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1. Zusammenfassung 

Die Hereditären Spastischen Paraplegien (HSPs) sind eine heterogene Gruppe von 

genetischen Erkrankungen, die durch progressive spastische Lähmungen in den unteren 

Gliedmaßen gekennzeichnet sind, was hauptsächlich durch Funktionsstörungen der 

Pyramidenbahn-Neuronen verursacht wird. Alle Arten der Vererbung, wie autosomal 

dominant (AD), autosomal rezessiv (AR) und X-chromosomal, sind für HSP bekannt. 

Mutationen im SPG4/SPAST Gen sind der häufigste Grund für AD-HSP und machen bis 

zu 40% aller AD-HSP Fälle aus. In der vorliegenden Arbeit haben wir die funktionellen 

und strukturellen Eigenschaften des SPAST Genprodukts Spastin und dessen 

interagierenden Proteins ZFYVE27, ein HSP zugehöriges Protein, untersucht. 

  Im ersten Teil der Arbeit wurde der oligomere Status von Spastin mit Hilfe von 

biochemischen und zellulären Ansätzen als Hexamer identifiziert. Außerdem wurden durch 

die Modellierung der Spastin AAA Domäne strukturelle Informationen über das Spastin-

Hexamer erhalten. Diese modellierte Struktur diente wiederum als Gerüst, um die 

bekannten Spastin Mutationen bei HSP Patienten in vier funktionelle Gruppen einzuteilen.  

Im zweiten Teil der Arbeit wird über compound heterozygote Sequenzvarianten von 

SPAST berichtet, die ein frühes Auftreten des HSP Phänotyps verursachen. Ein ‘‘modifier 

effect’’ des bekannten Spastin-Polymorphismus (S44L) in Verbindung mit einer anderen 

Mutation wird beschrieben. Unsere Ergebnisse festigen ein Schwellenwert Modell von 

Spastin mit einer direkten Korrelation zwischen funktionellem Spastin-Level und frühem 

Auftreten des HSP Phänotyps.  

Im dritten Teil konnte eine Erweiterung des Spastin-Mutationsspektrums in einer 

großen HSP Kohorte mit 29 neuen Spastin-Mutationen beschrieben werden. Außerdem 

wurde versucht, alle möglichen negativen Effekte dieser neuen Mutationen auf die 

oligomere Funktion von Spastin mit Hilfe des Spastin Strukturmodells zu ermitteln.  

Im letzten Teil dieser Arbeit konnte mit Hilfe von zellulären und biochemischen 

Analysen gezeigt werden, dass ZFYVE27, ein mit Spastin interagierendes Protein, als 

Dimer/Tetramer wirkt. Weiterhin haben wir gezeigt, dass die Hauptinteraktionsregion, die 

hydrophobe Region 3 (HR3), zwar nicht wichtig für die Selbstassoziation von ZFYVE27 

ist dafür aber essentiell für die Neuritenbildung. Die Coexpression des verkürzten 

ZFYVE27  (!HR3184-208) erschwert die Funktion des Wild-Typ ZFYVE27. 
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Außerdem wurde damit begonnen, “loss of function” und “gain of function’’ 

Mausmodelle für ZFYVE27 herzustellen. Damit kann die Rolle von ZFYVE27 im HSP 

Pathomechanismus studiert wurden. Denkbarerweise könnte das ‘‘loss of function’’ 

Mausmodell die phänotypischen Merkmale von HSP nachahmen. Mit der Analyse der 

Rolle von ZFYVE27 in der Neuritogenese/Neuropathie in den Mausmodellen wird es 

möglich sein, neue Erkenntnisse über den Pathomechanismus von HSP zu gewinnen. 
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1. Summary 

  Hereditary spastic paraplegias (HSP) are a heterogeneous group of genetic disorders 

characterized by progressive spasticity in the lower limbs caused primarily due to 

dysfunction of corticospinal tract neurons. All modes of inheritance such as autosomal 

dominant (AD), autosomal recessive (AR) and X-linked have been reported for HSP. 

Mutations in the SPG4/SPAST gene are the single most common cause for AD-HSP and 

accounts for up to 40% of all AD-HSP cases. In the present study, we have characterized 

the functional and structural properties of SPAST gene product, spastin and its interacting 

protein ZFYVE27, another HSP related protein. 

  In the first part of this thesis, spastin oligomeric state as hexamer has been evaluated 

by biochemical and cellular approaches. Furthermore, structural information on hexameric 

spastin was obtained through modeling of spastin AAA domain and this modeled structure 

was used as a framework to classify the known mutations of spastin in HSP patients into 

four different functional groups based on the structural information.  

In the second part, compound heterozygous sequence variants of SPAST causing 

early age onset of HSP phenotype has been reported. The ‘‘modifier effect’’ of spastin 

known polymorphism (S44L) in association with another mutation has been described. Our 

findings further strengthen the ‘threshold effect model of spastin, with a direct correlation 

between functional level of spastin and early age onset of HSP phenotype.  

In the third part, expansion of spastin mutational spectrum in a large HSP cohort has 

been reported with identification of 29 novel spastin mutations. Moreover, we attempted to 

determine any possible deleterious effects of these novel mutations on spastin oligomeric 

function using spastin structural model.  

In the last part of this thesis, we showed that ZFYVE27, a spastin interacting protein, 

functions as dimer/tetramer by means of cellular and biochemical analysis. Further, we 

show that although the core interaction region, hydrophobic region 3 (HR3) is dispensable 

for self-association of ZFYVE27, it is essential for neurite formation and co-expression of 

the truncated ZFYVE27 (!HR3184-208) hampers the function of wild type ZFYVE27. 

Moreover, to dissect the role of ZFYVE27 in HSP pathomechanism, we endeavored 

to generate ‘‘loss of function’’ as well as ‘‘gain of function’’ mouse models for ZFYVE27. 

Conceivably, the phenotype of ‘‘loss of function’’ mouse model might mimic the clinical 

features of HSP. By elucidating the role of ZFYVE27 in neuritogenesis/neuropathies by  
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means of generated mouse models, we will be able to gain novel mechanistic insights into 

the underlying pathomechanism of HSP.  
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2. Introduction 
 

2.1. Hereditary spastic paraplegia 

Hereditary spastic paraplegias (HSPs), also known as Strümpell-Lorrain familial 

spasmodic paraplegias, are a group of neurological disorders that are characterized by 

progressive spasticity and weakness predominantly in the lower limbs (Harding, 1983). 

The common pathological cause for this disease is distal axonal degeneration of the longest 

nerve fibers in the corticospinal tracts and posterior columns (Behan and Maia, 1974; 

Deluca et al., 2004). In clinical terms, HSPs can be classified as ‘pure’ or ‘complex’ 

depending on whether or not the spastic paraplegia is associated with additional 

neurological and systemic abnormalities. 

