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Abstract 

Primary cilia are microtubule-based cellular protrusions essential for several developmental 

signaling pathways. Defects in ciliary structure and protein trafficking lead to genetic human 

diseases, called ciliopathies. The intraflagellar transport (IFT) system regulates the transport 

within the cilium. Protein entry to and exit from the ciliary compartment are strictly regulated 

by the ciliary gate, which separates the ciliary lumen from the cytoplasm and thereby allows 

control over cilia-associated signaling pathways. Currently, the precise ciliary sorting and 

retention mechanisms of many ciliary proteins remain unclear.  

The ADP-ribosylation factor (Arf-) like proteins Arl2 and Arl3 are homologous guanine 

nucleotide-binding (G) proteins and belong to the Ras superfamily. Despite their similarity, only 

Arl3 localizes to primary cilia. Shared effectors of Arl2 und Arl3 are BART (Binder of Arl2), 

the homologous proteins delta subunit of phosphodiesterase 6 (PDE6 ), human retina gene 4 

(HRG4)/Unc119a (uncoordinated) and Unc119b. PDE6  is a general prenyl-binding protein 

and solubilizes prenylated proteins to facilitate intermembrane transport of prenylated cargo 

proteins, such as the inositol polyphosphate 5´-phosphatase E (INPP5E), or the small G proteins 

Ras (rat sarcoma virus) and Rheb (Ras homolog enriched in brain). Unc119a/b binds and 

shuttles myristoylated cargo proteins such as the ciliary proteins NPHP3 (Nephrocystin-3), 

Cystin1 or non-ciliary Src kinase family members. Arl2/3 act as GTP-specific release factors 

for lipidated cargo proteins from the effectors PDE6  and Unc119a/b. The high interest in 

investigating the molecular transport mechanisms and interactions of proteins in this network 

is given by their implication in different ciliopathies, such as the renal-retinal disorder Joubert 

syndrome in case of PDE6  and INPP5E, or rod-cone diseases for Arl3 and Unc119 proteins.  

In this thesis, the Arl2/Arl3-related protein network with their interaction partners, the effector 

proteins PDE6  and Unc119a/b with lipidated cargo proteins, especially INPP5E, were studied 

with a focus on ciliary transport processes using cell-based experiments. CCDC104 (coiled coil 

domain containing)/BARTL1 (BART-like 1) is a newly identified binding partner of Arl3, that 

interacts with a conserved LLxILxxL motif located in the Arl3 N-terminus, as shown by x-ray 

structure determination of a CCDC104-Arl3 complex (Mandy Lokaj). CCDC104 was found as 

ciliary and transition zone enriched protein. The N-terminal amphipathic helix of Arl3 was 

shown to be crucial for Arl3 ciliary localization (with Mandy Lokaj).  

Both farnesylated INPP5E and Rheb interact with PDE6 . However, INPP5E with a high 

affinity towards PDE6  is sorted to cilia, where it is exclusively released by ciliary Arl3•GTP, 

whereas Rheb with low affinity is released at endomembranes by Arl2•GTP. This affinity 
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difference is mediated by the -1 and -3 positions relative to the farnesylated cysteine, and was 

found to determine the cellular sorting, also highlighted by an INPP5E low affinity mutant 

losing exclusive ciliary localization (with Eyad Fansa). A similar sorting principle was shown 

to be relevant for Unc119a/b and myristoylated proteins. Myristoylated peptides of NPHP3, 

Cystin1 and GNAT-1, that bind with high affinity to Unc119 proteins, localize to cilia and are 

specifically released by Arl3•GTP, whereas Src with a low affinity is not found in cilia. The +2 

and +3 positions relative to the myristoylated glycine seem to be important for the distinction 

of low or high affinity, underlined by a partial mislocalization of an NPHP3 low affinity mutant 

(with Mamta Jaiswal and Eyad Fansa). These findings suggest a general sorting principle of 

lipidated cargo proteins, being dependent on the affinity towards PDE6 /Unc119a/b, on the 

specificity of release by Arl2/3 and the localization of Arl3•GTP inside the cilium.  

