h
was analyzed using immunofluorescence. In untreated cells, a fine punctuate
cytoplasmic tTG staining was observed,
whereas MPP+-treated cells demonstrated tTG-immunoreactive granule-like
structures (arrow) in the cytoplasm,
observed using two distinct anti-tTG
antibodies (06-471 and Ab-3, Supplementary Table 1) (B). Semi-quantitative
analysis revealed a MPP+ (1–5 mM) concentration-dependent increase in cells
demonstrating
tTG-immunoreactive
granular structures (C). Analysis of the
time dependency of the effect of MPP+
(5 mM) treatment on tTG immunoreactivity. Two hours after initiation of MPP+
treatment, increased tTG immunoreactivity in cells, compared
to the control situation, (D, arrow) was observed. Thereafter,
tTG staining shifted from a light cytoplasmic staining to a strong
punctuated pattern (D, 8 h, arrow). After 16 h of MPP+ treatment, the first cells demonstrating typical tTG-positive granules
were observed, the number of which increased following continued incubation for up to 24 h (D, arrow). Differentiated SHSY5Y cells treated with either solvent or 1, 2.5, or 5 mM MPP+
for 24 h showed no alteration in tTG protein expression measured by either a tTG sandwich ELISA (E) or Western blotting (F). Treatment of differentiated SH-SY5Y cells with the
PD mimetics Rotenone (10 μM) or 6-OHDA (40 μM) for 24 h induced the formation of tTG immunoreactive granule-like structures, similar to those observed with MPP+ treatment (G, arrow). All experiments were performed
at least three times with details provided in the experimental procedures section. Where applicable, mean + S.D.
is shown. Scale bars: (B, D, G) 20 μm. n = nucleus.
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was studied using both a tTG-specific sandwich ELISA (Fig. 1E) and Western blotting (Fig. 1F).
Although progressive reduction of cellular viability was found in concentrations above 1 mM,
no differences in tTG protein levels at both toxic (2.5 mM and 5 mM) and non-toxic MPP+
concentrations (1 mM) were detected compared to control (Figs. 1E, F). Moreover, compared
to the untreated cells, the anti-tTG antibody demonstrated no additional bands on the Western
blot after MPP+-treatment, suggesting no change in tTG processing such as formation of tTG
polymers or proteolytic breakdown products.
To exclude the possibility that the formation of tTG positive granules in SH-SY5Y cells upon
MPP+ treatment is a phenomenon specific for MPP+, other well-characterized PD mimetics,
i.e. rotenone and 6-OHDA (Betarbet et al., 2000; Blum et al., 2001) were used. Alike MPP+,
both rotenone and 6-OHDA, induced the formation of tTG-positive granules (Fig. 1G). In
contrast, the general apoptosis-inducing compound staurosporine (Koh et al., 1995) did not
induce tTG-positive granules. Furthermore, the microtubule-disrupting agent nocodazole
also did not provoke the formation of these structures, excluding the involvement of
MPP+-mediated microtubule network disruption on the formation of tTG positive granules
(Cappelletti et al., 2005) (Supplementary Fig. 1A). Moreover, in contrast to SH-SY5Y cells,
treatment of non-catecholaminergic IMR32 neuroblastoma cells with MPP+ failed to induce
formation of tTG-positive granules, despite their high expression levels of tTG following
treatment with RA (Joshi et al., 2006), and their sensitivity toward MPP+ toxicity (data not
shown). This suggests that formation of these structures is limited to certain cell types, in
particular catecholamine producing neurons, which is in line with observations in PD brain
demonstrating tTG-positive granules only in melanized neurons (Wilhelmus et al., 2011).
In order to investigate whether the possibility that the appearance of tTG-positive granule-like
structures is a phenomenon of cell death, we stained MPP+-treated cells with tTG antibody in
combination with either an apoptotic marker (activated Caspase-3), or with Hoechst 33342 to
determine irregular nuclei indicative of cell degeneration. After treatment with MPP+ (5 mM)
for 24 h, neither of these cell death markers showed expression in cells in which tTG-positive
granule-like structures were observed (Supplementary Fig. 1B).
ER chaperones colocalize with tTG-positive granules in MPP+-treated SH-SY5Y cells
To further characterize the nature of the MPP+-induced tTG-positive granules, we investigated
whether the tTG-positive structures were surrounded by a lipid monolayer or bilayer. To
identify a single lipid layer, as observed in lipid droplets (Murphy, 2001), we performed a
double (immuno)staining of a lipid droplet marker (BODIPY® 493/503) with anti-tTG antibody.
Although in line with a previous report (Oddi et al., 2008) the presence of lipid droplets in
SH-SY5Y cells was observed (Fig. 2B), we found no colocalization of tTG with these structures
following exposure to MPP+ (Figs. 2A–C). In order to investigate if the tTG-positive structures
are granules characterized by a lipid bilayer membrane (Brumback et al., 2004), we performed a

4

Fig. 2. tTG-immunoreactive granules are surrounded by a lipid bilayer. Cultured SH-SY5Y cells were differentiated
and subsequently treated with 5 mM MPP+ for 24 h. Double fluorescence was performed using both an antitTG antibody (06-471) and staining of a lipid droplet marker (BODIPY® 493/503) or a lipid bilayer marker
(FM®1-43 fixable lipophilic styryl compounds) as detailed in the materials and methods section. Altough lipid
droplets are present in MPP+-treated differentiated SH-SY5Y cells, no colocalization was observed with the tTGimmunoreactive granular structures (A–C, arrow). In contrast, colocalization of FM®1-43 fluorescence with tTG
in tTG-immunoreactive structures (D–F, arrow) was observed, demonstrating that the tTG-immunoreactive
granular structures are granules enclosed by a lipid bilayer. All experiments were performed at least three times.
A representative experiment is shown. Scale bars: (A, D) 20 μm. n = nucleus.

double (immuno)staining of a lipid bilayer marker (FM®1-43 fixable lipophilic styryl compounds)
with an anti-tTG antibody 06-471. The FM®1-43 dye reversibly partitions into membranes and
stains the external leaflet of lipid bilayers of granules (Brumback et al., 2004). Although loss
of dye fluorescence occurred as a consequence of fixation of cells, we did observe FM®1-43
fluorescence in tTG-immunoreactive granules (Figs. 2D–F), strongly supporting our notion that
these tTG-immunoreactive structures are indeed regular granules enclosed by a lipid bilayer.
To both confirm the ER-origin of the observed granules, and to rule out other tTG-associated
cellular organelles, we performed double immunofluorescence in MPP+ (5 mM)-treated
SH-SY5Y cells with an anti-tTG antibody and markers of various cellular organelles, i.e. the
ER, mitochondria, Golgi and endo-lysosomal/autophagy pathways. Although tTG has been
associated with mitochondria (Malorni et al., 2008), we observed no colocalization of granular
tTG staining, with a 60 kDa mitochondrial specific protein (James et al., 2004) (Supplementary
data, Figs. 2A–C). Also, no granular tTG staining was observed to colocalize with the golgispecific marker (Golgi microtubule-associated protein, GMAP-210) (Infante et al., 1999)
(Supplementary data, Figs. 2D–F). In addition, since tTG has been implicated in endo-lysosomal
(Zemskov et al., 2007), and/or autophagy pathways (Akar et al., 2007; D’Eletto et al., 2009), we
also investigated possible overlay of tTG with markers for early endosomes (early endosome
antigen 1, EEA1) (Lawe et al., 2000), late endosomes/lysosomes (Lysosomal-associated
Membrane Protein, LAMP-2) (Fanin et al., 2006), or with autophagosomes (LC3) (Nixon, 2006).
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However, no colocalization of tTG with these markers of endocytosis (Supplementary data,
Figs. 2J–L) and protein breakdown related organelles was observed (Supplementary data, Figs.
2M–O). To investigate if the MPP+-induced tTG-positive granules are of ER origin, we initially
performed a double immunofluorescence study of tTG with ER-resident proteins, i.e. calreticulin
and calnexin (Bardo et al., 2006; Gorlach et al., 2006; Ni and Lee, 2007). Both calreticulin (Figs.
3A–C) and calnexin (Figs. 3D–F) immunoreactivity showed clear colocalization with the tTGpositive granules in MPP+-exposed cells. To obtain more evidence, we extended the number
of ER markers with protein disulphide isomerase (PDI) (Figs. 3G–I), endoplasmic reticulum
protein ERp57 (Figs. 3J–L) and phosphatidylinositol-3 receptor 1 (IP3R1) (Figs. 3M–O) (Bardo
et al., 2006; Gorlach et al., 2006; Ni and Lee, 2007). Similar to calreticulin and calnexin, we
found substantial colocalization of these ER-associated proteins with tTG-positive granules.
Interestingly, also in control cells, partial colocalization of the above-mentioned ER chaperones
with the more diffuse punctuated tTG staining was observed (Supplementary data, Fig. 3).
These findings underscore the likelihood that the large(r) tTG-positive granules detected in
MPP+-exposed cells and PD brain form part of the ER.
Since MPP+ treatment induces tTG-immunoreactive granules that colocalize with several ER
chaperones, we wondered whether the formation of these structures may be causally related
to ER stress and/or disturbance of Ca2 + buffering, both well-known PD pathogenesis related
phenomena (Hoozemans et al., 2007; Surmeier, 2007). Therefore, we treated differentiated
SH-SY5Y cells with either the ER-associated Ca2+ ATPase inhibitor thapsigargin (Thastrup et
al., 1990), or the N-linked glycosylation inhibitor tunicamycin (Oda et al., 2008). Similar to
MPP+ exposure to 5 μM thapsigargin or 0.5 μg/ml tunicamycin induced tTG-immunoreactive
granules in differentiated SH-SY5Y cells (Figs. 3P–R), which demonstrated colocalization
with calreticulin (not shown). These data suggest that the formation of tTG-immunoreactive
granules in cells exposed to MPP+ is somehow linked to ER dysfunction. To investigate whether
the tTG-positive granules not only results from ER stress induced by MPP+ (Conn et al.,
2002; Kitao et al., 2007), but are also part of the UPR, we analyzed immunoreactivity for the
phosphorylated UPR activation marker pancreatic ER kinase (pPERK) in MPP+-treated SH-SY5Y
cells. Upon MPP+ treatment (5 mM), SH-SY5Y cells demonstrated both tTG-immunoreactive
granules and granules containing pPERK-immunoreactivity (Supplementary Fig. 4). However,
no overlap between these granule-types was observed, similar to what was found by us in
human melanized neurons of the SN in PD brain (Wilhelmus et al., 2011).
tTG is associated with the ER, and this association increases upon MPP+ treatment
Our previous observations (Wilhelmus et al., 2011) and the above-described colocalization
studies suggested an association of tTG with the ER, at least in certain neuronal cell types. To
further characterize this interaction, we first investigated whether cellular tTG is membranebound in these tTG immunoreactive granules. If so, removal of cytoplasmic tTG should not

4

Fig. 3. (A) MPP+ treatment of differentiated SH-SY5Y cells induces tTG-immunoreactive granule-like structures
positive for ER-resident proteins. Cultured SH-SY5Y cells were differentiated and subsequently treated with
5 mM MPP+ for 24 h. Double immunofluorescence was performed using both an anti-tTG antibody (06-471) and
antibodies directed against either calreticulin (Ab2907), calnexin (575-593), PDI (Ab2792), ERp57 (Ab10287) or
IP3R1 (Ab5908) (Supplementary Table 1). Substantial colocalization of tTG-immunoreactive granular structures
was observed with calreticulin (A–C), calnexin (D–F), PDI (G–I), ERp57 (J–L) or IP3R1 (M–O). Apart from the
presence of tTG-immunoreactive granule-like structures in the cytoplasm, these structures were also found in
axon-like extensions of the MPP+-treated cells (A–C, arrow). (B) Cultured SH-SY5Y cells were differentiated and
subsequently treated with either thapsigargin (5 μM) or tunicamycin (0.5 μg/ml), for 24 h. Immunofluorescence
staining was performed using an anti-tTG antibody (06-471). Treatment of cells with either thapsigargin or
tunicamycin resulted formation of tTG-immunoreactive granules (Q–R, arrow). All experiments were performed
at least three times, according to the methods described in the experimental procedures section. A representative
experiment is shown. Scale bars: (A, D, G, J, M, P) 20 μm. n = nucleus.