HSPs are genetically heterogeneous and all modes of inheritance have been reported, 

such as autosomal dominant (AD), autosomal recessive (AR) and X-linked. The mapping 

of 37 different loci (17 of which have been identified) further highlights the genetic 

heterogeneity of the disease. Moreover, the studies on identified HSP genes revealed their 

role in axonal transport and vesicle trafficking thus suggesting that impairment of such 

processes are the underlying cause for HSP as illustrated in figure 2.1. The AD-HSPs are 

almost ‘pure’ in terms of clinical features with weakness and spasticity in the lower limbs 

(Harding, 1981; Durr et al., 1994; Fink, 2003), whereas AR forms of HSP appear to be 

‘complex’ and comprise a large number of conditions in which spastic paraplegia is 

associated with other neurological features such as ataxia, severe amyotrophy, optic 

atrophy, mental retardation, dementia, deafness, ichthyosis, peripheral neuropathy and 

epilepsy (Harding, 1993; Fink, 2003). The most common form of AD-HSP is caused by 

mutations in SPG4/SPAST gene, which accounts for approximately 40% of the AD-HSP 

cases. 

 

2.2. Spastin and its mutational spectrum in HSP 

The SPAST gene encodes for a 616 amino acid protein named spastin. Spastin 

belongs to AAA (ATPase Associated with various cellular Activities) family of proteins 

and it was shown to be a microtubule (MT) severing enzyme. Spastin has different 

isoforms depending on the usage of an alternative translation initiation codon and on 

alternative splicing of the exons, in particular exon 4 (Fig. 2.2). Spastin’s protein 
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Figure 2.1. Schematic representation of a neuron indicating the localization of identified mutant HSP 

proteins (in parenthesis – gene name or locus name); Mitochondria associated – paraplegin (SPG7), heat 

shock protein 1 (SPG13), spartin (SPG20) and REEP1 (SPG31); Endoplasmic reticulum associated – atlastin 

(SPG3A), NIPA1 (SPG6), spastizin (SPG15) and seipin (SPG17); Golgi associated – atlastin (SPG3A); 

molecular motors associated – kinesin heavy chain (SPG10); microtubule associated – spastin (SPG4) and 

NIPA1 (SPG6); Endosomes associated - spastin (SPG4) and NIPA1 (SPG6), spastizin (SPG15), spartin 

(SPG20), maspardin (SPG21); Myelin sheath and Schwann cells associated – L1CAM (SPG1), PLP1 

(SPG2). This wide cellular distribution, but closely related functions of identified HSP proteins suggest that 

impaired transport of macromolecules and organelles, disturbances of mitochondrial function are the primary 

cause of HSP pathomechanism (adapted from Salinas et al., 2008). 

 

structure is defined by three major functional domains, namely; MIT-microtubule 

interacting and trafficking domain, MTBD-microtubule binding domain and a catalytic 

AAA-ATPase domain (Fig. 2.2). Apart from these three functional domains, additional 

motifs like nuclear localization signals (NLS), nuclear export signals (NES) (Beetz et al., 

2004; Claudiani et al., 2005) and also a putative transmembrane domain has been 

identified in the primary sequence of spastin. More than 200 different mutations/DNA 

alterations have been reported in SPAST gene including missense, nonsense, splice site 

mutations, small insertions and small deletions, which are summarized in the Human Gene 

Mutation Database (http://portal.biobaseinternational.com/hgmd/pro/start.php). Moreover, 

recent studies reported gene rearrangements, in particular large genomic deletions in 

SPAST by using SPAST specific Multiplex Ligation-dependent Probe 
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Amplification (MLPA), which account for approximately 18-20% of HSP cases (Beetz et 

al., 2006; Depienne et al., 2007). This broad mutational spectrum of SPAST-HSP suggests 

haploinsufficiency as the likely pathomechanism. 

From a diagnostic point of view, unfortunately, there are no common mutations in 

SPAST, with most families having private mutations. Interestingly from several recent 

clinical and molecular studies, it is emerging that besides haploinsufficiency, other modes 

of action such as “dominant-negative” and “threshold-effect-model” are relevant for at 

least a sub-set of spastin mutations (Errico et al., 2002; Chinnery et al., 2004; Svenson et 

al., 2004). However, till now only a single loss-of-function mouse model for spastin was 

generated and these mice manifest only a mild and late-onset of some of the HSP-like- 

phenotype (Tarrade et al., 2006). To elucidate a comprehensive function of spastin and to 

test different modes of disease mechanism, generation/characterization of additional mouse 

models including missense mutation(s) are necessary. 
 

 
 

Figure 2.2. Structural architecture and different isoforms of spastin. The spastin protein contains three 

main domains; MIT-microtubule interacting and trafficking, MTBD-microtubule binding domain and AAA-

ATPase domain. Additionally, spastin contains two NLS-nuclear localization signals (aa 4-11 and 309-312), 

which are highlighted in yellow, one NES-nuclear export signal (aa 50-87) highlighted in blue and a TM-

transmembrane domain highlighted in grey. Different isoforms of spastin, which are reported depending on 

the usage of first or second ATG and the presence or absence of exon 4 are summarized with predicted 

molecular weights of the protein isoforms in the table (adapted from Salinas et al., 2005). 

 

2.3. Molecular function of spastin 

Initial studies suggested that spastin is ubiquitously expressed in all tissues (Hazan et 

al., 1999). To date, the majority of the studies reported only a cytoplasmic function of 
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spastin such as a role in MT dynamics and in cytokinesis. During cell division, spastin 

could be detected in the spindle pole, the central spindle, and in the midbody (Errico et al., 

2004). In motor neurons, spastin is enriched in regions where dynamic MTs regulation 

takes place (Errico et al., 2004), it also localizes in axon and dendrites (Trotta et al., 2004). 

Spastin’s central role in MT dynamics is evident from the observation of diminished MT 

network in cells overexpressing wild-type spastin (Errico et al., 2002) and from the high 

sequence homology with the well characterized MT severing enzyme P60-katanin (Beyer, 

1997; Errico et al., 2002). 

In an attempt to elucidate the molecular function of spastin in MT dynamics, 

numerous studies have used various biological systems. Downregulation of spastin in 

Drosophila by RNA interference (RNAi) caused the morphologic undergrowth, reduced 

synaptic area and increased synaptic MT (Trotta et al., 2004). Further, several lines of 

experimental evidences using human and Drosophila orthologues of spastin have 

demonstrated that spastin indeed functions as MT severing enzyme (Errico et al., 2002; 

Trotta et al., 2004; Evans et al., 2005; Salinas et al., 2005; Roll-Mecak and Vale, 2005). 