Using the live cell fluorescence recovery after photobleaching (FRAP) microscopy technique, 

the cellular dynamics of INPP5E and Arl3 were analyzed. Within cilia, INPP5E was shown to 

be transported via IFT, but independent of PDE6  or INPP5E farnesylation. However, ciliary 

targeting and/or entry of INPP5E require PDE6  activity, farnesylation, and the dynein 

transport system. In contrast, Arl3 seems to freely diffuse into and within cilia. The 

farnesylation-defective INPP5E CaaX box mutant is enriched at the centrioles before ciliary 

entry, suggesting an affinity trap at the ciliary base, that is overcome by PDE6  interaction for 

the wild type protein. A three-step mechanism for the regulation of INPP5E localization to cilia 

was postulated to be composed of PDE6 - and farnesylation-mediated targeting, diffusion of 

the INPP5E-PDE6  complex into the ciliary compartment and transfer to the IFT system, and 

final retention inside the cilium (with Stefano Maffini).  

This thesis leads to a better understanding of the Arl2/3-related protein network with a focus on 

the sorting and transport processes of lipidated cargo proteins of PDE6  and Unc119a/b. The 

studies show that the primary cilium is an Arl3•GTP compartment. Considering the implication 

of these proteins in different ciliopathies, by the new findings an essential step to gain an insight 

to the molecular basics of these diseases and ultimately their treatment was taken, and will 

require further research.  
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1 Introduction 

1.1 Structure, occurrence and history of the cilium 

Cilia are hair-like cellular organelles that project from the apical surface of most eukaryotic 

cells (Wheatley, 1995; Pazour and Witman, 2003). Their scaffold, which forms the entire length 

of the cilium and is called axoneme, is built by nine doublets of microtubules that are anchored 

to the mother centriole derived basal body. The basal body connects the cilium to the cell body 

and is linked to the daughter centriole by an interconnecting fiber (De Robertis, 1956; Sorokin, 

1968; Berbari et al., 2009; May-Simera and Kelley, 2012). The ciliary lumen is surrounded by 

the ciliary membrane and both differ from the cellular cytosol and the plasma membrane in its 

protein and lipid composition (Bloodgood, 1984; Rohatgi and Snell, 2010; Garcia-Gonzalo et 

al., 2015). At the base of the cilium, the plasma membrane forms an endocytic depression at the 

transition to the ciliary membrane, the ciliary pocket (Molla-Herman et al., 2010). In terms of 

the physical properties, cilia can be divided into motile and non-motile, also referred to as 

primary cilia with a 9 + 0 structure, whereupon motile cilia or flagella exhibit an additional 

central microtubule pair, encircled by the nine microtubule doublets, and thus have a 9 + 2 

arrangement (Porter, 1957; Satir, 2005; Satir and Christensen, 2007).  
 

       
Figure 1: The axoneme is the scaffold of the cilium and is established from nine doublets of microtubules, which 
are surrounded by the ciliary membrane. Primary cilia have a 9 + 0 structure, whereas motile cilia have an 
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additional central microtubule pair (9 + 2). The microtubules derive from the basal body (mother centriole) and 
the ciliary lumen is separated from the cytoplasm by transition fibers and transition zone proteins. The 
immunofluorescent image of a renal epithelial IMCD3 cell shows the nucleus, stained with DAPI (blue), the 
axoneme, immunostained for acetylated -tubulin (red) and the basal body, immunostained for CEP135, a 
centriolar protein (green). Scale bar indicates 2 μm.  

 

The first investigations of mammalian cilia were carried out by Purkinje and Valentin in 1835 

(Satir and Christensen, 2008). Later in 1954, Fawcett and Porter first described the ultrastructure 

of motile cilia by electron microscopy of epithelial cells of mollusks, amphibians, mice and 

humans in more detail and discovered the described 9 + 2 pattern (Fawcett and Porter, 1954). 

The structure of immotile cilia was first characterized in studies of mammalian photoreceptors 

(De Robertis, 1956; Porter, 1957; Satir, 2005). In the early1960s, the 9 + 0 structured cilia were 

termed primary cilia by Barnes in a study of the mouse hypophysis (Barnes, 1961). Further 

electron microscopic studies revealed the presence of primary cilia on a variety of different cell 

types of vertebrate and mammalian tissues. For instance, they were discovered on Langerhans 

islets of the pancreas (Munger, 1958), on renal epithelial cells (Latta et al., 1961), neurons 

(Rosenbluth and Palay, 1961; Taxi, 1961; Grillo and Palay, 1963), smooth muscle cells and 

fibroblasts (Sorokin, 1962).  