Chapter 4

75

interfere with this putative interaction. For this purpose, SH-SY5Y cells were treated with
increasing concentrations of MPP+ (0–5 mM) and subsequently permeabilized with the
glycoside digitonin (40 μg/ml) to induce cytoplasmic depletion of tTG, while leaving the ER intact
(Plutner et al., 1992). Although immunocytochemistry revealed that treatment with digitonin
indeed reduced cytoplasmic tTG staining, it did not affect formation of MPP+-induced tTGimmunoreactive granules, suggesting the presence of membrane-bound tTG, at least under
cellular stress conditions (Fig. 4A). This observation was supported by immunoblot analysis
which demonstrated a concomitant increase in tTG protein levels in digitonin-permeabilized
cells incubated with increasing concentrations of MPP+ (Fig. 4B). Thus, even though total cellular
levels of tTG remain unchanged (Fig. 1F), the amount of membrane-bound tTG increases upon
MPP+ treatment (Fig. 4B).
The above-described data suggest, but do not prove, an association of tTG with the ER. To solve
this issue, we isolated ER from differentiated SH-SY5Y cells, either untreated or treated with
MPP+. ER isolation was performed using a well-characterized calcium precipitation protocol
(Hamilton et al., 1999), which resulted in highly purified rough ER-enriched as microsomes
demonstrated by EM analysis (Fig. 4C). Biochemical characterization of isolated ER fractions
obtained in this manner from both solvent control- and MPP+-treated cells, demonstrated the
presence of the ER membrane protein calnexin and tTG. Proteins characteristic for cytosol
(lactate dhydrogenase,LDH), nucleus (TATA binding protein TATA), mitochondria (Voltagedependent anion channel, VDAC), autophagosomes (microtubule-associated protein1 light
chain 3, LC3) and Golgi (GMAP210) were absent from the ER fractions (Fig. 4D), demonstrating
that our ER preparation was not contaminated with other cellular organelles. In line with our
observations using immunocytochemistry in untreated SH-SY5Y cells (Supplementary Fig. 3),
tTG associated to ER also in untreated cells. However, the concentration of ER-bound tTG more
than doubled after MPP+ treatment (Fig. 4E). Given the fact that total cellular tTG protein
levels remained constant upon MPP+ treatment (Figs. 1E–F), the increase in ER-associated tTG
is likely to reflect a redistribution of tTG to the ER under pathological conditions.
To establish the location of tTG at the ER, we investigated whether the protein is present in the
ER lumen or associated with the ER membrane. First, CaCl2 precipitated ER microsomes from
SH-SY5Y cells were extracted under high salt conditions (1 M NaCl) to remove proteins bound
to the cytoplasmic side of the ER, while leaving the microsomes intact (Jiang et al., 2010a).
This approach demonstrated that, although the majority of tTG is localized on the cytoplasmic
side of the ER (supernatant fraction), substantial levels of tTG were found on the stripped ER
microsomes (pellet fraction) (Fig. 4F). As a control and as expected, the transmembrane ER
protein calnexin was only recovered in the pellet fraction (Fig. 4F). Extraction of ER microsomes
with a high pH buffer (100 mM NaHCO3, pH 11), which opens the microsomes while keeping
the membranes intact, demonstrated that only a small amount of tTG proteins remained
bound to ER membranes while the majority was released from the microsomes (Fig. 4F).
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Fig. 4. tTG is present at the ER membrane in differentiated SH-SY5Y cells. tTG-positive granules induced by MPP+
(5 mM) treatment for 24 h were not affected by digitonin (40 μg/ml) permeabilization, in contrast to a clear decrease in tTG immunoreactivity in control cells treated with digitonin (A). Cell lysates from digitonin permeabilized SH-SY5Y cells treated with MPP+ (0–5 mM) demonstrated a concentration-dependent increase in tTG, whereas tTG levels in corresponding whole cell lysates did not change (B). EM analysis of rough ER microsomes isolated
from differentiated SH-SY5Y cells (C). To characterize the isolated ER microsomes, equal protein concentrations
of whole cell lysates (WCL), or isolated ER microsomes (ER) from untreated and MPP+ (5 mM, 24 h) treated differentiated SH-SY5Y cells were immunoblotted and probed with antibodies raised against tTG (AB3), calnexin
(aa. 116-301), cytosolic marker lactate dehydrogenase (LDH) (EP1566Y), mitochondrial marker VDAC (ab15895),
autophagosame marker LC3 (aa. 1-120), nuclear marker TATA binding protein (TATA) (aa. 1-100) and golgi marker
GMAP210 (aa. 159-365; Supplementary Table 1) (D). Immunoblot quantification of tTG associated with ER isolated from untreated or MPP+ (5 mM, 24 h) treated differentiated SH-SY5Y cells. tTG associated to the ER in untreated cells was set at 100% (E). Isolated ER microsomes from
differentiated SH-SY5Y cells were extracted with either NaCl
(1 M), Na2CO3 (100 mM, pH 11), Triton X100 (1%) (TX) or TBS
for 30 min on ice. After ultracentrifugation of the extracted
membranes, the remaining supernatant (S) and pellet (P)
fractions were analyzed using immunoblot and probed with
antibodies raised against tTG (AB3) or calnexin (aa. 116-301)
(F). Isolated ER membranes from differentiated SH-SY5Y
cells were undigested (–), digested with PK (100 μg/ml), or
digested with PK (100 μg/ml) in the presence of Triton (1%)
(PK/TX). Thereafter, these fractions were immunoblotted
and probed with antibodies raised against tTG (AB3), BiP/
Grp78 (aa. 154-347) or calnexin (aa. 116-301) (G). All experiments were performed at least three times according
to the experimental procedures section. Where applicable,
mean + S.D. is shown were appropriate. Immunofluorescence scale bar: (A) 20 μm. EM scale bar (C) 0.5 μm × 48,000.
n = nucleus.
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However, under these conditions calnexin was recovered in the microsomal pellet fraction
(Fig. 4F). Treatment of microsomes with triton (1%) was used to solubilize membrane bound
proteins, which indeed resulted in complete recovery of tTG and calnexin in the supernatant
fraction (Fig. 4F). Surprisingly, extraction in TBS, used as salt control, was found to be already
sufficient for release of some tTG from the ER microsomes (Fig. 4F). This suggests a weak tTGER interaction, or reflects a binding equilibrium between ER-bound tTG and cytoplasmic tTG.
Second, in addition to the salt-extraction experiments, microsomes were digested with PK to
degrade proteins on the cytoplasmic face of the ER, but keeping ER luminal proteins intact (Ou
et al., 1995). In line with the salt extraction experiments, PK treatment removed the majority
of tTG protein from the cytoplasmic side of the microsomes (Fig. 4G). The partial degradation
of tTG was not the result of inefficient digestion by PK or loss of intact microsomes, as PK
treatment did not degrade the ER luminal protein binding immunoglobulin protein/glucoseregulated protein (BiP/Grp78) (Fig. 4G). Furthermore, PK digestion only cleaved the cytosolic
c-terminal tail of calnexin, resulting in a cleaved ~ 80 kDa fragment of the protein that remained
in the ER lumen (Ou et al., 1995) (Fig. 4G). As expected, addition of triton (1%) permeabilized
the membranes allowing PK to degrade all ER proteins (Fig. 4G). Thus, the majority of ERassociated tTG appear to reside at the cytoplasmic face of the ER membrane.