Expression of spastin ATPase activity deficient mutants, including pathogenic spastin HSP 

mutations, did not severe MT, indicating that ATPase activity of spastin is crucial for MT 

severing (Evans et al., 2005; Roll-Mecak and Vale, 2005). On the other hand, spastin and 

some of its ATPase mutants showed MT bundling as assessed by staining of detyrosinated 

Glu-tubulin (Evans et al., 2005) and was found to be independent of ATP hydrolysis 

(Salinas et al., 2005). Hence, it is likely that spastin may have both MT severing and 

bundling activity.  

Strikingly, intracellular distribution analysis in neuronal cells revealed that spastin is 

concentrated at the axonal branch sites near the junction-point of neurite formation, but 

P60-katanin is distributed ubiquitously in axons and neurites (Yu et al., 2008). 

Overexpression of spastin in rat hippocampal neurons caused an increase in axonal 

branching, from which new neurite extensions are generated (Yu et al., 2008). In contrast, 

overexpression of P60-katanin had no significant effect on the number of branch sites and 

filopodia formation (Yu et al., 2008). Interestingly, spastin and P60-katanin show a 

variable level of sensitivity to protection of MT by MT stabilizing proteins such as 

microtubule associated protein tau (MAPT/tau) or microtubule associated protein 4 

(MAP4) (Yu et al., 2008). Taken together, these studies suggest that the local detachment 
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of MAPT/tau by phosphorylation enhances the MT severing activity of katanin at sites of 

branch formation (Fig. 2.3A), whereas spastin MT severing activity at site of branch 

formation is enhanced by the enrichment of spastin molecules at local sites and is 

independent of tau MT protection (Fig. 2.3B). These two modes are not mutually exclusive 

and may work in cooperation (Yu et al., 2008). 

  

            
Figure 2.3. Schematic representation of axon undergoing the branch formation. (A) In the ‘katanin 

mode’ local detachment of the microtubule protecting protein tau enables the microtubule severing activity of 

katanin at sites of branch formation. (B) In the ‘spastin mode’, microtubule severing is enhanced by the local 

enrichment of spastin and is independent of tau protection (adapted from Yu et al., 2008).  

 

2.4. Spastin and its interacting proteins 

Significant insights into molecular function of spastin were derived from the 

identification and characterization of spastin binding proteins. Till to date, several spastin 

interacting proteins were identified, namely; reticulon1 (RTN1), atlastin, CHMP1B, 

ZFYVE27 (protrudin) and NA14 (Errico et al., 2004; Evans et al., 2006; Mannan et al., 

2006a, b; Reid et al., 2005). Interestingly, all the known spastin binding proteins are 

components of vesicular transport processes except for NA14. RTN1 and atlastin are the 

components of endoplasmic reticulum (ER) derived secretory pathway (Evans et al., 2006; 

Mannan et al., 2006a), which is equivalent to axoplasmic anterograde transport in neurons. 

RTN1 belongs to the reticulon (RTN) family of proteins, which are primarily localized in 

 

A. B. 
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the ER (Oertle and Schwab, 2003; van de Velde et al., 1994). RTN family members are 

characterized by a highly conserved reticulon homology domain, which consists of about 

188 amino acids with two putative transmembrane regions separated by a 66-residue loop 

(Oertle and Schwab, 2003). RTN1 is known to be involved in intracellular transport events 

including regulated exocytosis and it is expressed in the nervous system, particularly in 

those tissues that are susceptible to neurodegeneration (Steiner et al., 2004). 

Atlastin is encoded by SPG3A gene; it belongs to the dynamin/guanylate-binding 

protein superfamily of large GTPases (Guanosine triphosphatases). Mutations in the 

SPG3A gene are the second most common cause for HSP and most of the identified 

disease mutations are missense mutations that affect the GTPase function of the protein 

(Zhu et al., 2006; Namekawa et al., 2007). Atlastin oligomerizes as tetramers and it is 

likely that most of the identified missense mutations may exert a dominant negative effect 

on the tetrameric atlastin (Zhu et al., 2003). Intracellular distribution studies with the 

endogenous protein show a predominant localization in the cis-Golgi, with additional 

localizations in the ER and in punctate cytoplasmic structures (Zhu et al., 2006; 

Namekawa et al., 2007). In the developing primary cortical neurons, atlastin was enriched 

in vesicular structures in axonal growth cones and branch sites thus suggesting its role in 

axonal development (Zhu et al., 2006). 

Interestingly, CHMP1B (CHarged Multivesicular body Protein 1B/Chromatin 

modifying protein 1B), and ZFYVE27 are suggested to be involved in endosomal 

membrane traffic at multiple levels. They are the components of endocytic pathway or 

retrograde axonal transport system in the neurons (Reid et al., 2005; Mannan et al., 

2006b). CHMP1B is an endosomal protein and it is closely associated with the endosomal 

sorting complex required for transport-III (ESCRT-III) complex (Reid et al., 2005). Four 

distinct ESCRTs, known as ESCRT- 0, -I, -II and –III, facilitate the trafficking of 

ubiqutylated proteins from endosomes to lysosomes for degradation via multivesicular 

body (MVB) formation (reviewed by Williams and Urbe, 2007). 

 

2.5. ZFYVE27 and its role in HSP 

ZFYVE27 is a member of FYVE (Fab1p, YOTB, Vac1p and EEA1) family of 

proteins and is enriched in the endosomal membranes of the cell (Mannan et al., 2006b). 

The FYVE domain is characterized by a zinc binding finger motif and is involved in  
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membrane trafficking (Stenmark et al., 1996). This conserved FYVE domain (~ 70-residue 

module) specifically recognizes phosphatidyl inositol 3-phosphate (PtdIns3P) and targets 

many cytosolic proteins to PtdIns3P enriched endosomal membranes (Burd and Emr, 1998; 

Gaullier et al., 1998; Patki et al., 1998). The FYVE finger proteins have different 

biological functions ranging from endocytotic transport, regulation of endosomal 

membrane fusion with other endocytic vesicles/organelles (Peterson et al., 1999; Nielsen et 

al., 2000; Rubino et al., 2000; Morino et al., 2004) and in signal transduction (Tsukazaki et 

al., 1998; Sasaki and Sugamura, 2001).  

ZFYVE27 was identified as a spastin interacting protein and more importantly, a 

missense mutation (p.G191V) in ZFYVE27 was reported in a five generation German           

family with HSP (Mannan et al., 2006b). The role of ZFYVE27 and spastin in a molecular 

process relevant to HSP is highlighted by recent functional studies on ZFYVE27 and 

spastin in neurons (Shirane and Nakayama, 2006; Yu et al., 2008). ZFYVE27/Protrudin 

plays vital function in neuronal differentiation and along with Rab11 plays a central role in 

directional membrane trafficking and neurite formation (Shirane and Nakayama, 2006). 