During the last decade, the historical classification, that 9 + 2 structured cilia reveal only 

functions in motility, whereas 9 + 0 cilia are exclusively sensory, was questioned as too 

simplistic and should be rethought (Berbari et al., 2009; May-Simera and Kelley, 2012). There 

are olfactory sensory cilia, which are not motile and nevertheless possess a 9 + 2 symmetry 

(Lidow and Menco, 1984). The primary cilia at the embryonic node with a 9 + 0 structure are 

able to move. They create a left-directed flow, which is necessary to create an asymmetric 

development of the embryo (Nonaka et al., 1998; McGrath and Brueckner, 2003; McGrath et 

al., 2003). Even cilia revealing a 9 + 3 symmetry, where the nine microtubule doublets enclose 

a central microtubule triplet, were discovered in a number of species of Coniopterygidae 

(Zizzari et al., 2008), and motile cilia with a 9 + 4 axoneme were identified on the notochordal 

plate in the rabbit embryo (Feistel and Blum, 2006). However, it remains unclear which specific 

function these additional inner microtubules have. Cells with motile cilia generally appear to 

be multiciliated, whereas a primary cilium occurs as singlet (Wheatley, 1995; Wheatley et al., 

1996; Satir and Christensen, 2007; Mahjoub, 2013).  

Commonly used ciliated model organisms in the cilia research field are the green alga 

Chlamydomonas reinhardtii (Pazour et al., 2005) and Tetrahymena thermophila (Smith et al., 

2005), another protozoan, both of which possess motile cilia or flagella, which however have 
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similarities to primary cilia. The nematode Caenorhabditis elegans has a special type of primary 

cilia, and widely used in studies of primary cilia are established cell lines, such as human RPE1 

(human retinal pigment epithelium) (Matsunaga et al., 1999), murine renal epithelial IMCD3 

(inner medullary collecting duct) (Rauchman et al., 1993) and embryonic fibroblast NIH/3T3 

cells (Todaro and Green, 1963).  

 

1.2 Functions of the cilium 

Cilia have various essential functions in different organisms and eukaryotic cell types and the 

functions of motile cilia differ from that of primary cilia. In general, motile cilia play essential 

roles in the motility of entire cells or of the cilia themselves. These 9 + 2 cilia possess the 

additional central microtubule and dynein arms that facilitate the movement. For instance, 

sperm cells or many protozoans move by their flagella, whereas in the respiratory tract, motile 

cilia are responsible for mucous clearance (Afzelius, 1959, 1976; Camner et al., 1975; 

Sanderson et al., 1985; Satir and Christensen, 2007).  

Primary cilia are established in various differentiated and growth-arrested cell types in 

vertebrates (Wheatley, 1995; Wheatley et al., 1996; Eggenschwiler and Anderson, 2007). 

Research on primary cilia was neglected for a long time. However, during the last decades, their 

importance and functions in eukaryotic organisms were discovered. Primary cilia exhibit 

various sensory functions which were first analyzed in studies of mammalian photoreceptors 

(Porter, 1957; Pazour and Witman, 2003; Satir, 2005). They sense different signals, such as 

chemicals or light, explaining their role in olfaction and vision. For example, a specialized 

primary cilium is the connecting cilium of rod photoreceptors. It is required for fundamental 

steps in the transduction cascade of visual signals (Besharse et al., 1977; Nachury et al., 2010). 

Moreover, primary cilia of epithelial cells in kidney tubules sense physical signals such as 

extracellular fluid low, leading to increased intracellular calcium levels (Praetorius and Spring, 

2001; Nauli et al., 2003; Watnick and Germino, 2003; Shiba et al., 2005; Fry et al., 2014). Poole 

et al. were the first to hypothesize about the functions of primary cilia in connective tissues. 

They suggested the function of primary cilia as regulatory antennae of the cell exhibiting 

various features, such as obtaining, converting and transferring external signals to organelles 

inside of the cell. Thus, primary cilia were thought to cause adequate homeostatic intracellular 

replies to alterations of the extracellular environment (Poole et al., 1985).  

The tiny organelles are involved in signal transduction pathways during both embryo 

development and in tissue homeostasis in adults, offering a further compartment with the 
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required environment for these pathways (Goetz and Anderson, 2010). In detail, primary cilia 

are essential for a number of developmental signaling pathways (Eggenschwiler and Anderson, 

2007; Goetz and Anderson, 2010), such as Hedgehog (Hh) (Huangfu et al., 2003; Corbit et al., 

2005; Haycraft et al., 2005; Liu et al., 2005), platelet-derived growth factor receptor  

(PDGFR ) (Schneider et al., 2005) and Wnt (Wingless and Int-1) signaling (Cano et al., 2004; 

Simons et al., 2005; May-Simera and Kelley, 2012).  