Fig. 5. MPP+-induced tTG activation modifies ER proteins. Prior to ER isolation, untreated and MPP+ (5 mM)
treated differentiated SH-SY5Y cells were both co-incubated with BAP (0.5 mM) for 24 h. ER membranes were
spot-blotted and subsequently probed for the presence of tTG-incorporated biotin with streptavidin coupled to
HRP. BAP incorporation into the ER of untreated cells was set at 100%. Figure inlet shows the amount of BAP
incorporated in MPP+ versus untreated cells (A). Whole cell extracts (wcl) of differentiated SH-SY5Y cells either
incubated with solvent (ctrl), MPP+ (5 mM) treated (MPP+), or treated with MPP+ and tTG inhibitor Z006 (30 μM)
(MPP+/Z006),in the presence of BAP (0.5 mM) for 24 h, were subjected to streptavidin precipitation. Streptavidin
coupled to agarose beads was used as control (EB) for background by unspecific conjugate binding. Immunoblot
analysis revealed that BAP is incorporated in ER transmembrane protein calnexin (aa. 116-301), whereas in the
ER luminal proteins BiP/Grp78 (aa. 154-347) and ERp57 (ab10287) no BAP is incorporated (B). All experiments
were performed at least three times as detailed in the experimental procedures section. Where applicable,
mean + S.E.M. is shown were appropriate.
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MPP+ induces differential modification of ER proteins by tTG
Increased association of tTG with the ER under MPP+ conditions might have functional
consequences for ER functioning. Although the transamidation activity of tTG is normally
induced at high (> 1 mM) concentrations of Ca2+, the presence of (ER) membrane lipids,
reduces the Ca2+ (> 30 nM) levels required for activation (Nemes et al., 2009). To test whether
MPP+ treatment affects ER-associated tTG activity, ER-microsomes were isolated from SH-SY5Y
cells that were either untreated or treated with MPP+ (5 mM), in the presence of BAP, i.e. a
polyamine substrate of tTG used to identify tTG mediated transamidation of proteins (Verhaar
et al., 2011; Zhang et al., 1998). Equal amounts of isolated ER microsomal fractions were spotblotted and analyzed for BAP incorporation into the ER proteins. Upon MPP+ treatment, BAP
incorporation was increased dramatically, compared to untreated cells (Fig. 5A). Subsequently,
potential ER substrates for tTG activity were analyzed, i.e. calnexin, BiP/Grp78 and ERp57.
For this purpose, whole cell extracts of SH-SY5Y cells, treated with or without MPP+ (5 mM)
in the presence of BAP (0.5 mM), were subjected to streptavidin precipitation. Immunoblot
analysis of biotinylated fractions revealed that under our experimental conditions BAP was
not incorporated into the ER luminal proteins BiP/Grp78 or ERp57 (Fig. 5B). In contrast to
these luminal proteins however, BAP was incorporated into the ER transmembrane protein
calnexin during MPP+ treatment. The MPP+-induced incorporation of BAP into calnexin was
completely blocked by co-incubation with the selective, irreversible active-site inhibitor Z006
(30 μM) (Fig. 5B) (Verhaar et al., 2011). Interestingly, coincubation with Z006 had no effect
on the formation of tTG-positive granules (not shown). Together, these data demonstrate the
ER-linked fraction of tTG is associated primarily with the cytosolic side of the ER-membrane
and becomes catalytically active during ER-stress induced by MPP+ exposure, leading to posttranslational modification of ER-membrane proteins like calnexin.
DISCUSSION
Recently we reported the presence of tTG immunoreactive granular structures in
catecholaminergic neurons in both the SNpc and locus ceruleus of PD patients (Wilhelmus et
al., 2011). Here, using immunofluorescence techniques, we demonstrate that the formation
of highly similar if not identical tTG-positive granular structures was observed in a widely used
cellular model of PD, i.e. in MPP+-treated neuronally differentiated human catecholaminergic
SH-SY5Y neuroblastoma cells. Alike disease-affected catecholaminergic neurons in PD brain
(Wilhelmus et al., 2011), these granular structures in MPP+-treated SH-SY5Y cells occurred in
both cell bodies and neurites. In addition, these granules appear to be of ER origin, since they
are enveloped by a regular membrane, immunopositive for a number of classical ER proteins,
lack of staining for proteins associated with other subcellular organelles and colocalization with
a marker of lipid bilayers. However, the methods used do not allow us to conclude whether
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the MPP+-induced tTG-positive granules are newly formed individual granular structures or
represent (part of) preexistent but morphologically altered ER cisterns or tubules. The latter
possibility is supported by findings of Yang et al. (Yang et al., 2009) who demonstrated that
cellular overexpression of reticulon-4A, a protein responsible for modulating ER membrane
shape, leads to a granular redistribution of the ER chaperone PDI. If correct, the association
between tTG and ER structures would be expected to exist also under physiological conditions
and only show morphological changes in the presence of MPP+. Indeed, our data show
that already in differentiated but untreated SH-SY5Y cells, tTG immunoreactivity overlaps
considerably with that of both membrane and luminal ER proteins. Exposure to MPP+ does
not alter cellular tTG protein levels but leads to a gradual change in the distribution pattern
of tTG, which evolves from a diffuse punctuate appearance to accumulation in larger granules
with a concomitant reduction in cytoplasmic staining. Interestingly, using the same cell model,
similar observations were reported previously by Beck et al. (Beck et al., 2006) who noted that
the MPP+-induced changes in tTG distribution pattern might point to an association of the
protein with subcellular organelles like the ER. In contrast to the study by Beck et al., we did
not observe a decrease in tTG levels upon MPP+ treatment in whole cell lysates. Our data show
a shift of tTG from the cytoplasm to membrane associated fractions, therefore, experimental
conditions related to the way these lysates are made might explain this discrepancy between
both studies.
The apparent overlap between findings in human brain tissue and cell model allowed us to use
the latter for further biochemical characterization of the nature of the interaction between
tTG and ER under both physiological and pathological, i.e. PD relevant, conditions. Our results
show that, although tTG can be easily detected in an ER-enriched microsomal membrane
preparation in control cells, mild extraction conditions are sufficient to remove a major part
of this membrane-associated tTG pool. A smaller portion of the membrane-associated pool of
tTG remained tightly bound to the ER and did not dissociate even under high salt conditions.
A possible explanation for this tight binding to the ER is that some tTG protein resides within
the ER lumen, as recently reported for another member of the TG protein family i.e. TG1 (Jiang
et al., 2010a). However, this seems unlikely as tTG lacks an ER-targeting signal sequence and is
not known to undergo typical ER-linked post-translational modifications, like glycosylation and
disulfide bridge formation (Ikura et al., 1988, 1989). Moreover, we observed that, in contrast to
the luminal protein BiP (Wang and Takahashi, 2007), tTG is readily degraded upon proteolytic
digestion of intact ER membranes by PK. Thus, it appears more likely that a fraction of the
cytoplasmic pool of tTG in SH-SY5Y cells is bound to the cytoplasmic face of the ER membrane.
Although unusual, a similar association of non-ER targeted proteins with the ER membrane has
been noted before for m-calpain, a Ca2 +-dependent protease with structural similarities to tTG
(Samanta et al., 2007). Interestingly, the ER-associated tTG fraction increases upon exposure
of the cells to the PD mimetic MPP+. A possible explanation for this effect is that, alike other
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mitochondrial toxins, MPP+ induces the transamidation activity of tTG (Beck et al., 2006). As
part of this process tTG undergoes a large conformational change and enzymatically active
tTG has an increased affinity for lipid membranes (Nemes et al., 2009; Pinkas et al., 2007). In
this way, enhanced membrane binding may account for both the increased tTG levels in MPP+exposed, digitonin treated cells and ER microsomes isolated from MPP+-treated cells, while
total cellular tTG protein concentration remain unchanged. However, we cannot rule out the
possibility that exposure to MPP+ selects a subpopulation of SH-SY5Y cells with a constitutively
higher level of ER-associated tTG protein.
In addition to evidence in support of a structural interaction between tTG and ER, our results
also point toward a functional interaction, in particular under pathological conditions. Thus,
using a modification of a previously established experimental setup (Verhaar et al., 2011),
we detected incorporation of the polyamine tTG substrate BAP into ER enriched microsomes
isolated from MPP+-treated cells. BAP incorporation was blocked by coincubation with the
selective tTG active-site inhibitor Z006 (Schaertl et al., 2010; Verhaar et al., 2011). In support
of a localization of tTG at the cytoplasmic face of the ER membrane, our data moreover
demonstrated that under these conditions BAP is incorporated into the ER-transmembrane
protein calnexin, but not into the ER-luminal proteins BiP and ERp57. As a transmembrane
protein, calnexin has an ER-luminal and a cytoplasmic domain. Interestingly, the cytoplasmic
domain of calnexin is reported as an important site for post-translational modifications, such
as phosphorylation and palmytoylation (Chevet et al., 2010; Ferrera et al., 2008; Wong et al.,
1998). Our data are the first to suggest that tTG-induced transamidation may be added to this
list. Further investigation of the biochemical characteristics and functional consequences of
interaction between tTG, calnexin and other ER-membrane proteins is the focus of ongoing
work in our lab.
In addition to MPP+, formation of tTG-positive granules in SH-SY5Y cells was stimulated not
only by other PD mimetics, i.e. the mitochondrial poison rotenone and the catecholaminergic
neurotoxin 6-OHDA (Betarbet et al., 2000; Blum et al., 2001), but also by exposure to the
ER stressors tunicamycin and thapsigargin(Oda et al., 2008; Thastrup et al., 1990). This
suggests that tTG redistribution is not specific to MPP+ and is likely to be the consequence
of ER stress. Indeed, treatment of SH-SY5Y cells with MPP+ causes ER stress and leads to
induction of the UPR (Holtz and O’Malley, 2003; Ryu et al., 2002). Interestingly, our results
using immunofluorescence techniques show accumulation of the classical UPR marker protein
pPERK in tTG-negative granular structures following incubation with MPP+. These findings
are in line with our previous observations in PD brain (Wilhelmus et al., 2011) and might be
explained by the presence of different functional domains in the ER (Kamhi-Nesher et al.,
2001; Kondratyev et al., 2007). This assumption is supported by the fact that, although all
tTG-positive granules expressed ER markers, not all ER marker-positive structures were tTG
immunoreactive. Together, therefore, our results suggest that the appearance of tTG granules
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forms part of a more general ER stress response in both threatened, MPP+-exposed SH-SY5Y
cells and catecholaminergic neurons in PD. Moreover, they raise questions about the possible
role of these structures in regulating neuronal survival or death. Within this context it is of
interest to note that only a subpopulation of SH-SY5Y cells demonstrated formation of tTG
granules in the presence of increasing concentrations of MPP+. However, none of the cells
in which this phenomenon occurred showed signs of impending cell death in the form of
activated caspase 3 or nuclear disintegration. Albeit indirect, this at least suggests that the
mechanism(s) responsible for the appearance of tTG granules are protective in nature, which
fits well with our data on PD post-mortem brain tissue demonstrating tTG-positive granules in
surviving neurons (Wilhelmus et al., 2011).
Whether tTG itself is involved in this apparent protective mechanism remains unclear.
Whereas Beck et al. reported that blockade of tTG transamidation activity, using a non-specific
TG inhibitor (R283), enhanced MPP+ toxicity in SH-SY5Y cells (Beck et al., 2006), under similar
experimental conditions we failed to observe any change in MPP+-induced cell death in the
presence of the, previously characterized (Verhaar et al., 2011), cell permeable irreversible
active site inhibitor Z006 (Results section). Moreover, co-incubation with Z006 had no visible
effect on formation of tTG granules in MPP+ treated cells, although it blocked tTG-mediated
modification of ER proteins measured by biochemical techniques (see above). Thus, increased
tTG presence and activation at the ER induced by MPP+ may affect neuronal function in more
subtle ways then by directly acting on mechanisms of survival or death. Alternatively, as tTG
is a multi-functional protein which also displays GTPase and PDI activity (Hasegawa et al.,
2003; Nakaoka et al., 1994), tTG may act at the ER in a (partly) transamidation-independent
manner. On the other hand, tTG activity might also interfere with autophagy, a protective
cellular response during neurodegeneration (Williams et al., 2006). This protective response
can be inhibited by tTG mediated post-translational modification of Beclin 1, which prevents
recruitment of PI3K complex III to the ER, a key process required for initiation of ER-stress
induced autophagy (Li et al., 2008; Luciani et al., 2010). Future experiments will have to clarify
these issues.
Although cellular tTG is generally considered to be a soluble cytoplasmic protein, evidence is
mounting for its association with cellular organelles, in particular the nucleus, mitochondria
and endosomes/autophagosomes, in which it subserves both transamidation-dependent and
independent functions (Akar et al., 2007; D’Eletto et al., 2009; Fesus and Piacentini, 2002;
Rodolfo et al., 2004). Despite the remaining uncertainties, our results, therefore, add to a
growing list of data implicating tTG in direct regulation of organellar function. Interestingly,
using immunocytochemistry we only found colocalization of tTG with markers for ER in
both untreated and MPP+-treated SH-SY5Y cells. This may point to a cell-type dependent
association of endogenously expressed tTG with specific organelles. Such a notion, which
clearly warrants further investigation, is supported by the lack of tTG-positive ER granules in
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non-catecholaminergic, but MPP+-sensitive IMR-32 neuroblastoma cells, which express high
levels of tTG upon differentiation with RA (Joshi et al., 2006; West et al., 1977), and is in line
with our earlier observations in human brain tissue (Wilhelmus et al., 2011). Moreover, it may
explain the apparent lack of tTG expression in other organelles in SH-SY5Y cells. Together,
our data are the first to provide strong evidence for a localization of tTG at the ER, at least in
catecholaminergic neurons, and suggest that in PD activation of tTG may have a direct impact
on ER function, in particular via post-translational modification of ER membrane proteins.
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SUPPLEMENTARY DATA
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Supplementary Fig. 1. Differentiated SH-SY5Y cells treated with 50 nM staurosporine or 2.5 μM nocodazole for
24 h demonstrated no tTG-immunoreactive granular structures (A). Differentiated SH-SY5Y cells demonstrating
tTG-immunoreactive (06-471) granular structures (red, arrow) following treatment with MPP+ (5 mM, 24 h)
were negative for the apoptosis marker activated Caspase-3 (Asp175, green, arrow with asterisk), and showed
no irregular nuclei as determined using Hoechst 33342 staining (blue) compared to control nuclei (box)
(B). Experiments were performed at least three times as detailed in the experimental procedures section. A
representative experiment is shown. Scale bar: 20 μm. n = nucleus.

Supplementary Fig. 2. MPP+ treatment of differentiated SH-SY5Y cells induces tTG-immunoreactive granule-like
structures negative for mitochondrial, Golgi, endosomal, lysosomal or autophagosomal markers. Cultured SH-SY5Y
cells were differentiated and subsequently treated with 5 mM MPP+ for 24 h. Double immunofluorescence was
performed using both an anti-tTG antibody (06-471) and markers of various cellular organelles, i.e. mitochondria
(antibody directed against the 60 kDa mitochondrial protein), Golgi (GMAP-210), early endosomes (EEA1), late
endosomes/lysosomes (LAMP-2), and/or autophagosomes (LC3) (Supplementary Table 1). No colocalization of
mitochondria (A–C), Golgi (D–F), early endosomes (G–I), late endosomes/lysosomes (J–L) or autophagosomes
(M–O) markers was observed with tTG-immunoreactive structures. All experiments were performed at least
three times as detailed in the experimental procedures section. A representative experiment is shown. Scale
bars: (A, D, G, J, M) 20 μm. n = nucleus.
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Supplementary Fig. 3. In RA-differentiated SH-SY5Y cells light punctuated tTG-immunoreactivity colocalizes with
antibodies directed against ER-resident proteins. Double immunofluorescence was performed using both an
anti-tTG antibody (06-471) and antibodies directed against either calreticulin (Ab2907), calnexin (575-593), PDI
(Ab2792), ERp57 (Ab10287) or IP3R1 (Ab5908) (Supplementary Table 1). Colocalization of the light punctuated
tTG-staining with calreticulin (A–C), calnexin (D–F), PDI (G–I), ERp57 (J–L) or IP3R1 (M–O) immunoreactivity
was observed. All experiments were performed at least three times as detailed in the experimental procedures
section. A representative experiment is shown. Scale bars: (A, D, G, J, M) 20 μm. n = nucleus.

Supplementary Fig. 4. Double immunofluorescence was performed on differentiated SH-SY5Y cells treated with
5 mM MPP+ for 24 h using both an anti-tTG antibody (A, 06-471) and a marker of ER stress/unfolded protein
response (UPR), the phosphorylated UPR activation marker pancreatic ER kinase (B, pPERK, Sc-32577). Although
pPERK positive granules were observed in MPP+ treated cells, no colocalization of pPERK staining with tTGimmunoreactive granules was found (C). All experiments were performed at least three times as detailed in the
experimental procedures section. A representative experiment is shown. Scale bar: (A) 20 μm.