Interestingly, overexpression of spastin in primary hippocampal neurons lead to extensive 

neurite outgrowth (axonal branch site formation) (Yu et al., 2008) similar to that observed 

for ZFYVE27. Spastin, ZFYVE27 and Rab11 may together constitute a system for the 

regulation of vesicular transport in neurons and impairment of this system may be 

responsible for the pathogenesis of AD-HSP. 

To gain further insights into spastin and ZFYVE27 molecular function and their 

physiological interaction in a common cellular pathway relevant to HSP pathogenesis, the 

current study is aimed at understanding the molecular structure of spastin, evaluating the 

effects of spastin mutations in HSP patients and characterization of ZFYVE27 molecular 

function. Further, generation of ‘loss of function’ mouse model and ‘gain of function’ 

mouse models for ZFYVE27 were undertaken to elucidate its role in HSP.   
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3. Results 
 

3.1. Spastin oligomerizes into a hexamer and the mutant spastin (E442Q) redistribute the 

wild-type spastin into filamentous microtubule. 

 

3.2. Compound heterozygosity in SPG4 gene causes hereditary spastic paraplegia. 

 

3.3. Expansion of mutation spectrum, determination of mutation cluster regions and 

predictive structural classification of SPAST mutations in hereditary spastic 

paraplegia. 

 

3.4. ZFYVE27 (Protrudin) oligomerize as dimer/tetramer and truncated ZFYVE27 

(!HR3184-208) deters the ability of wild type ZFYVE27 to promote neurite extension. 

 

Each chapter within the results starts with a brief description of the aim of the 

particular manuscript in context of the complete thesis, the status of the manuscript, and 

the author’s contribution to the work. 
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3.1. Spastin oligomerizes into a hexamer and the mutant spastin (E442Q) 

redistribute the wild-type spastin into filamentous microtubule. 

 

In the first part of the thesis, oligomerization of spastin (encoded by SPG4/SPAST), 

the most commonly mutated gene in hereditary spastic paraplegia (HSP) was reported.  By 

means of chemical crosslinking and size exclusion chromatography, spastin was shown to 

oligomerize into hexamer. Studies in mammalian cells demonstrated the co-localization of 

spastin monomers. More interestingly, the walker B motif mutant E442Q showed a 

dominant negative effect on wild-type spastin. Structural modeling was performed on 

ATPase domain of spastin. The modeled spastin structure was then used as a framework to 

classify all the reported spastin mutations in the HSP patients into four different 

structural/functional categories.  

 

D. V. Krishna Pantakani, Lakshmipuram S. Swapna, Narayanaswamy Srinivasan and 

Ashraf U. Mannan 
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3.2. Compound heterozygosity in SPG4 gene causes hereditary spastic paraplegia. 

 

In this part of the thesis, the effect of threshold level of functional spastin was 

elucidated by characterization of an autosomal dominant hereditary spastic paraplegia 

(AD-HSP) family with compound heterozygous mutations. The presence of SPG4 

compound heterozygous sequence variants c.131C>T and c.1687G>A in the index patient 

causes a severe form of AD-HSP. The sequence variant c.131C>T (p.S44L) is a 

polymorphism and is known to act as a modifier for HSP. RT-PCR and QUASEP 

techniques demonstrated that the novel c.1687G>A mutation is a leaky or hypomorphic 

splice site mutation. At protein level, c.1687G>A leads to E563K amino acid change. 

Furthermore, in silico analysis predicted that E563K amino acid change can possibly 

damage the function of spastin. Our data strengthens the ‘threshold effect model’ for 

spastin, where the level of functional spastin higher than 50 % might lie above that of 

critical threshold level for the appearance of HSP. 
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3.3. Expansion of mutation spectrum, determination of mutation cluster regions 

and predictive structural classification of SPAST mutations in hereditary 

spastic paraplegia. 

 

Identification of a large set of novel spastin (SPAST/SPG4) mutations in a cohort of 

hereditary spastic paraplegia (HSP) patients has been reported in this part of the thesis. By 

employing standard mutational screening methods and unique MLPA (multiplex ligation-

dependent probe amplification) technique, a total of 29 novel mutations were identified in 

the current study. Clustering of mutations was examined over the functional regions of 

spastin. Finally, the previously modeled spastin structure was used to categorize the newly 

identified mutations into various structural/functional groups. Moreover our data indicates 

that in the case of missense mutations, the onset of phenotype is earlier and suggests a 

tentative genotype-phenotype correlation. 
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3.4. ZFYVE27 (Protrudin) oligomerize as dimer/tetramer and truncated 

ZFYVE27 (!HR3184-208) deters the ability of wild type ZFYVE27 to promote 

neurite extension 

 

This part of the thesis describes about ZFYVE27 (Protrudin), a spastin interacting 

protein, which homo-oligomerizes into dimer/tetramer. In a yeast two-hybrid screen, we 

observed that ZFYVE27 can interact with itself. Further studies indicated that the core 

interaction region lie within the third hydrophobic region (HR3) of the protein. 

Furthermore, co-localization and co-immunoprecipitation experiments confirmed 

ZFYVE27 self-interaction and also indicated that additional unknown functional regions 

provide stability to the oligomeric ZFYVE27 structure. Using various biochemical 

methods, we showed that ZFYVE27 is a peripheral membrane protein; binds to 

phosphorylated derivatives of phosphatidylinositol (PtdIns) lipid molecules and exists as 

dimer/tetramer. Although, the core interaction region, HR3 is dispensable for self-

association of ZFYVE27, it is essential for neurite extension. Further, co-expression of 

truncated ZFYVE27 (!HR3184-208) hampers the function of wild type ZFYVE27, 

suggesting the dominant negative effect of truncated ZFYVE27. 
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4. Discussion 

  Mutations in the SPG4/SPAST gene are the most common cause for autosomal 

dominant hereditary spastic paraplegia (AD-HSP) and accounts for up to 40% of all AD-

HSP cases (Hazan et al., 1999; Fonknechten et al., 2000; Hentati et al., 2000; Lindsey et 

al., 2000; Sauter et al., 2002; Patrono et al., 2005; McDermott et al., 2006). In the present 

study, we demonstrate that the SPAST protein product, spastin, function as a hexamer. 

Moreover, we refined/expanded the mutational spectrum of SPAST in a large HSP cohort 

and evaluated the effects of these mutations on the oligomeric spastin function. In addition, 

we characterized the molecular and biochemical properties of ZFYVE27, a spastin 

interacting protein, which is involved in HSP. Furthermore, generation of loss of function 

and gain of function mouse models for ZFYVE27 were endeavored. 