During limb bud development in vertebrate embryogenesis, the Hedgehog pathway is important 

for a proper differentiation of cells. It was first studied in the fruit fly Drosophila melanogaster. 

The Hh protein is a ligand of the receptor Patched, which is inactivated through ligand binding. 

This in turn leads to the activation of the G protein-coupled receptor (GPCR) Smoothened 

(Smo), a regulator of the Hh pathway (see also chapter 1.7 for G proteins). There are three 

known Hh proteins in mammals: Sonic hedgehog (Shh), Indian hedgehog (Ihh) and Desert 

hedgehog (Dhh) and three glioma-associated oncogene (Gli) proteins, which are transcription 

factors and the final target of Hh signaling (Liu et al., 2005). Corbit et al. provided evidence, 

that Smo has to localize to the primary cilium to execute its correct functions (Corbit et al., 

2005). Furthermore, the ciliary IFT (intraflagellar transport) proteins play a crucial role in the 

transduction of the Hh signal, specific for vertebrates (Huangfu et al., 2003; Liu et al., 2005) 

(see chapter 1.5 for IFT). The primary cilium was also hypothesized to play a direct role in the 

processing of Gli transcription factors. It was shown that Gli2 and Gli3 localize to the cilium 

(Haycraft et al., 2005). Moreover, distinct cilia-related IFT proteins might be necessary to 

process Gli3 proteolytically and a proper function of IFT is essential to control the negative and 

positive activities of Gli proteins during transcription (Liu et al., 2005).  

The receptor tyrosine kinase PDGFR  is involved in cellular growth control. It was shown that 

a proper function of the receptor requires localization to the cilium (Schneider et al., 2005). Wnt 

signaling is involved in the coordination of developmental processes, such as the renal and 

colon development, and it was hypothesized that primary cilia are involved in these processes 

(Cano et al., 2004). The Inversin (Inv) protein was shown to localize to primary cilia of tubular 

epithelial cells. Extracellular fluid flow, which is recognized by these cilia, leads to increased 

intracellular Inv levels and thereby Inv switches between canonical and noncanonical Wnt 

pathways (Simons et al., 2005; May-Simera and Kelley, 2012).  
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1.3 Cilia defects lead to ciliopathies 

Defects in the structure and function of cilia cause a large number of human genetic diseases, 

collectively called ciliopathies (Badano et al., 2006; Novarino et al., 2011; Waters and Beales, 

2011). These disorders appear with characteristic phenotypes and overlapping pathologies. 

Several ciliopathies derive from defects in genes encoding the ciliary ADP-ribosylation factor 

(Arf) like (Arl) proteins (see chapter 1.9). In more detail, mutations of the genes encoding the 

ciliary Arl proteins Arl3, Arl6 (BBS3) and Arl13B themselves or their effectors lead to 

ciliopathies, such as Retinitis pigmentosa, Bardet-Biedl syndrome and Joubert syndrome, 

respectively (Schwahn et al., 1998; Chiang et al., 2004; Schrick et al., 2006; Cantagrel et al., 

2008). X-linked retinitis pigmentosa is a congenital eye disease with a slow progressing 

degeneration of the retina and finally leads to blindness. The retinal disorder affects 0.03 % of 

all humans (Haim, 2002) and is caused by mutations in different genes, such as the gene 

encoding for rhodopsin (Dryja et al., 1990) or for RP2 (retinitis pigmentosa 2) (Schwahn et al., 

1998; Schrick et al., 2006). The Bardet-Biedl syndrome (BBS) is an autosomal recessive 

hereditary disease and is caused by mutations of the BBS proteins. It is characterized by varying 

phenotypes, such as mental retardation, disablements in learning, obesity, renal defects, 

polydactyly, hypogonadism and rod-cone dystrophy (Beales et al., 1999; Zaghloul and 

Katsanis, 2009; Waters and Beales, 2011).  