Supplementary Table 1. Antibodies used in this study for immunohistochemistry (IHC) or immunoblotting (IB)
Primary
antibody
Ab2792

Full length rat PDI

06-471

Guinea pig tTG

Ab-3

Species
raised in
Mouse

Dilution
IHC
IB
1:100 1:1000

Abcam, Cambridge, UK

Goat

1:1500

-

Millipore, Billerica, MA, USA

Guinea pig tTG

Mouse

1:500

1:2000

AC-15

Xenopus laevis β-actin

Mouse

-

1:15000 Abcam, Cambridge, UK

EP1566Y

Human LDH

Rabbit

-

1:5000

Abcam, Cambridge, UK

aa. 1-100

Human TATA binding protein

Mouse

-

1:1000

Abcam, Cambridge, UK

Ab2907

Human calreticulin

Rabbit

1:200

1:5000

Abcam, Cambridge, UK

aa. 575-593

Canine calnexin

Rabbit

1:200

1:1000

Calbiochem, San Diego, CA, USA

aa. 116-301

Human calnexin

Mouse

-

1:1000

BD Transduction Labs, CA, USA

H4B4

Human LAMP-2

Mouse

1:100

1:1000

DSHB, University of Iowa, USA

ab21685

Mouse BiP/GRP78

Rabbit

-

1:500

Abcam, Cambridge, UK

Asp175

Human activated caspase-3

Rabbit

1:400

-

PM036

Human LC3

Rabbit

1:500

1:1000

MBL, Naka-ku Nagoya, Japan

07-292

Rabbit

1:200

-

Millipore, Billerica, MA, USA

Rabbit

1:500

-

Abcam, Cambridge, UK

aa. 150-250

Human EEA1
Human 60 kD protein
mitochondria specific
Human VDAC1/Porin

Rabbit

-

1:1000

Sc-32577

Human pPERK

Rabbit

1:100

-

Ab10287

ERp57

Rabbit

1:1000

1:1000

Ab5908

Human IP3R1

Rabbit

1:1000

-

Mouse

1:100

1:1000

Ab3298

Antigen

aa. 159 - 365 Human GMAP-210

Source (reference)

Lab Vision, CA, USA

Cell Signalling, Boston, MA, USA

Abcam, Cambridge, UK
Santa Cruz Biotechnology, CA,
USA
Abcam, Cambridge, UK
Abcam, Cambridge, UK
BD Biosciences, San Jose, CA,
USA
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ABSTRACT
Tissue transglutaminase (tTG) is a cross-linking enzyme involved in protein aggregation
during Parkinson’s disease (PD) pathogenesis. Autophagy is inhibited by tTG activation via
a mechanism in which cross-linking of beclin 1, an autophagy initiator at the level of the
endoplasmic reticulum (ER), has been implicated. We reported increased tTG protein levels
and activity at the ER in both PD brain and in a PD-mimicking cell system. Here we characterized
the interaction between tTG and beclin 1 at the ER membrane and the role of tTG in reduced
autophagy in an in vitro model of PD, using differentiated SH-SY5Y neurons treated with the
PD-mimic MPP+. We found that under PD-mimicking conditions, beclin 1 and tTG partially
colocalized at the ER, beclin 1 levels increased at the ER, and tTG readily cross-linked beclin 1
which was prevented by enzymatic blockade of tTG. Under these conditions, accumulation of
beclin 1 at the ER was enhanced by inhibition of tTG activity. In line with these observations
and the role of beclin 1 in autophagy, levels of the autophagy marker protein LC3-II in MPP+treated cells, were significantly increased by inhibition of tTG activity. Our data provide first
evidence for a role of tTG-mediated regulation of beclin 1 and autophagy in MPP+-treated
human SH-SY5Y cells.
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INTRODUCTION
Parkinson’s disease (PD) is characterized by the presence of intraneuronal misfolded protein
inclusions called Lewy-bodies (LBs). These LBs mainly consist of deposits of aggregated forms
of the α-synuclein protein. In PD, impairment of protein degradation routes are suggested
to underlie intraneuronal α-synuclein deposition. A key mechanism responsible for bulk
degradation of misfolded and/or aggregated proteins is autophagy. The importance of impaired
autophagy in PD pathogenesis has come to the forefront recently (Xilouri and Stefanis, 2011),
although the underlying mechanisms of this impairment remain unclear.
Tissue transglutaminase (tTG), or transglutaminase 2, (EC 2.3.2.13), is a calcium-dependent
enzyme involved in development, cell differentiation and apoptosis (Lorand and Graham,
2003). tTG is characterized by its ability to post-translationally modify proteins, in particular
via the formation of either (γ-glutamyl)polyamine bonds, or cross-links that result in covalent
ε-(γ-glutamyl)lysine isopeptide bonds within or between peptide chains. This latter reaction
provides tTG with the powerful capacity to stably alter protein conformation and/or induce
the formation of protein complexes (Lorand and Graham, 2003).
Evidence is mounting that tTG and its transamidating activity play an important role in PD
pathogenesis (Wilhelmus et al., 2008). tTG-catalyzed cross-links are found in α-synuclein,
not only in vitro and in cellular models, but also in LBs in PD cases (Andringa et al., 2004;
Verhaar et al., 2011). More recently, an important role for tTG activity during induction
and/or execution of autophagy has been reported. For instance, Luciani and coworkers
demonstrated the accumulation of misfolded proteins in cystic fibrosis (CF), which was
mediated by tTG-induced impairment of autophagy (Luciani et al., 2010). Central in this
process is the tTG-mediated cross-linking of beclin 1, which results in the dissociation of
the beclin 1, as part of the autophagy initiation complex, from the endoplasmic reticulum
(ER), due to the sequestration of this complex into aggresomes (Luciani et al., 2010).
Recently, our group observed increased association of tTG with the ER in dopaminergic neurons
of PD cases (Wilhelmus et al., 2011). This phenomenon was also observed in a well-established
cellular stress model of PD, consisting of human, neuronally differentiated SH-SY5Y cells
treated with the PD-mimic 1-methyl-4-phenylpyridinium (MPP+) (Verhaar et al., 2012). Using
this model we found that MPP+-stimulated association of tTG with the ER was accompanied
by increased tTG activity and transamidation of the ER-chaperone protein calnexin (Verhaar et
al., 2012). Considering the apparent role of autophagy in PD pathogenesis and the association
of both beclin 1 and tTG with the ER, we evaluated whether beclin 1 functions as a substrate
of tTG and whether activation of tTG affects the association of beclin 1 with the ER under
PD-mimicking conditions, using our cellular model of PD. Furthermore, we investigated if tTG
activity is a factor in the regulation of autophagy under these experimental conditions.
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METHODS
Cell culture for biochemical experiments
Human neuroblastoma SH-SY5Y cells (American Type Culture Collection, ATCC, Manassas,
VA, USA) were cultured as described previously (Verhaar et al., 2011). In short, cells were
grown in 75 cm2 culture flasks or 6-well culture dishes containing 45% MEM (31095029, Gibco, Paisly, UK)/45% HAM F12 (Gibco 21765-029) supplemented with 10% fetal
calf serum (FCS), 1 mM l-glutamine, penicillin (100 U/ml), streptomycin (50 μg/ml), 1
mM sodium pyruvate and non-essential amino acids, at 37 °C under an atmosphere
of 5% CO2/95% air. Unless indicated differently, cells were grown confluent and were
subsequently differentiated by refreshing the medium with new MEM/HAM F12 medium
containing 3% FCS and 20 μM all-trans retinoic acid (RA) (Sigma, St. Louis, MO, USA).
Unless stated otherwise, incubation with RA was continued for 6 days while the medium
used for differentiation was replenished every 3 days. Subsequently, cells were incubated
with 2.5 mM MPP+ dissolved in fresh medium for 24 h (as indicated in the figure legends).
Double immunofluorescence
For immunofluorescence stainings, SH-SY5Y cells were plated at a density of 25,000 cm2 in
permanox 8-well chamber slides (Thermo Fisher Scientific Inc., Lafayette, CO, USA), using
standard growth conditions. Twenty-four hours after plating, cells were differentiated for 6
days without changing the medium. Subsequently, cells were incubated with either solvent,
or 2.5 mM MPP+ for 24 h. Afterwards, the medium was removed from the cultured cells,
immediately followed by fixation using cold methanol (100%) for 10 min. Then pre-incubated
with 3% bovine serum albumin (BSA) in 10 mM Tris–Cl, 150 mM NaCl, pH 7.5 (TBS) containing
0.05% Triton X-100. For detection of tTG and beclin 1, primary antibodies directed against
beclin 1 (dilution 1:1000) (ab16998; Abcam, Cambridge, UK) and tTG (dilution 1:4000) (06-471;
Millipore, Billerica, MA, USA) were used. Then, Alexa488 or Alexa594 fluorochrome-coupled
secondary antibodies directed against rabbit or mouse were used (dilution 1:400) (Invitrogen,
Carlsbad, CA, USA). Hoechst 33,342 (Invitrogen) staining, a marker for cell degeneration, was
performed according to manufacturer’s protocol. Fluorescence was analyzed with a Leica TCS
SP2 AOBS confocal laser scanning microscope (Leica Microsystems, Rijswijk, The Netherlands).
Isolation of rough ER from SH-SY5Y cells
ER-enriched microsomes were isolated as described previously (Verhaar et al., 2012) from
RA-differentiated SH-SY5Y cells using standard growth conditions, following treatment with
solvent or 2.5 mM MPP+, in the presence or absence of 30 μM of the selective tTG inhibitor
Z006 (Zedira GmbH, Darmstadt, Germany) (Verhaar et al., 2012) for 24 h, as indicated in the
figure legends.
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Biochemical procedures
Streptavidin pulldowns were performed using 50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS, 1 mM Ethylenediaminetetraacetic acid (EDTA), 0.1 mM
phenylmethanesulfonyl fluoride (PMSF), 1 μg/ml of aprotinin, leupeptin and pepstatin (Sigma),
pH 7.5 (RIPA)-solubilized whole cell lysates (wcl) from SH-SY5Y cells. Cells were incubated
with either solvent or 2.5 mM MPP+, and in the presence of, or without 30 μM Z006, with 1
mM of the tTG substrate 5-(biotinamido)pentylamine (BAP; Thermo Fisher Scientific Inc.) for
24 h, as described previously (Verhaar et al., 2012). The wcl were subsequently cleared by
centrifugation at 14,000 rpm for 10 min at 4 °C. Afterwards, beclin 1 immunoprecipitations
(IP) were performed in 0.4 mg/ml wcl by simultaneously incubating agarose coupled to protein
A/G (Thermo Fisher Scientific Inc.) and 4 μg of beclin 1 antibody (ab16998; Abcam) for 16 h
at 4 °C. Then, after extensive washing with TBS containing 0.1% Tween 20, the agarose beads
were boiled in laemmli sample buffer (SB) for subsequent immunoblot analysis.
Immunoblotting
Protein concentrations of samples from RIPA solubilized wcl or ER microsomes were
determined with the bicinchoninic acid assay (BCA, Pierce, Rockford, Il, USA). 3–5 μg of
protein per sample was fractionated on 10-12% SDS–PAGE gels and transferred onto 0.22 μm
nitrocellulose membranes (LI-COR Biosciences, Lincoln, NE, USA). After blocking in Odyssey
Blocking Buffer (LI-COR Biosciences) for 60 min at room temperature (RT), blots were probed
with primary antibodies directed against LC3 (dilution 1:200, NB600-1384; Novus Biologicals,
Littleton, CO, USA), beclin 1 (dilution 1:1000, ab16998; Abcam) and tTG (dilution 1:2000, Ab-3;
Lab Vision, Fremont, CA, USA), in a 1:1 mix of phosphate buffered saline and Odyssey Blocking
Buffer supplemented with 0.1% Tween-20 (Sigma), overnight at 4 °C. Thereafter, immunoblots
were probed with secondary antibodies directed against either rabbit or mouse coupled to
IRDye 680 LT or IRDye 800 CW fluorochromes (LI-COR Biosciences), or streptavidin coupled
to IRDye 800CW (LI-COR Biosciences) for 1 h at RT in the dark. Single or double fluorescence
in the infrared range was measured with the Odyssey Sa Infrared Imaging System (LI-COR
Biosciences). Band intensity was quantified using the Quantity One® 1-D analysis software,
version 4.6 (Biorad, Milan, Italy).
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Fig. 1. MPP+ induces colocalization of tTG and beclin 1, modulation of beclin 1-ER protein levels in a tTG-dependent
way, and tTG binding to and cross-linking of beclin 1. Cultured SH-SY5Y cells were differentiated with retinoic acid
(RA) (20 μM) for 6 days and treated with MPP+ (2.5 mM) or solvent for 24 h. Double immunofluorescence (IF)
was performed using both an anti-tTG antibody and an antibody directed against beclin 1. In untreated cells, tTG
demonstrated a cytoplasmic staining whereas beclin 1 staining demonstrated a microtubule-like staining (Fig. A).
In MPP+-treated cells, a granular tTG staining was observed (A, left). Beclin 1 staining demonstrated large granules
(A, middle, arrow and inlay), which partially colocalized with tTG (A, right, arrow and inlay). ER was isolated
from RA-differentiated SH-SY5Y cells that were either solvent treated (control), or treated with MPP+ (2.5 mM)
in the presence or absence of the tTG inhibitor Z006 (30 μM) for 24 h. ER was analyzed on immunoblot (IB) with
an anti-beclin 1 antibody (B) and band intensity was quantified (C, values were normalized to the background
signal of the membrane). MPP+ treatment induced an increase in ER-associated beclin 1 (B, C). Co-incubation
of MPP+ with Z006 demonstrated elevated levels of ER-associated beclin 1, compared to both the control and
MPP+ treatment alone (B, C). Immunoprecipitation (IP) with an anti-beclin 1 antibody was performed on whole
cell lysates (wcl) of RA-differentiated SHSY5Y cells that were either solvent treated
(control), or treated with MPP+ (2.5 mM)
with or without coincubation with Z006 (30
μM) in the presence of the tTG substrate
5′-(biotinamido)pentylamine (BAP) (1 mM).
IB analysis was performed with an antibody
directed against tTG (D). Quantification
of anti-tTG antibody and intensity
demonstrated an increase in beclin 1-tTG
protein complexes upon MPP+ treatment (E),
compared to control (data are normalized
to the empty beads background signal).
Co-incubation of MPP+ with Z006 enhanced
beclin 1-tTG complex levels compared to
both the control and MPP+ treatment alone
(D, E). IB analysis was performed with beclin
1 or tTG antibodies, or with streptavidin as
a marker of tTG-mediated incorporation
of BAP into proteins (F). Biotinylated
proteins in wcl were precipitated (pull) with
streptavidin and subsequently probed with
an anti-beclin 1 antibody on IB, revealing tTGmediated incorporation of BAP into beclin
1 (G). All experiments were performed at
least three times, according to the methods
described in the experimental procedures
section. A representative experiment is
shown. Statistical analysis was performed
using a one-way ANOVA, followed by a
Bonferonni’s Multiple Comparison Test
(analyzed by GraphPad Prism, version 5, La
Jolla, CA, USA). The level of significance of
the differences between groups is indicated
as follows: *p < 0.05; **p < 0.01; ***p <
0.001; n.s. = non-significant. Scale bars:
20 μm. Abbreviations: n = nucleus, a.u. =
arbitrary units.
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RESULTS
Beclin 1 accumulates at the ER and is a substrate of tTG in MPP+-treated cells
Considering the association of tTG and beclin 1 with the ER, we investigated the distribution
pattern and possible colocalization of tTG and beclin 1 in MPP+-treated (2.5 mM), RAdifferentiated SH-SY5Y cells. In untreated cells, tTG demonstrated an overall cytoplasmic
staining whereas beclin 1 staining demonstrated a microtubule-like distribution (Fig 1A).
Upon MPP+ treatment, tTG staining demonstrated association with granular ER structures in
correspondence to our earlier observations (Verhaar et al, 2012) (Fig. 1A), and anti-beclin 1
antibody immunoreactivity (partially) colocalized with the tTG-positive granules under these
conditions (Fig. 1A).
To determine the presence of beclin 1 at the ER under PD-related stress conditions, we isolated
ER from RA-differentiated SH-SY5Y cells that were either solvent treated, or treated with MPP+
(2.5 mM). Using immunoblotting, we observed that beclin 1 was present in ER membranes of
solvent-treated cells (Fig. 1B). However, MPP+ treatment induced ER-associated beclin 1 (Fig.
1B and C). In addition, to determine the role of tTG activity on beclin 1-ER association, we coincubated the MPP+-treated cells with the potent tTG inhibitor Z006 (30 μM) (Verhaar et al.,
2012). Interestingly, we observed that ER-associated beclin 1 levels were elevated upon coincubation with Z006, not only compared to levels in solvent-treated cells, but also compared
to MPP+ treatment alone (Fig. 1B and C). Of note, co-incubation of Z006 has no effect on cell
viability of RA-treated SH-SY5Y cells as well as MPP+-treated cells, and does not affect the
development of the typical tTG-positive ER granules induced by MPP+ treatment (Verhaar et
al., 2012).
As a next step, we investigated whether tTG and beclin 1 interact, and whether beclin 1 is
a substrate for tTG-catalyzed cross-linking. Immunoprecipitation of beclin 1 in cell lysates of
solvent treated RA-differentiated SH-SY5Y cells demonstrated a protein complex of tTG and
beclin 1 (Fig. 1D). Upon treatment with MPP+ (2.5 mM) the level of tTG-beclin 1 complexes
increased (Fig. 1D and E). Interestingly, and similar to effects on ER beclin 1 levels, coincubation of MPP+-treated cells with Z006 (30 μM) resulted in even higher levels of tTG-beclin
1 complexes, compared to MPP+-treated cells (Fig. 1D and E). The corresponding immunoblot
for beclin 1 is shown in Fig. 1F. In addition, tTG-mediated cross-linking of beclin 1 was observed
in MPP+-treated cells, given the presence of large beclin 1-positive aggregates, which were
attenuated upon co-incubation with Z006 (Fig. 1F, left panel). To determine actual modification
of beclin 1 by tTG activity, incorporation of the tTG substrate BAP (1 mM) into beclin 1 was used
(Verhaar et al., 2011). We found that MPP+-induced tTG activity resulted in BAP incorporation
into beclin 1 monomers as well as beclin 1 aggregates (Fig. 1F, right panel). The incorporation
of BAP into beclin 1 was attenuated in cells co-treated with MPP+ and Z006 (Fig. 1F, right
panel). To demonstrate that tTG incorporates BAP into beclin 1, biotinylated proteins from the
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cell lysates were precipitated with streptavidin, which revealed tTG-mediated biotinylation
of beclin 1 upon MPP+ treatment (Fig. 1G). Furthermore, co-incubation of MPP+-treated cells
with Z006 abolished biotinylation of beclin 1, emphasizing the involvement of tTG in crosslinking of beclin 1 (Fig. 1G).
tTG activity regulates autophagy in MPP+-treated cells
During autophagy, microtubule-associated protein 1 (MAP1) light chain 3 (LC3-I) becomes
conjugated with phosphoethanolamine to form LC3-II. To determine whether tTG regulates
autophagy under the same conditions in which it modifies beclin 1, we analyzed the levels of LC3II as an indicator of autophagic activity. Solvent treated RA-differentiated SH-SY5Y cells showed
very low levels of LC3-II, as expected under these conditions (Fig. 2A and B). Incubation with Z006
(30 μM) showed no alterations of LC3-II levels, demonstrating that tTG inhibition has no intrinsic
effects on LC3-II levels in these cells (Fig. 2A and B). In contrast, cells treated with MPP+ (2.5 mM)
demonstrated an increase in LC3-II protein levels (Fig. 2A and B). To investigate the effect of tTG
activity in this setting, we co-incubated MPP+ (2.5 mM)-treated cells with Z006 (30 μM). Under
these PD-mimicking conditions, we observed elevated levels of LC3-II, as compared to incubation
with MPP+ alone, suggesting that enzymatic tTG activity suppresses autophagy (Fig. 2A and B).