 

4.1. Spastin assembles into hexamer for its microtubule severing activity 

Spastin belongs to the AAA (ATPases Associated with various cellular Activities) 

family of proteins, which are characterized by the presence of AAA domain, often at the 

carboxy-terminal region of the protein. Sequence homology analysis indicated that spastin 

is closely related to sub-group 7 of AAA family of proteins. Notable members of this 

group are P60-katanin, a well characterized microtubule (MT) severing enzyme and 

VPS4/SKD1, which is involved in vacuolar protein sorting and endosomal trafficking 

(Frickey and Lupas, 2004). Recent advances in understanding the function of spastin has 

clearly demonstrated that spastin is also a MT severing enzyme (Errico et al., 2002; Evans 

et al., 2005; Roll-Mecak and Vale, 2005). Majority of the AAA proteins renders their 

function by forming oligomeric structures, mostly a hexamer (6 sub-units) or do- decamer 

(12 sub-units). Based on the above facts, it is likely that spastin might also form an 

oligomer to elicit its function.  

In the present study (Pantakani et al., 2008a), we attempted to determine the 

oligomeric form of spastin by employing chemical cross-linking and gel filtration 

chromatography techniques and could show that spastin (short isoform) assembles into a 

hexamer. Recently, White and colleagues (2007) also reported that spastin could assemble 

into hexamer by using truncated form of spastin (!1-227) with a Walker B motif mutation 

E442Q, however, they failed to show the oligomeric form for the wild 

type spastin. The discrepancy between our study and those of White et al., (2007) could be  
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due to the usage of full-length spastin (our study) as compared to truncated spastin (!1-

227) used by White et al., (2007). The full-length spastin is a true representative of 

endogenous protein and perhaps N-terminal region of spastin might act as a linker motif 

and stabilize the hexameric form of spastin, as also shown for another AAA protein, 

p97/VCP (Wang et al., 2003). Our data was further supported by a recent study (Roll-

Mecak and Vale, 2008), where it was shown that the wild type spastin (from 

Caenorhabditis elegans) can also assemble into hexamer and they identified a conserved 

linker motif between N-terminus and AAA domain of spastin, which acts as a hexamer 

stabilizing region. 

The structural basis for the spastin’s MT severing activity came from the recent 

studies including from our group (Pantakani et al., 2008a) and demonstrated that the 

spastin hexameric ring has a central pore and two pore loops projected into the pore cavity 

as depicted in figure 4.1A (White et al., 2007; Roll-Mecak and Vale, 2008). The pore loop 

1 lies near the orifice of the pore and mutations in this region abolished the MT severing 

but preserved the MT binding of the enzyme, whereas pore loop 2 resides deeper in the 

pore and mutations in this region severely inhibits the MT severing activity (White et al., 

2007; Roll-Mecak and Vale, 2008). Collectively from these studies it can be postulated 

that spastin docks onto MTs as a hexamer in ATP dependent manner, placing the 

positively charged N-terminal pore of spastin in contact with the negatively charged C-

terminal amino acids of tubulin tail and pulls into the pore cavity as illustrated in figure 

4.1B, C. These observations led to the hypothesis that spastin just grip the C-terminal 

tubulin tail and exert mechanical force that destabilize tubulin polymer locally leading to 

breakdown of the MT polymer. 

To gain further insights into the oligomeric form of spastin, we generated a structural 

model of the AAA domain of spastin using templates of spastin structural homologues, 

namely VPS4B (Scott et al., 2005) and p97/VCP (Dreveny et al., 2004). Next, we used our 

spastin model as a framework to categorize the identified spastin missense mutations in 

HSP patients into four different functional groups namely active site, pore loop, monomer-

monomer interaction and unknown structural groups based on the known 

structural/functional regions of the AAA domain. Interestingly, several of these 

functional/structural group mutations have been already validated for their 

deleterious effect in various cellular studies (Errico et al., 2002; McDermott et al., 2003; 
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Evans et al., 2005; Sanderson et al., 2006; Pantakani et al., 2008a). In future, the spastin 

functional/structural categorization will enable us to classify any newly identified AAA 

domain mutation as a disease causing mutation with greater confidence. 

 

          

                                                                               
Figure 4.1. Structural basis for the hexameric spastin pore loops formation and model for microtubule 

severing by spastin. (A) Schematic depiction of hexameric spastin ring formation (purple). Each monomer 

of spastin contributes to two pore loops: pore loop 1 (yellow) lies near the pore surface and pore loop 2 (pink) 

resides deeper in the pore. N-terminal regions are indicated in six radiating arms. (B) Unassembled spastin 

(green) can bind to microtubule by an ATP independent manner.  Binding of ATP to spastin results in 

assembly of the hexamer and pore formation. The hexameric spastin AAA core recognizes the C-terminal 

tubulin tail (not all tubulin tails are drawn for clarity). (C) Two possible orientations of spastin hexamer on 

tubulin polymer, leading to the pulling of tubulin tail into the pore cavity and subsequent breakdown of local 

tubulin polymer (adapted from White et al., 2007). 
 

4.2. Expansion of mutational spectrum and evaluating the effects of spastin mutations 

in HSP 

  Spastin is most frequently mutated in AD-HSP, till to date over 300 different 

mutations including missense, nonsense, splice site and insertions/deletions have been 

reported all along the primary structure of spastin (with the exception of the alternatively 

spliced exon 4). Recently, SPAST gene rearrangements, in particular exon deletions, were 

also shown to be a common cause for the SPAST-HSP (Beetz et al., 2006; Depienne et al., 

2007). The wide spectrum of spastin mutations suggests that haploinsufficiency as the 

underlying cause for the disease. Apart from this view, several studies including from our 

 

A. B. 

C. 
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group (Pantakani et al., 2008a) also proposed that spastin missense mutations might act in 

a dominant negative manner. Notably, overexpression of spastin mutants-E442Q 

(Pantakani et al., 2008a) and K338R (Errico et al., 2002) redistributed the wild type spastin 

expression from vesicles to filamentous structures indicating the dominant negative 

function of mutant protein and causing the redistribution/hampering of the wild-type 

counterpart function. In support of this notion, expression of truncated spastin peptide 

(comprising long isoform of spastin) in neurons inhibited the fast axonal transport, which 

further highlights the ‘gain of function’ mechanism (Solowska et al., 2008). Moreover, the 

‘threshold effect model’ is also relevant at least for a sub-set of SPAST mutations, where a 

direct correlation between functional level of spastin and early onset of HSP phenotype has 

been described (Svenson et al., 2001b; Svenson et al., 2004). 

In support of threshold effect model, in a case report study (Pantakani et al., 2008b), 

we have identified compound heterozygous sequence variants [c.131C>T (S44L) and 

c.1687G>A (E563K)] of SPAST causing a severe form of HSP in a patient. The S44L 

polymorphism is known to act as a modifier of HSP phenotype (Lindsey et al., 2000; 

Chinnery et al., 2004; Svenson et al., 2004; McDermott et al., 2006). In our case study, the 

mutation c.1687G>A (alone) appears to be non- pathogenic as family members carrying 

solely the c.1687G>A allele are asymptomatic for HSP, however together with S44L 

causes a severe phenotype. Further, we confirmed that c.1687G>A is a leaky splice site 

mutation and leads to skipping of exon 15 of spastin. Our observation that the association 

of S44L polymorphism with non-disease causing and leaky splice site mutation further 

supports the reported modulatory role for S44L in the severity of HSP phenotype in the 

absence or presence of disease causing mutations (Svenson et al., 2004). Our findings 

further strengthen the ‘threshold effect model’ for spastin and suggest that there is a direct 

correlation between functional level of spastin and symptom severity in the spastin-linked 

HSP. 

 Furthermore, in a recent study (Shoukier et al., 2009), we made attempts to expand 

the mutational spectrum of SPAST in a large HSP cohort.  Towards this end, we screened 

for mutations in the SPAST gene in a cohort of 200 HSP patients and could identify 47 

different mutations. Our SPAST mutation detection rate of 28.5% was in accordance with 

the previous mutation detection rates (15-44%) for SPAST in other ethnic HSP populations 

(Fonknechten et al., 2000; Lindsey et al., 2000; Patrono et al., 2005; Crippa et al., 2006). 
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Interestingly, out of 26 novel point mutations, 22 mutations were located in the AAA 

domain of spastin. Besides few exceptions, almost all the missense mutations reported until 

now in spastin are located in the AAA domain of spastin. Moreover, when we studied the 

distribution of all the reported spastin mutations over the structural architecture of spastin, 

we identified AAA domain as the primary cluster/hot spot region for mutations. We also 

identified three other secondary clusters/hotspot regions in MIT (Microtubule Interacting 

and Trafficking) domain, MTBD (Microtubule Binding Domain) and an un-identified 

functional N-terminal region (228-269 residues). Overall, it appears that different 

functional domains/regions of spastin are prime targets for mutations thus highlighting the 

need to set these regions as priority in the molecular diagnosis of SPAST-HSP. Moreover, 

categorization of identified missense mutations into two different age groups, early age 

onset ("35 years) and late age onset (>35 years), showed a tentative genotype-phenotype 

correlation and suggests that in case of missense mutations the onset of phenotype is 

earlier. 

 

4.3. Elucidating the molecular function of ZFYVE27, a spastin interacting protein  

Spastin has been shown to interact with several vesicular trafficking proteins namely; 

RTN1, Atlastin, CHMP1B and ZFYVE27/Protrudin (Reid et al., 2005; Evans et al., 2006; 

Mannan et al., 2006a, b). In particular, ZFYVE27 was identified as a novel spastin 

interacting protein by our group (Mannan et al., 2006b) and reported as a causative gene 

for HSP. ZFYVE27 was shown to be a key regulator in promoting the neurite extension by 

directed membrane trafficking via recycling endosomes through its association with Rab 

11 (Shirane and Nakayama, 2006). The interaction of ZFYVE27 with spastin and Rab 11 

indicates that these proteins might together be involved in regulation of the neuron specific 

vesicle/membrane trafficking and impairment of such neuronal cargo transport system 

might lead to neurodegeneration. To dissect the role of ZFYVE27 and the significance of 

its interaction with spastin in the context of HSP pathomechanism, we decided to 

characterize the molecular function of ZFYVE27.  

In the current study (manuscript in submission stage: Pantakani and Mannan, 2009), 

we performed yeast-two hybrid (Y2H) screen using human ZFYVE27 (isoform 4) as a bait 

protein to identify its interacting proteins. Interestingly, our Y2H screen revealed that 

ZFYVE27 interacts with itself. The common notion that FYVE domains may influence the 
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protein’s ability to associate with endosomal membranes via their ability to form oligomers 

as observed for EEA1 (Fig. 4.2) (Callaghan et al., 1999), SARA (Hayakawa et al., 2004) 

and Hrs (Pullan et al., 2006) convinced us to explore the oligomeric nature and 

biochemical properties of ZFYVE27.  

    

          
Figure 4.2. Model for multivalent membrane binding by FYVE domain of homodimeric EEA1. 

Membrane binding orientation of homodimeric EEA1, which specifically recognizes and simultaneously 

binds to two PtdIns(3)P (Phosphatidylinositol-3-phosphate) head groups of membrane by homodimeric 

FYVE domains (indigo). The region required for dimerization and interaction with Rab5 (magenta) and 

putative calmodulin binding IQ motif (green) are highlighted. The membrane leaflet was shown with 

different lipid molecules: PE – Phosphatidylethanolamine, PS – Phosphatidylserine, PC – 

Phosphatidylcholine and PI3P – PtdIns (3)P (adapted from Dumas et al., 2001). 

 

  Towards this end, we first validated the ZFYVE27 self-association properties, 

furthermore, narrowed down the core interaction region to the third putative 

transmembrane (TM)/hydrophobic region (HR3) of the protein. Surprisingly, the identified 

core interaction region is dispensable for its interaction with full-length counterpart, thus 

highlighting the presence of other functional/structural regions through which self-

association of ZFYVE27 could be stabilized, mainly via N-terminus region of the protein. 

Further investigations suggested that ZFYVE27 mainly oligomerizes into either a dimer or 

tetramer and also forms cytosolic dimers, probably due to covalent interaction. 

Interestingly, membrane association studies revealed that ZFYVE27 might be a 
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peripheral membrane protein in contrast to in silico prediction that it is an integral 

membrane protein, as it contains three putative TM domains. Membrane binding studies 

indicated that ZFYVE27 has affinity towards all the phosphorylated derivatives of 

Phospatidylinositol (PtdIns), but not to any other analyzed lipid molecules. ZFYVE27 

being regarded as a FYVE finger protein has no conserved FYVE signature motifs like 

WXXD, RVC and R(R/K)HHCR motifs (Stenmark et al., 1996), distinguishing it from 

other FYVE proteins, suggesting it might belong to a novel FYVE sub-family. 

Collectively, through our observations, we speculate that ZFYVE27 might contain novel 

domain/motifs, which can facilitate its recruitment to both secretory as well as endocytic 

pathways, thus it may act as a ‘master molecule’ in the process of promoting neurite 

extension in the neurons.  

  Spastin has been shown to interact with ZFYVE27 through its N-terminal part, which 

contains a putative TM and microtubule interacting and trafficking (MIT) domains 

(Mannan et al., 2006a). Since, the MIT domain of spastin has been implicated in 

interaction with microtubules, it is interesting to address the role of TM domain in 

membrane localization of spastin. Our membrane association studies on full-length spastin 

revealed that spastin is also a peripheral membrane protein suggesting that the TM 

domain/hydrophobic region of spastin might mediate its interaction with ZFYVE27. 