Fig. 2. Inhibition of tTG activity increases autophagy in MPP+-treated SH-SY5Y cells. Retinoic acid differentiated
SH-SY5Y cells were either solvent treated, or treated with MPP+ (2.5 mM) in the presence or absence of Z006
(30 μM) for 24 h. Whole cell lysates from these cells were immunoblotted and probed with antibodies directed
against either LC3 or β-actin (A). MPP+-treated cells demonstrated increased LC3-II levels upon MPP+ treatment
which were enhanced upon Z006 co-incubation. Immunoblot (IB) of protein levels of LC3-II were quantified and
normalized to β-actin. Normalized LC3-II in untreated control cells was then set to 100% (B). All experiments
were performed at least three times. Where applicable, mean + SEM. is shown. Statistical analysis of quantified
LC3-II was performed using a one-way ANOVA, followed by a Bonferonni’s Multiple Comparison Test (analyzed
by GraphPad Prism, version 5, La Jolla, CA, USA). The level of significance of the differences between groups is
indicated as follows: ***p < 0.001; n.s. = non-significant.
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DISCUSSION
Impaired autophagy is an important factor in induction and/or progression of PD (Xilouri and
Stefanis, 2011). Our current report, for the first time, links tTG activation, as observed in PD
(Andringa et al., 2004; Wilhelmus et al., 2011), to cross-linking of beclin 1, modulation of beclin
1 levels at the ER, and (dys)regulation of autophagy in a PD relevant cellular model.
Beclin 1 is crucial for autophagy induction (Funderburk et al., 2010). Recent publications
indicate that beclin 1, is associated with the dynein motor complex found on microtubules.
However, upon autophagy-triggering conditions beclin 1 is released from the microtubules,
thereby enabling its relocalization towards the ER, where, as part of the autophagy initiation
complex, it is required for induction of autophagy(Di Bartolomeo et al., 2010; Funderburk
et al., 2010) . In this study, we show that tTG activity negatively interferes with this process
as MPP+-induced beclin 1 protein levels at the ER were considerately higher upon enzymatic
inhibition of tTG.
Our data furthermore show that during MPP+-treatment, inhibition of tTG activity abolishes
beclin 1 cross-linking, concomitant with enhancing beclin 1 levels at the ER. Luciani and coworkers
proposed that beclin 1 dissociates from the ER upon tTG-mediated cross-linking, suggesting
tTG-beclin 1 interaction at or near the ER (Luciani et al., 2010). This notion is supported by our
data demonstrating (partial) overlap between beclin 1 and tTG-immunoreactivity at granular
structures, which were previously identified by us to be of ER-origin (Verhaar et al., 2012).
Although requiring further investigation, these results suggest that tTG-mediated cross-linking
of beclin 1 occurs may indeed occur at the ER membrane. One novel finding of our study is that
tTG and beclin 1 form protein complexes. Interestingly, this protein interaction appears to be
independent of enzymatic tTG activity, as it is both observed under control and MPP+ conditions,
as well as during blockade of MPP+-induced tTG activation with the selective tTG inhibitor Z006.
In fact, inhibition of tTG activity in the presence of MPP+ revealed that tTG-beclin 1 protein
complex levels were increased compared to those in cells treated with MPP+ alone. These data
therefore suggest that the tTG-beclin 1 association is dependent on tTG protein conformation
and not on enzymatically active tTG per se. The factors involved in regulating the conformation
of the tTG protein may offer an explanation for this puzzling phenomenon. tTG is an calciumdependent enzyme. Upon activation of tTG by calcium, the C-terminal β-barrels that normally
lock the enzyme in a closed, compact and enzymatically inactive form, move away allowing
a large conformational change and exposure of the active site responsible for cross-linking
(Pinkas et al., 2007). As demonstrated by Pinkas and coworkers, the latter, so-called ‘open’,
but catalytically inactive, conformation of tTG, is stabilized by binding of active-site directed
irreversible tTG inhibitors, like Z006 (Pinkas et al., 2007). Therefore, our findings suggest that
beclin1 interacts with other structural domains of tTG besides the active site, which become
accessible upon activation of tTG. This conclusion is supported by our observation that the
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tTG-beclin 1 complex is also found under control conditions, in which the lowered domain
accessibility of the ‘closed’ conformation might explain the attenuated complex formation
compared to the inhibited, but ‘open’ conformation of tTG in MPP+ and MPP+/Z006-treated
cells. Within this context, it is of interest to note that tTG has recently been shown to contain
a Bcl-2 homology domain 3 (BH3) domain (Rodolfo et al., 2004), which is used by certain Bcl-2
protein family members to associate with beclin 1 and regulate its function (Sinha and Levine,
2008). Moreover, recently we demonstrated an increase in the level of (enzymatically active)
tTG protein at the ER during exposure of SH-SY5Y cells to MPP+ (Verhaar et al., 2012). However,
we were unable to elucidate the mechanism(s) underlying the increase of ER-associated tTG
levels under this condition. Based on our current data, however, it is tempting to assume that
the association of tTG with the ER-directed protein beclin 1 may underlie this phenomenon,
as both beclin 1 and tTG protein levels are increased at the ER upon MPP+-induced cell stress,
and that tTG exerts an additional regulatory role on beclin 1 besides its cross-linking activity.
This interesting aspect of tTG needs to be explored in future research.
Another interesting finding of our study is that tTG activation appears to negatively regulate
autophagy under PD relevant conditions, in which also tTG-mediated cross-linking and
formation of beclin 1 multimers occurs. Thus, although the levels of the autophagy marker
protein, LC3-II, were already increased upon MPP+ treatment, this increase was significantly
potentiated in the presence of the tTG inhibitor Z006. In line with the hypothesis of Luciani
and coworkers (Luciani et al., 2010), which suggests that tTG-cross-linking of beclin 1 leads to
dissociation of beclin 1 from the ER membrane, and consequent impairment of autophagy,
under our conditions, tTG-mediated cross-linking of beclin 1 may disrupt the enhanced tTGbeclin 1 complex formation, occurring as a result of tTG activation in the presence of MPP+.
The outcome of this process might be a stimulation of dissociation of beclin 1 from the ER
membrane, resulting in suboptimal autophagy.
In contrast, other studies point towards a requirement of tTG during autophagosomal
maturation and lysosomal fusion (D’Eletto et al., 2012). This dependency was illustrated by
impairment of autophagy in tTG-knock-out mice, or via inhibition of tTG activity, resulting in
accumulation of ubiquitinated protein aggregates (D’Eletto et al., 2012). Although we cannot
rule out that tTG exerts a similar role on maturation of autophagosomes in our study, several
observations suggest otherwise. First, in a previous study of our group, using an identical
cellular model and experimental conditions, we did not observe the presence of tTG in
autophagosomes or lysosomes (Verhaar et al., 2012). Second, earlier work of our group also
demonstrated that inhibition of tTG activity counteracted α-synuclein aggregation in the same
model (Verhaar et al., 2012). However, the discrepancies observed between our study and that
of (D’Eletto et al., 2012) might originate from either the cell type used and/or experimental
conditions, or the way in which tTG is involved in regulation of autophagy during the initiation
or the maturation phase. As both phenomena have never been studied simultaneously, future
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studies are needed to further elucidate the role of tTG in regulation of autophagy and the
involvement of tTG-mediated beclin 1 cross-linking in this process.
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Chapter 6