 

4.4. Generation of a knock-out mouse model for Zfyve27 

  To evaluate the role of ZFYVE27 in vivo, a loss of function mouse model was 

generated. Towards this end, firstly, a Zfyve27 knock-out targeting construct was generated 

using BAC (Bacterial Artificial Chromosome) mediated homologous recombination 

method (reviewed by Copeland et al., 2001). In brief, a BAC clone (RPCIB731A01447Q) 

containing the complete Zfyve27 gene (from C57Bl/6 strain) was used for the generation of 

knock-out construct as outlined in figure 4.3. In the first step, exon 5 till exon 12 of 

Zfyve27, which spans the FYVE domain at the protein level, was replaced with 

Neomycin/Kanamycin resistant (Neo/Kanr) cassette, which was PCR amplified with a 

primer pair consisting of 50 bp homologous arms from either end of the planned deleted 

genomic Zfyve27 region. To retrieve the genomic fragment of Zfyve27 containing 

Neo/Kanr cassette together with 5’ and 3’ homologous wings (about 5 to 6 kb) into the 

targeting pL253 vector, two mini arms (5’ and 3’) were PCR amplified (about 500 bp) and 
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cloned bi-directionally into pL253 vector. In the next step, the pL253 vector with mini 

arms was used for BAC mediated homologous recombination to retrieve the genomic 

fragment of Zfyve27 containing Neo/Kanr cassette. The generated final knock-out targeting 

construct was verified extensively with restriction digestion analysis, PCR 

amplification and sequencing.  

 

 
Figure 4.3. Schematic diagram depicting the generation of Zfyve27 knock-out targeting construct. In 

the Zfyve27 gene a genomic fragment spanning exon 5 till exon 12 of the gene was deleted and replaced with 

Kan/Neor cassette (flanked with 50 bp homologous arms as indicated) using BAC mediated homologous 

recombination. The resulting construct was retrieved along with 5’ homologous wing (! 6.1 kb) and 3’ 

homologous wing (! 5.6 kb) into the targeting vector (pL253) with the aid of homologous recombination 

through 5’ and 3’ mini arms, to obtain the final knock-out targeting construct. 
 

  The Not I linearized final knock-out targeting construct was then electroporated into 

mouse C57Bl/6 ES (embryonic stem) cells (TS3 cell line). The resulting ES clones were 

screened for the homologous recombination event in Zfyve27 gene locus using Southern 

blot analysis with both 5’ and 3’ external probes (Fig. 4.4) and 9 positive clones out of 60 

screened ES clones were obtained. Next, one of the targeted ES cell clone was used for 

microinjection into C57Bl/6-albino (C57Bl/6J-Tyrc-2J/J) (JAX® NOTES, Fall 2003) 

blastocysts to generate the chimeric mice. The use of C57Bl/6-albino blastocysts for 

C57Bl/6 ES cells allowed us to distinguish the chimeric mice by coat color. We obtained 
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only one chimeric mouse, which was mated with C57Bl/6 mice to produce heterozygous 

mice. The heterozygous progenies were genotyped by PCR and also confirmed by 

Southern blotting. Currently, the generation of homozygous knock-out mice for Zfyve27 is 

in progress. Conceivably, the phenotype of knock-out mice for Zfyve27 might mimic the 

pathological features of HSP.  

 

 
 

 
Figure 4.4. Schematic representation of the genomic locus for Zfyve27 wild type and knock-out allele. 

(A) Wild type (WT) and knock-out (KO) allele genomic locus for Zfyve27 highlighting the location of 5’ 

external probe (red) and the expected fragments of EcoR V digestion, also the 3’ external probe (magenta) 

and the expected fragments of Xba I digestion. (B) Genomic Southern blot analysis of two recombinant ES 

clones with 5’ external probe and (C) with 3’ external probe.  

 

4.5. Generation of conditional transgenic mouse models for ZFYVE27 

  The observation that the overexpression of ZFYVE27 in terminally differentiated 

cells such as fibroblasts promoting neurite like structures prompted us to evaluate the 

possible role of ZFYVE27 in committing a neural stem cell into neuronal cell type rather 

than a non-neuronal cell (glia). The first indication for the role of ZFYVE27 in neuronal 

differentiation came from our observation that the overexpression of ZFYVE27 alone in 

ES cells could lead to differentiation of these cells into neuronal cells. These preliminary 

studies were suggestive of a possible role of ZFYVE27 in commitment of neuronal stem 

cells into different/specific neuronal cell types.  

A. 

B. C. 
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  In order to evaluate the in vivo significance of proposed role of ZFYVE27 in 

neuritogenesis, we decided to generate two conditional transgenic mouse models 

expressing ZFYVE27 using Cre/loxP system. In the first transgenic construct, we used a 

well characterized neural stem cells specific promoter from Hes1 gene (Ohtsuka et al., 

2006). Previously, Hes1 expression was shown to be specific to the neural stem cells in the 

subventricular zone of developing mice using Hes1-GFP transgenic mice (Ohtsuka et al., 

2006). The second transgenic construct was generated using a strong and ubiquitous 

promoter, CAG [a composite promoter of the human cytomegalovirus (CMV) immediate-

early enhancer and a modified chicken "-actin promoter and first intron] that was proven to 

be more efficient than CMV promoter in transgenic mouse models (Halbert et al., 2007). 

The strategy for generation of both conditional transgenic constructs is illustrated in 

figure 4.5. Briefly, a pDsRed-Monomer-N1 vector expressing monomeric and soluble 

DsRed variant was used as a backbone and open reading frame (ORF) of human ZFYVE27 

(hZFYVE27) was cloned in-frame to the upstream of DsRed. The resulting construct was 

then used to clone loxp-EGFP-Poly A-loxP (floxed EGFP-stop) cassette, which was 

obtained from pL452-EGFP vector (generated in this study). In the next step, the CMV 

promoter of the resulting pDsRed-floxed EGFP-stop-hZFYVE27 was replaced with either 

!2.1 kb promoter region of Hes1 gene to obtain pHes1-floxed EGFP-stop-hZFYVE27-

DsRed transgenic construct or with !1.2 kb CAG promoter to obtain pCAG-floxed EGFP-

stop-hZFYVE27-DsRed transgenic construct (Fig. 4.5).  
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Figure 4.5. Schematic illustration of conditional transgenic constructs. Human ZFYVE7 (hZFYVE7) 

was cloned upstream of DsRed cassette as indicated, and in the next step floxed EGFP-poly A was cloned 

upstream of the hZFYVE27. The CMV promoter of the resulting construct was excised and either Hes1 

promoter or CAG promoter was cloned into the same restriction sites to obtain pHes1-floxed EGFP-stop-

hZFYVE27-DsRed transgenic construct or pCAG-floxed EGFP-stop-hZFYVE27-DsRed transgenic 

construct, respectively.  