General discussion

tTG is a multi-functional enzyme involved in the regulation of many pathways both within cells
as well as at the cellular surface. The best characterized function of this enzyme is its protein
cross-linking activity leading to formation of protein complexes. Besides its cross-linking activity,
tTG can also act as a GTPase, phosphorylate proteins and is shown to have PDI activity, at least
in vitro. tTG is abundantly expressed throughout the (human) body, including the brain where
it is thought to be catalytically inactive under physiological conditions. In the PD diseased brain
though, enzymatic activation of tTG occurs in the SNpc, evidenced by the presence of tTGmediated intra- and intermolecular cross-links in LBs and aggregated α-synuclein isolated from
PD SN tissue, which implicates tTG in the pathogenesis of the disease (Andringa et al., 2004;
Junn et al., 2003; Nemes et al., 2009).
At the start of this project, however, besides some additional data obtained mainly in
biophysical test tube experiments, not much else was known about either the localization of
tTG in SNpc neurons or its role in α-synuclein aggregation in PD. The results of our study into
the latter subject are described in chapter 2, where a clear connection between induction
of experimental PD and tTG-mediated transamidation and multimerisation of α-synuclein in
cultured human neurons is demonstrated. In fact, our data for the first time showed formation
of both intramolecularly cross-linked α-synuclein monomers and intermolecularly crosslinked α-synuclein polymers under PD-mimicking conditions in a cellular setting. Moreover,
these data were in line with both results obtained previously by others in PD brain tissue
(Andringa et al., 2004; Nemes et al., 2009) as well as data obtained by us in the present study
in test tube experiments and, as such, provided an ideal set-up to test in parallel fashion the
in vitro and cellular effect of novel tTG inhibitors on tTG-mediated α-synuclein cross-linking
and aggregation. Results from these experiments demonstrated the efficacy of the potent and
cell membrane permeant peptidergic tTG inhibitor Z006 to (almost) completely block tTGinduced cross-linking and aggregation of α-synuclein in an elaborately-characterized cellular
model of PD. Z006 may therefore function as a lead compound for further in vitro (e.g. primary
human neuron cultures) and in vivo, i.e. in animal model(s), evaluation of tTG as a therapeutic
target against protein aggregation and neurotoxicity in PD. This notion of tTG as a target for
neuroprotective treatment in PD is supported by recent data obtained from transgenic mice
overexpressing human α-synuclein, in which coexpression of tTG promoted both synuclein
aggregation and toxicity (Grosso et al., 2014). However, perhaps the most striking finding of
the studies described here, is the discovery of a novel neuronal location of tTG; it is abundantly
expressed at the ER. In chapters 3 - 5 it is revealed that particularly in melanized neurons in
PD brain tissue as well as in a PD-mimicking neuronal model tTG is present at (the outside of)
the ER where it likely modulates ER-function. Given the novelty of tTG’s association with the
ER, there is little available literature that helps to fully comprehend the role of tTG at the ER
and the possible implications for PD induction and/or progression. Therefore, the main focus
of the remainder of this discussion will be to cover the potential consequences of the tTG-ER
interaction for PD pathogenesis.
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tTG and the UPR
Our data, in combination with recent data from others, strongly support the notion that tTG
is associated with the ER in various cell-types throughout the body (Piacentini et al., 2014).
The physiological function of tTG expression at the ER is at present poorly characterized, but
seems indicative of a normal physiological role. Unique to the melanized neurons studied here
though, is the appearance of specific tTG- ER granula during UPR, a complex signal-transduction
pathway that mediates cellular adaptation to restore ER homeostasis. These structures seem
a hallmark for stressed catecholaminergic neurons and are exclusively observed in SNpc and
locus coeruleus (LC) of the PD-affected brain (chapter3). An intriguing question remains why
this phenomenon seems restricted to this specific neuronal phenotype. At the moment there
is no clear answer for this observation, but it is tempting to speculate that the stress-prone
nature of these neurons (e.g. high ca2+ signalling, catecholaminergic phenotype, α-synuclein
expression) could be key in this process.
The homeostasis of the ER can be altered by a series of conditions, such as calcium depletion
from its lumen, oxidative stress, and mutations in proteins that traffic through the secretory
pathway, among other events. All of these perturbations can result in disruption of the folding
process in the ER, leading to the accumulation of misfolded/unfolded proteins inducing
ER stress. ER stress, in turn, activates the UPR. In the last couple of years, the involvement
of the UPR has become increasingly recognized in the pathogenesis of PD and other
neurodegenerative diseases, such as AD and HD (Halliday and Mallucci, 2014; Mercado et al.,
2013). The activation of the PERK pathway of the UPR during PD was initially characterized
by Hoozemans and coworkers (Hoozemans et al., 2007) and these results were recently
strengthened by analogous observations in various cellular and animal PD-models (Chung et
al., 2013; Colla et al., 2012a, 2012b; Egawa et al., 2011; Hashida et al., 2012). PERK represents
one of the three arms by which the stressed ER can induce the UPR. The stress sensor PERK
acts by phosphorylating eukaryotic initiation factor 2α (eIF2α) which, in turn, halts translational
repression to help alleviate the overload of unfolded proteins inside the ER. However, whereas
short term activation of PERK may be protective in nature, more prolonged PERK activation
results in the activation of C/EBP Homology Protein (CHOP) and the induction of apoptosis
(Han et al., 2013). More recent studies hint also at activation of the other arms of the UPR at
least during experimental PD (Hoozemans et al., 2012). For example, increasing X-box binding
protein (XBP1) expression in the inositol-requiring enzyme 1 (IRE1α) -mediated pathway in
both mice and cultured catecholaminergic neurons decreased neuronal loss upon MPTP and
MPP+ treatment, respectively (Sado et al., 2009). Also, deletion of activating transcription
factor 6 (ATF6α) in mice diminished neuronal survival upon MPTP exposure (Egawa et al.,
2011; Hashida et al., 2012). The observation of PERK activation in post-mortem PD-brain as
described in chapter 3 is thus in close agreement with these studies. In addition, as described
in chapter 4, PERK activation was also observed in the MPP+-treated catecholaminergic SH-
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SY5Y cells. This suggests that the pathogenic events that occur in PD could be highly similar,
if not identical, to the phenomena observed in our in vitro PD-mimicking culture model. In
this human neuronal model, the induction of ER-stress with various PD and/or more specific
ER-stress inducing toxins always coincided with the appearance of tTG at the ER in the form
of tTG-positive ER-granules. This co-occurrence of UPR and sequestration of tTG at the ER
therefore raises the interesting possibility that both phenomena could be tied together during
the progression of PD.
Activation of neuronal tTG
A potentially important discovery described in chapters 4 and 5 is the finding of enzymatic tTG
activity at the ER-membrane upon PD induction. The enzymatic activity of tTG under these
conditions is evidenced by the tTG mediated crosslinking of ER-associated proteins calnexin
and beclin 1 (although, admittedly, our data do not completely exclude the possibility that
beclin 1 is transamidated in the cytosol). These findings couple enzymatic tTG activity directly
to ER-functioning, as to be discussed later on. Interestingly, the finding that tTG is enzymatically
active at the ER contrasts with the prevailing view that cytoplasmic tTG is enzymatically inactive.
In the cytoplasm, abundant GTP and low Ca2+ levels are thought to keep the enzymatic activity
of tTG in check, and only extreme, apoptotic, stress-conditions induce tTG activity (Smethurst
and Griffin, 1996). Which factors might therefore then contribute to the tTG-mediated PTM of
several ER-proteins as found in chapters 4 and 5? There are several factors known to dramatically
decrease the calcium requirement for activation of tTG (Király et al., 2011). For example, the
binding of lipids to tTG has been shown to reduce this requirement (Nemes et al., 2009; Singh
and Cerione, 1996). Moreover, it has been postulated that the cytosolic face of membranes
could serve as calcium stores where the locally accumulated calcium is present in a higher
effective concentration than in the surrounding cytoplasm (Nemes et al., 2009). Induction of
the UPR through chemical inhibitors of protein folding (Caputo et al., 2013; Lee et al., 2014), or
via specific A-gliadin peptides that induce ER-stress, have been reported to induce enzymatic
tTG activity (Caputo et al., 2012). It is therefore certainly conceivable that the (stressed) ER
membrane may facilitate an environment where tTG activation could occur. Interestingly,
the ER is known to interact closely with mitochondria via specialized microdomains called
the mitochondria-associated membrane (MAM). These domains are characterized by locally
increased Ca2+ levels in the micromolar range (i.e., suitable for tTG activation), facilitated by
activation of IP3R1 receptors located near the MAM. Moreover, these ER MAM domains are
enriched in calnexin, calreticulin, and BiP, classical ER-chaperones strongly linked to regulation
of ER Ca2+ pools (Hayashi and Su, 2007; Myhill et al., 2008; Rizzuto et al., 1993). In chapter
4 it was observed that upon stress induction in neurons, tTG not only colocalizes with a
number of these MAM-associated ER-chaperones, but also with IP3R1 receptors in granular
structures. This observation makes it tempting to speculate that these tTG-ER granules could
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represent MAMs, which may provide the right high Ca2+ conditions for enzymatic activation
of tTG. Although highly interesting, at present this hypothesis remains subject for future
investigations. An interesting tool that may help to answer this question would be the use of
fluorescent labeled tTG inhibitors, which exclusively bind to the catalytically active ‘open’ form
of tTG but not to the inactivated form and thus exclusively identifies activated tTG (Dafik and
Khosla, 2011).
tTG-mediated post translational modification of ER-proteins
It is highly likely that tTG-mediated protein modifications at the ER are not without consequences
for ER functioning. In this respect, there is a growing list of tTG-mediated PTM that can drastically
alter the function of proteins (Hummerich et al., 2012; Walther et al., 2003, 2011). The massive
tTG-mediated transamidation of proteins observed at the ER-surface during the experimental
PD conditions described in chapters 4-5, even hint at the possibility that these modified ER
proteins represent the tip of an iceberg. Important evidence for such a possibility has been put
forward by Hamada and coworkers, who recently confirmed that tTG is able to transamidate
the IP3R receptor (Hamada et al., 2014). In their study, the tTG-mediated PTM induced a
covalent modification of a glutamine residue at position Q2746 of the IP3R receptor leading
to attenuated Ca2+ release by the ER and, as a consequence, impaired Ca2+ signaling (Hamada
et al., 2014). These data unequivocally pair tTG activation and its resulting transamidation of
the IP3R receptor to altered functionality of the ER. In addition, IP3R1 receptor dysfunction is
shown to increase neuronal vulnerability to ER-stress (Higo et al., 2010). In chapter 4, tTG was
actually observed to colocalize with the IP3R receptor, hinting at the possibility that this receptor
could also be targeted by tTG in a PD-like setting. Interestingly, under these experimental
conditions the ER-resident Ca2+ transporters SERCA2 and the sodium/calcium exchanger NCX1
were actually found to be a substrate of tTG in our PD neuronal model (data not shown). Even
though the functional implications for PD pathogenesis of tTG-mediated PTM in these Ca2+
transporters remain to be elucidated, they hint at the possibility that tTG may influence Ca2+
homeostasis via protein modification of Ca2+ transporters. This idea is supported by data on
the consequences of other post translational modifications in these transporters. For example,
oxidation and phosphorylation in SERCA2 are known to influence Ca2+ homeostasis (Vangheluwe
et al., 2005). Post-translational modifications within calnexin are also coupled to alterations in
ER-mediated Ca2+ homeostasis. For instance, phosphorylation of calnexin attenuates SERCA2
mediated calcium signaling and enhances protein quality control in the ER (Bollo et al., 2010;
Cameron et al., 2009; Roderick et al., 2000). Additionally, calnexin is shown to modulate Ca2+
homeostasis via a palmitoylation-dependent interaction with SERCA2 (Lynes et al., 2013). An
interesting question remains whether there are more protein candidates at the ER that are
prone to tTG-mediated PTM. For example, is it possible that tTG-mediated PTMs occur within
the ER-stress sensors or perhaps proteins down-stream in the ER-stress signaling pathway?
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In order to identify such tTG-modified proteins on the ER elaborate screening is required in
future studies.
tTG and PD neuronal vulnerability
Disruption of Ca2+ homeostasis is an important cause of UPR (Verkhratsky and Toescu, 2003)
and has been implicated in the pathophysiology of various chronic neurodegenerative diseases,
such as Amyotrophic lateral sclerosis (ALS), prion disorders, Huntington's and Alzheimer's and
PD (Fonseca et al., 2013; Guo et al., 1997; Prell et al., 2013; Torres et al., 2010; Vidal et al.,
2011). In fact, impairment of Ca2+ homeostasis is believed to be one of the main factors that
underlie the specific vulnerability of the dopaminergic cells in the SNpc to neuronal death.
These neurons have constantly increased basal Ca2+ levels, which are necessary for the
autonomous pacemaking activity required to maintain a basal DA tone in the striatum(Calì et
al., 2014; Guzman et al., 2009; Surmeier and Schumacker, 2013). In addition, these neurons
have a low buffer capacity for Ca2+ that reduces their ability to cope with cytotoxic levels
of Ca2+ (Damier et al., 1999; German et al., 1992). The use of Ca2+ rather than monovalent
cations makes the neuron to consume more energy to maintain normal function, thereby
further increasing the metabolic load. Mitochondria and the ER are the principal organelles
involved in sequestering of Ca2+ in neurons and Ca2+ homeostasis in general. Thus in PD,
where mitochondrial dysfunction is also evident, these properties are thought to undermine
the ability of the dopaminergic neurons in the SNpc to cope with stress (Calì et al., 2013;
Schapira, 2011). As mentioned before, Hamada and coworkers have explicitly shown that tTG
has a pivotal role in IP3R mediated Ca2+ signaling (Hamada et al., 2014). They have shown
that treatment of B-lymphocytes derived from HD patients with the tTG-activity inhibitor Z006
attenuated IP3R-mediated Ca2+ release, thereby hinting at the possibility that pharmacological
inhibition of enzymatically active tTG could be used to regulate Ca2+ homeostasis in neurons.
These data make it tempting to speculate that inhibition of enzymatic tTG activity could alter
the regulation of Ca2+ homeostasis in PD dopaminergic neurons and is, without doubt, an
interesting concept that should be explored in follow-up studies.
tTG and autophagy regulation
Another aspect of stimulation of enzymatic tTG activity is the modulation of autophagy (which
could be related to tTG-mediated PTM in beclin 1) as described in chapter 5. Autophagy is
coupled to ER-functioning, as it is an important cellular degradation mechanism that helps
alleviate ER-stress (Ogata et al., 2006; Pankiv et al., 2007). It is well known that pathological
conditions that induce ER-stress, followed by the induction of UPR, eventually also lead to
stimulation of autophagy (Fouillet et al., 2012; Verfaillie et al., 2010). Both the PERK/eIF2α and
IRE1 arms of the UPR, for example, have been implicated in the regulation of autophagy (Ito et
al., 2010; Kouroku et al., 2007; Ogata et al., 2006). Switching on autophagy in this manner can be
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protective, as ‘priming’ neurons with moderate ER-stress, via induction of UPR by pretreatment
of cells with non-lethal concentrations of ER-stressors (e.g. tunicamycin or thapsigargin), can
actually prevent neuronal death. This response is called ER-hormesis, in which the induction of
autophagy offers protection to cellular death (Matus et al., 2012; Mollereau, 2013; Petrovski
et al., 2011). As such, induction of hormesis prevented degeneration of DA-neurons in the SN
of 6-OHDA treated mice, and in SH-SY5Y cells, whereas inhibition of autophagy completely
abrogated this protective effect in the SH-SY5Y cells and a drosophila model of PD (Fouillet et al.,
2012). However, prolonged stimulation of autophagy may be associated more with cell death
than survival. In chapter 5, a clear connection between tTG and the regulation of autophagy
is shown, which adds to and extends the current available literature suggesting that tTG is an
important regulator of autophagy (Decuypere et al., 2011; Hamada et al., 2014; Luciani et al.,
2010). However, the exact molecular mechanism by which tTG regulates autophagy in PDaffected neurons and the functional consequences thereof remains to be elucidated.
UPR and tTG in PD: connecting the dots
Involvement of the UPR during PD is not thought of as a process that is only visible in the
end-stages of the disease process. A popular view is that this mechanism is already activated
in the early stages of PD (Hoozemans et al., 2012). This supposition is corroborated by the
occurrence of chronic ER stress in neuronal cultures generated from PD-derived pluripotent
stem cells (Chung et al., 2013). Additionally, UPR has been observed in early-symptomatic
animals overexpressing α-synuclein where an association was found with the presence and
formation of α-synuclein oligomers at the ER lumen (Colla et al., 2012a, 2012b). The potential
ability of tTG to interfere with Ca2+ homeostasis as well as with autophagy, which are both
essential tools for the neuron to cope with UPR, may therefore be decisive in controlling
whether the stressed neuron survives or, eventually, dies in both the initial and later stages of
the disease. This putative process is illustrated in figure 1, in which tTG enzymatic activation
and the resulting tTG-mediated modification of important ER proteins (Fig. 1A ), points towards
a role of tTG in UPR induction and perhaps duration. It is therefore tempting to speculate that
aberrant tTG activation may aggravate the outcome for the PD-affected neuron by interfering
with cellular pathways that alleviate neuronal stress (Fig. 1B). This interesting supposition
could, for example, be tested in studies that focus on the function of the UPR pathway upon
(enzymatic) inhibition of tTG activity (e.g. via specific enzymatic inhibition with Z006). Together,
the data presented in the chapters of this thesis provide a clear incentive for further study of
the possible role of the enigmatic enzyme tTG in PD pathogenesis and future treatment.
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Fig. 1. Putative implications of tTG in PD pathogenesis. In the PD-affected neuron, cellular stress factors that
lead to the activation of cellular tTG, results in the tTG-mediated misfolding and aggregation of α-synuclein.
Additionally, the diseased melanized neurons undergo ER-stress which is characterized by the accumulation of
tTG at the ER. (A) At the ER, tTG crosslinks (X) several key ER proteins involved in autophagy and Ca2+ homeostasis,
e.g. beclin 1 (bcln1) and calnexin(CNX), and/or conceivably could regulate other neuronal processes via the
crosslinking of other, yet-unidentified ER proteins (?). (B) ER-stress results in the induction of UPR in order to
return ER homeostasis (dotted arrow), promoting neuronal survival. Activation of tTG could, for instance, disturb
this rescue mechanism by interfering with autophagy and disruption of Ca2+ homeostasis.
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Chapter 8

Samenvatting
Endoplasmatisch reticulum-stress en eiwit aggregatie in de ziekte van
Parkinson: de rol van weefsel transglutaminase

De ziekte van Parkinson (zvP) is een slopende neurodegeneratieve ziekte die voornamelijk
voorkomt bij oudere mensen en ongeveer 1% van de mensen van 65 jaar en ouder treft.
Enkele opvallende uiterlijke tekenen van de ziekte zijn rigiditeit, vertraagde bewegingen en
ongewenste bewegingen en instabiliteit dat voor veel ongerief voor de patiënt zorgt. De
stijgende levensverwachting van de bevolking zal naar verwachting tot een toename van het
aantal patiënten met de zvP leiden, wat een grotere belasting van het zorgsysteem betekent.
Een bijkomend probleem is dat er eigenlijk nog geen medicijn bestaat dat de progressieve aard
van ziekte kan stoppen of kan voorkomen.
Een belangrijke karakteristiek van de zvP is het afsterven van dopamine producerende neuronen
in de Substantie Nigra (SN; zwarte kern) in de hersenen. Daarnaast komen in de overblijvende
(dopaminerge) neuronen in de SN bolvormige eiwitstructuren (Lewy-lichaampjes) voor, die
voornamelijk uit geaggregeerde vormen van het eiwit α-synucleine bestaan. De cellulaire
functie van dit eiwit is nog grotendeels onduidelijk, maar het heeft als vervelende eigenschap
dat het onoplosbare fibrilstructuren kan vormen die niet goed door de neuronen verwijderd
kunnen worden. Er zijn diverse oorzaken die ten grondslag liggen aan α-synucleine fibrillisatie
en aggregatie, variërend van genetische factoren die leiden tot over-expressie van α-synucleine
tot enzymatische post translationele modificaties in het eiwit zelf, zoals fosforylering en
transamidering. Daarnaast kan verstoring van eiwit afbraak processen leiden tot ophoping van
α-synucleine.
Weefsel transglutaminase, in het Engels tissue Transglutaminase genaamd (tTG), is een enzym
dat al enige tijd in verband wordt gebracht met de zvP. Het is een multi-functioneel enzym
dat is betrokken bij diverse cellulaire processen, maar het dankt zijn naam voornamelijk aan
zijn eigenschap om crosslinks in eiwitten aan te brengen. Dit kan leiden tot stabilisatie van
bijvoorbeeld eiwitnetwerken, maar het kan bijvoorbeeld ook resulteren in een niet bedoelde
aanpassing van eiwitten, met een veranderde functie van het aangepaste eiwit zoals aggregatie
tot gevolg. Zoals de naam al suggereert komt tTG voor in veel lichaamsweefsels, waaronder
ook in de hersenen. Sterker nog, er is een duidelijke verhoging geconstateerd van zowel tTG
expressie als enzymatische activiteit in de SN van Parkinson patiënten. Ook zijn door tTG
veroorzaakte crosslinks in de Lewy-lichaampjes van Parkinson patiënten aangetroffen. Deze
waarnemingen wijzen op een belangrijke connectie tussen tTG activiteit en aggregatie van
α-synucleine, maar een eenduidig antwoord aangaande de exacte rol van tTG in synucleine
aggregatie wordt nog belemmerd door een aantal onbekende factoren. Zo is het bijvoorbeeld
nog niet duidelijk wat de cellulaire locatie van tTG in de (zieke) dopaminerge neuronen bij De
zvP is en hoe activatie van het enzym tTG leidt tot eiwit aggregatie.
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Om dit aspect nader te onderzoeken zijn daarom in dit proefschrift de volgende
onderzoeksvragen geformuleerd:
•
•

Wat is het effect van tTG inhibitors op de aggregatie van α-synucleine in een neuronaal
model van de zvP?
Wat is de (sub)cellulaire locatie van tTG in dopaminerge neuronen van
Parkinson patiënten en in een neuronaal model van de zvP?