 

  The final constructs were digested with Vsp I and Afl II to retrieve the fragments 

containing promoter-floxed EGFP-stop- hZFYVE27-DsRed and were used for in vivo 

electroporation into repopulating undifferentiated spermatogonial stem cells as described 

previously (Dhup and Majumdhar, 2008). These putative transgenic male founders were 

bred with wild type FVB females to establish the transgenic mouse lines.  Upon successful 

establishment of Hes1 and CAG transgenic mouse lines, these mice will be further bred 

with transgenic mice that have the Cre gene expressing only in neural stem cells or in any 

tissue/cell of interest. The resulting transgenic mouse progeny with Hes1/Cre transgenes or 

CAG/Cre transgenes would result in the excision of EGFP-stop cassette and the activation 

of ZFYVE27 expression in neural stem cells or particular tissue/cell as outlined in figure 

4.6. The cells (neuronal) in the transgenic mice can be tracked for the ectopic expression of 

ZFYVE27 by the endogenous fluorescence of DsRed. Further, isolation and 
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characterization of these cells would improve our knowledge about ZFYVE27 function in 

neuritogenesis and might also enable us to devise a cell replacement therapy for 

neurodegeneration related to HSP.  

 

 
Figure 4.6. Schematic outline showing conditional activation of transgenes. (A) In the absence of Cre 

recombinase, the Hes1 transgenic mice would express only EGFP in neural stem cells, but when these mice 

are bred with another transgenic mice expressing Cre recombinase, the progeny would express ZFYVE27 

specifically in neural stem cells. (B) Similarly, in the absence of Cre recombinase, the CAG transgenic mice 

would express only EGFP ubiquitously, but when these mice are bred with another transgenic mice carrying 

Cre recombinase under the control of tissue/cell specific promoter of interest, the progeny would express 

ZFYVE27 and will be restricted to that particular tissue/cell type. 
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4.6. Future endeavors and perspectives 

  From the current study, functional and structural insights at molecular level were 

obtained for two closely related HSP proteins, spastin and ZFYVE27. Our 

structural/functional classification of SPAST-HSP mutations clearly indicates that most of 

the mutations may contribute to the disease by hampering either the enzyme activity or by 

destabilizing the monomer-monomer interactions. However, further in vivo and in vitro 

studies are necessary to validate these predictions, which might provide mechanistic 

insights into the function of spastin in MT severing and vesicular transport. These studies 

might also open avenues to devise therapeutic intervention for treatment of HSP.  

  There is an ongoing debate over the role of ZFYVE27 in causing the HSP disease. 

The reported ZFYVE27 mutation (a base change leading to pG191V at protein level) has 

recently been reported as a polymorphism in certain ethnic control population. The current 

studies on ZFYVE27 were aimed at understanding the significance of ZFYVE27 in HSP 

disease by generating the ‘loss of function’ mouse model for Zfyve27. Conceivably, the 

phenotype and the detailed characterization of this ‘loss of function’ mouse model would 

shed light on the role and relevance of ZFYVE27 in HSP. The characterization of ‘gain of 

function’ transgenic mouse models for ZFYVE27 can provide important insights about 

ZFYVE27 role in neuritogenesis and possibly assist in devising novel cell replacement 

therapy for neurodegenerative diseases, especially for HSP. 
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6. Abbreviations 
AAA ATPase Associated with various cellular Activities 

AD      Autosomal Dominant 

AR      Autosomal recessive 

ATP       Adenosintriphosphate 

BAC      Bacterial Artificial Chromosome 

bp       base pair 

BSA      bovine serum albumin 

°C       degree Celsius 

cDNA      complementary DNA 

Cre      Cyclization recombination (Cre recombinase) 

Cy3       indocarbocyanine 

DAPI      Diamidino-2-phenylindole dihydrochloride 

DMEM     DULBECCO’s Modified Eagles Media 

DNA      Deoxyribonucleic Acid 

DsRed     Discosoma sp. Red Fluorescent Protein 

DTT       Dithiothreitol 

EDTA      Ethylene Diamine Tetraacetic Acid 

EGFP     Enhanced Green Fluorescent Protein 

ES       Embryonic Stem 

FBS       Fetal Bovine Serum 

FITC      Fluorescein Isothiocyanate 

FYVE     Fab1p, YOTB, Vac1p and EEA1 

g        gravity 

GST       Glutathione S-Transferase 

HEPES      N-(-hydroxymethyl) piperazin, N'-3-propansulfoneacid 

Hes1      mouse Hairy and enhancer of split 1 (Drosophila) 

HPLC      High Performance Liquid Chromatograpy 

HR      Hydrophobic Regions 

hr(s)       hour(s) 

HSP      Hereditary Spastic Paraplegia 
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IPTG      Isopropyl-ß-thiogalactopyranoside 

Kan      Kanamycin 

kb       kilobase pairs 

KO      Knock-out 

LB       Luria-Bertani 

M        Molarity 

mg       milligram 

min       minute 

ml       milliliter 

#l        microliter 

#m       micrometer 

MIT      Microtubule Interacting domain 

MLPA     Multiplex Ligation-dependent Probe Amplification 

MT      Microtubule 

MTBD     Microtubule Binding Domain 

Neo      Neomycin 

NES       Nuclear Export Signal 

NLS       Nuclear Localization Signal 

NCBI      National Center for Biotechnology Information 

ng       nanogram 

OD       Optimal Density 

ORF       Open Reading Frame 

PAGE      Polyacrylamide Gel Electrophoresis 

PBS       Phosphatebuffersaline 

PCR       Polymerase Chain Reaction 

PDB      Protein Data Bank 

pH       preponderance of Hydrogen ions 

POLYPHEN   POLYmorphism PHENotyping 

PtdIns     Phosphatidylinositol 

QUASEP    Quantification of Allele Specific Expression by Pyrosequencing 

RNA       Ribonucleic Acid 

rpm       rotations per minute 
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RT       Room Temperature 

RT-PCR     Reverse Transcriptase-PCR 

SDS       Sodium Dodecylsulfate 

SDS-PAGE    SDS-Polyacrylamide gel electrophoresis 

sec       second 

SIFT      Sorting of Intolerant From Tolerant 

TBE       Tris-Borate-EDTA-electrophoresis buffer 

TE       Tris-EDTA buffer 

TM      Transmembrane domain 

Tris       Trihydroxymethylaminomethane 

w/v       weight/volume 

Y2H      Yeast-Two Hybrid 

ZFYVE27    Zinc finger FYVE domain containing protein 27 
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