De associatie van tTG met de zvP (en andere neurodegeneratieve ziekten) heeft tot interesse
geleid vanuit de farmaceutische industrie om remmers te ontwikkelen die de enzymatische
activiteit van tTG kunnen blokkeren. Dit resulteerde in enkele nieuw ontwikkelde en
veelbelovende remmers die irreversibel (niet-omkeerbeer) binden aan tTG. De werking van
deze remmers was in neuronen nog niet goed onderzocht. In hoofdstuk 2 werden daarom
enkele remmers van tTG gekarakteriseerd in zowel reageerbuizen (in vitro) als in een neuronaal
model dat uit gekweekte neuronen bestaat. Deze experimenten lieten zien dat er grote
verschillen zitten in de effectiviteit van deze remmers met betrekking tot de remming van
tTG in neuronen. Bepaalde remmers die de enzymatische activiteit tTG goed konden remmen
in vitro, bleken bijvoorbeeld veel minder potent in neuronen, terwijl er ook remmers waren
die in beide omgevingen tTG goed konden remmen. Deze experimenten laten zien dat het
neuronale model zeer goed kan dienen om bijvoorbeeld een voorselectie te maken van tTG
remmers, alvorens over te gaan tot testen in tijdrovende en vooral dure experimenten zoals
dierproeven.
In hoofdstuk 2 hebben wij ook de connectie tussen de enzymatische activiteit van tTG en
α-synucleine aggregatie onderzocht in een neuronaal model van de zvP. In dit model werden
gekweekte neuronen blootgesteld aan een giftige stof (MPP+) waarvan bekend is dat het de
zowel in proefdieren als mensen een vorm van de zvP veroorzaakt. Na deze behandeling
werden in deze neuronen door tTG veroorzaakte crosslinks gevonden in α-synucleine en er
waren eiwit aggregaten ontstaan die positief waren voor α-synucleine. De vorming van deze
crosslinks in α-synucleine en eiwit aggregaatvorming kon grotendeels worden gestopt door de
zieke neuronen te behandelen met de tTG remmer Z006, welke zeer geschikt was bevonden
om neuronale tTG activiteit te blokkeren in de karakterisatie studie van de remmer. Deze
experimenten laten zien dat Z006 een zeer interessante kandidaat is om de rol van tTG in de
pathogenese van de zvP nader te onderzoeken. Deze remmer is daarom ook gebruikt in de
verscheidene experimenten beschreven in hoofdstukken 4 en 5.
Van tTG was al enigszins bekend dat het een mogelijke associatie kon hebben met een (sub)
cellulair compartiment van neuronen in de SN van Parkinson patiënten, maar de precieze
neuronale locatie was nog onbekend. Daarom hebben wij in hoofdstuk 3 in detail gekeken
naar tTG in de neuronen van Parkinson patiënten. In deze studie werd gebruik gemaakt van
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post-mortem hersen materiaal van de zvP patiënten. Hiervan werden coupes (dunne plakjes)
gemaakt die (immuno)histochemisch werden gekleurd om tTG en diverse (sub)cellulaire
compartimenten te detecteren. De resultaten lieten zien dat in het merendeel van de
getroffen neuronen tTG-positieve structuren voorkwamen die ook positief bleken voor een
aantal eiwitten die indicatief zijn voor het endoplasmatisch reticulum (ER), namelijk protein
disulphide isomerase, ERp57 en calreticulin. Een dergelijke connectie tussen tTG en het ER was
nog niet eerder aangetoond in de zvP. In deze experimenten viel het ook op dat de associatie
van tTG aan het ER altijd met een ER-stressreactie gepaard ging. Deze resultaten bevestigden
de populaire hypothese dat een ER-stressreactie een belangrijke kenmerk is van de door de
zvP getroffen neuronen. De door ons gevonden lokalisatie van tTG aan het ER suggereerde
verder een nog onbekende functionele connectie tussen het ER en tTG.
Geïntrigeerd door deze mogelijke belangrijke vondst wenden wij ons tot het neuronale de
zvP model beschreven in hoofdstuk 2, vanwege de flexibiliteit en manipuleerbaarheid van
gekweekte neuronen. In dit model was namelijk al opgevallen dat behandeling met diverse de
zvP veroorzakende toxinen resulteerde in de typische tTG-positieve structuren die ook waren
aangetroffen in de hersenen van de zvP patiënten (hoofdstuk 3). Om er achter te komen
of deze structuren inderdaad overeenkwamen, werd in hoofdstuk 4 met diverse (immuno)
histochemische kleuringen onderzocht wat de neuronale locatie van tTG was in relatie tot
diverse neuronale (sub)compartimenten zoals het ER en mitochondria. Uit deze resultaten
bleek dat tTG inderdaad op een vergelijkbare manier associeerde met het ER, zoals wij eerder al
hadden aangetoond in de hersenen van Parkinson patiënten (hoofdstuk 3). Deze mogelijkheid
gaf ons dan ook de unieke gelegenheid om de interactie tussen tTG en het ER op neuronaal
niveau nader te onderzoeken na chemische inductie van de zvP. Dit ging ook gepaard met
een ER-stressreactie, wat benadrukte dat het onderliggende proces nagenoeg identiek leek
te zijn met wat was aangetoond in de zvP hersenen. Ook bleek uit neuronaal opgezuiverd ER
dat (chemische) inductie van de zvP leidt tot een verhoogde associatie van tTG met het ER.
Inductie van de zvP in het neuronale model activeert tTG (hoofdstuk 2). Dit resulteerde in
crosslinking van eiwitten op het ER membraan zoals calnexine. Deze resultaten gaven dan ook
het vermoeden dat tTG wel eens de functie van het ER zou kunnen beïnvloeden tijdens de zvP,
bijvoorbeeld door de crosslinking van belangrijke ER regulerende eiwitten.
Een verstoring van het vermogen van neuronen om eiwit ophopingen van o.a. α-synucleine te
verwijderen is een bekend probleem in neuronen die getroffen zijn door de zvP. Autofagie (of:
jezelf opeten) is hierin een belangrijk opruim mechanisme dat verstoord raakt. Een verlaging,
dat wil zeggen een verminderde eiwit afbraak, of juist een verhoging, dus teveel eiwitafbraak,
kan desastreus zijn voor het voortbestaan van een neuron. Al enige tijd is bekend dat tTG
is gekoppeld aan de regulatie van autofagie, al was deze interessante connectie nog niet
onderzocht met betrekking tot de zvP. In hoofdstuk 5 laten wij in het neuronale de zvP model
zien dat beclin 1, een belangrijk eiwit dat autofagie reguleert middels lokalisatie naar het ER,
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wordt gecrosslinkt door tTG. Uit onze experimenten bleek dat na chemische inductie van de
zvP in de gekweekte neuronen, crosslinking van beclin 1 gepaard ging met een verminderde
lokalisatie van beclin 1 naar het ER. Deze lokalisatie kon worden hersteld door de activiteit
van tTG te remmen met het eerder genoemde Z006. Remming van tTG ging gepaard met een
toename van LC3-II, een belangrijk eiwit betrokken bij autofagie. Deze resultaten bevestigden
dat tTG een rol speelt bij de regulatie van autofagie.
Ons werk laat zien dat tTG lokaliseert naar het ER in de hersenen van Parkinson patiënten
en gepaard gaat met een ER-stressreactie. Dit proces hebben wij kunnen nabootsen in een
goed gekarakteriseerd neuronaal model voor de zvP. Met dit model hebben wij vervolgens
aangetoond dat door chemische inductie van de zvP, tTG enzymatisch actief wordt, wat
uiteindelijk resulteert in de crosslinking van diverse ER-specifieke eiwitten. Een functionele
consequentie hiervan is dat de regulatie van autofagie wordt verstoord. Recentelijk is een
belangrijke connectie gevonden tussen tTG activiteit en de crosslinking van een ER specifieke
calcium pomp, resulterend in de verstoring van de cellulaire calcium huishouding. Een correcte
regulatie van zowel autofagie als de calcium huishouding zijn cruciaal voor het verloop van
de ER-stressreactie die plaatsvindt in de zvP neuronen. Verstoring van deze processen kan
namelijk leiden tot een te lang durende ER-stressreactie en uiteindelijk celdood. Het is dus
zeker aannemelijk dat tTG hierin een doorslaggevende rol zou kunnen spelen. De door ons
gekarakteriseerde tTG remmer Z006 zou dan ook als een potentiële therapeutische kandidaat
kunnen dienen in toekomstig onderzoek dat is gericht op preventie of het stopzetten van de
progressie van de zvP.
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Met deze woorden wil ik iedereen bedanken die een bijdrage heeft geleverd aan het tot stand
komen van dit proefschrift. Er zit al redelijk wat tijd tussen het schrijven van dit dankwoord
en het bij elkaar pipetteren en opschrijven van alle experimenten. Enige details zijn daarom
mogelijk verloren gegaan en mijn excuus als ik je niet noem.
Allereerst wil ik mijn promotor prof. dr. H.J. Groenewegen en mijn co-promotoren dr. B.
Drukarch en dr. M.M.M. Wilhelmus bedanken. Beste Henk, tijdens de dagelijkse begeleiding
hebben wij wat minder met elkaar te maken gehad, maar jouw hulp tijdens het afronden van
de promotie was zeker van belang.
Beste Micha, jij kwam later op mijn project, maar was vanaf dat moment direct betrokken
bij mijn dagelijkse begeleiding. De deur stond altijd open, maar dat is niet zo gek aangezien
we in dezelfde kamer zaten. Je zag heel goed wat er in een artikel moest en hoe je het in een
publiceerbaar formaat moest gieten. Daar heb ik veel van geleerd.
Beste Benjamin, ik denk dat zonder jou er geen boekje had gelegen. Jouw inhoudelijke kennis
is erg groot en je wist precies in welke artikelen de juiste informatie stond en wat voor werk
er gedaan moest worden om tot een afgerond project te komen. Het knappe was dat al deze
artikelen uitgeprint op je kamer lagen. Dit waren er zoveel, dat we elkaar tijdens overleggen op
jouw kamer niet konden zien. Beste Anne-Marie, je was misschien geen co-promotor van mij,
toch heb ik veel gehad aan jouw constructieve commentaar en de nodige pep talks.
Ook wil ik de leden van de leescommissie: prof. dr. Ineke Braakman, prof. dr. Guus Smit, prof.
dr. Henk Berendse, dr. Wilbert Boelens, dr. Wiep Scheper en dr. Jeroen Hoozemans bedanken
voor het kritisch lezen van het manuscript en het plaatsnemen in de leescommissie.
Toen ik aan de slag ging bij de afdeling anatomie en neurowetenschappen deelde ik de kamer
met Miriam. Na ongeveer een jaar was haar promotie afgerond en was het tamelijk rustig op de
kamer. Dit gold overigens niet voor de gezamenlijke lunches met de verslavingsonderzoeksgroep:
Jelte, Joost, Yvar, Dustin, Taco, Tommy, Leontien, Nienke, Rolinka, Roeland en heel soms Tom.
We spraken dan wel in een andere taal, ik vooral over blotjes en immunoprecipitaties en jullie
over statistiek en de Skinner Box. Toch waren er ook raakvlakken: het alcohol verslavings
onderzoek van Jelte was erg interessant, ik sloot graag aan voor een borrel.
Ook op het lab was het druk. Er was misschien ontzettend veel labruimte, het meeste werk
werd eigenlijk gedaan in een klein labje met John, John en King Kees. King Kees, bedankt dat
je mij de fijne kneepjes van celkweek hebt bij gebracht en John, voor het vertrouwen dat ik af
en toe wat reagentia van je mocht gebruiken. De andere John wil ik bedanken voor alle mooie
plaatjes die verspreid in dit boekje staan en de vele uren die je hebt doorgebracht achter de
elektronenmicroscoop.
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Ongeveer op de helft van mijn promotieonderzoek werd ons kleine clubje uitgebreid met wel
4 nieuwe AIO’s: Marloes, Nathaly, Karlijn, en Mieke. Een zeer gezellige groep meiden en ik ben
blij dat ik met jullie heb mogen samenwerken (en frustraties heb kunnen uitwisselen). Karlijn,
je bent mij net voor geweest met je promotie en ik wens je succes met jouw verdere carrière!
Marloes, Nathaly en Mieke, succes met het afronden van jullie manuscript en ik kom graag
langs op de verdediging.
Verder wil ik natuurlijk mijn vrienden en familie bedanken voor hun interesse (pa, het is een
promotie hè, geen afstuderen). Mijn paranimfen Leila en Martijn wil ik ook bedanken voor hun
inzet om mijn promotie vlekkeloos te laten verlopen. En, het beloofde feest komt er eindelijk
aan! Volgens sommigen het belangrijkste onderdeel van een promotie.
Tot slot wil ik mijn lieve vrouw Denise bedanken en natuurlijk ook mijn kleine meid Mathilde.
De beslissing om verder te studeren en daarna ook te promoveren heb ik nooit alleen durven
maken. Gelukkig was jij er om mij een hart onder de riem te steken en mij te laten zien dat ik het
wel kon. En ja, je had gelijk. Mathilde, lieve Tilly, toen jij werd geboren had ik even wat moeite
om dit manuscript af te ronden. Ik heb er ook bewust voor gekozen om er veel voor jou te zijn
en gewoon een goede vader voor je te zijn. Dat vond (en vind) ik het allerbelangrijkste. Jullie
hebben mij tijdens die “ach, laat het allemaal maar zitten” momenten heel goed ondersteund.
En gelukkig maar, anders had dit mooie boekje er niet gelegen.