The MKS and JBTS modules are protein complexes that localizes to the ciliary base and the 

transition zone and build a network with the NPHP (nephronophthisis) protein module. A 

number of proteins of that network are responsible to anchor the basal body and to establish the 

so-called ciliary gate (see chapter 1.6). Almost all of them are mutated in Joubert syndrome 

(JBTS), Meckel-Gruber syndrome (MKS) and Nephronophthisis (NPHP) (Sang et al., 2011; 

Williams et al., 2011; Garcia-Gonzalo and Reiter, 2012; Blacque and Sanders, 2014). If the 

protein interaction networks, especially those of the proteins localized in the transition zone, 

are disrupted, ciliogenesis and signal transduction of cilia-associated pathways may be 

disturbed (Lancaster et al., 2011; Sang et al., 2011). Characteristic for the Joubert syndrome are 

defects in the peripheral and central nervous system and a distinct phenotype is the “molar tooth 

sign”, a malformation of the midbrain-hindbrain. Patients suffer from mental retardation, 

psychomotor delay, ataxia, hypotonia, irregularities in breathing, and oculomotor apraxia 

(Waters and Beales, 2011). Joubert syndrome is caused by mutations in a number of genes, e. 

g. Arl13B (Cantagrel et al., 2008), INPP5E (encoding inositol polyphosphate 5´-phosphatase 

E) (Bielas et al., 2009), RPGRIP1L (encoding RPGR-interacting protein 1-like) (Delous et al., 
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2007), NPHP1 (Nephrocystin) (Parisi et al., 2004), CEP290 (Centrosomal protein of 290 kDa) 

(Nephrocystin-6) (Sayer et al., 2006), MKS3/TMEM67 (transmembrane protein 67) (Baala et 

al., 2007), TMEM216 (Valente et al., 2006). The Meckel-Gruber syndrome (MKS) overlaps 

with the Joubert syndrome with regard to the phenotype and some of the mutated genes leading 

to the disease, such as RPGRIP1L. MKS is characterized by bone abnormalities, including 

polydactyly, neural tube defects, liver defects and cystic kidneys as a cause of an abnormal 

development (Waters and Beales, 2011).  

Mutations of proteins that localize to primary cilia of tubular epithelial cells can provoke cystic 

diseases of the kidney. The ciliopathy nephronophthisis is an autosomal recessive renal disease, 

which is caused by mutations in the genes NPHP1-11, such as Nephroretinin (NPHP4) and 

Nephrocystin-3 (NPHP3) (Watnick and Germino, 2003; Wolf and Hildebrandt, 2011). It is 

distinguished by interstitial fibrosis and insufficiency of the kidney and tubular cysts. Type II 

nephronophthisis is caused by mutations in the gene encoding the ciliary protein Inversin 

(NPHP2) (Simons et al., 2005). Besides the serious renal cysts, this ciliopathy which is 

characterized by organ laterality defects such as situs inversus, can finally lead to a complete 

kidney failure (Otto et al., 2003). Associated with nephronophthisis is the Senior-Løken 

syndrome, a retinal-renal disorder, which is caused by mutations in NPHP1-5, NPHP6/CEP290 

and NPHP10. The phenotype resembles to that of nephronophthisis, linked to retinal 

degeneration (Ellis et al., 1984; Tobin and Beales, 2009; Hildebrandt et al., 2011; Wolf and 

Hildebrandt, 2011; Ronquillo et al., 2012; Szymanska and Johnson, 2012). Furthermore, 

mutations in polycystin 1 and polycystin 2 lead to autosomal dominant polycystic kidney 

disease (ADPKD), and Cystin1 was found to be mutated in autosomal recessive polycystic 

kidney disease (ARPKD) in a mouse study (Watnick and Germino, 2003). Primary ciliary 

dyskinesia is another ciliopathy and patients show respiratory dysfunctions (Waters and Beales, 

2011).  

 

1.4 The intraflagellar transport system 

Within the ciliary compartment, proteins are transported by the intraflagellar transport (IFT) 

system. This bidirectional movement was first observed in Chlamydomonas reinhardtii flagella 

by Kozminski, Beech and Rosenbaum (Kozminski et al., 1993). IFT is driven by the motor 

proteins heterotrimeric and homodimeric kinesin-2, which by direct binding move along the 

axonemal microtubules in anterograde or plus-end direction from the base to the tip (Cole et 

al., 1993, 1998, Kozminski et al., 1993, 1995; Orozco et al., 1999; Ou et al., 2005; Girotra et 
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al., 2017), and IFT dynein, which mediates the reverse movement in retrograde or minus-end 

direction. IFT dynein is also called cytoplasmic dynein 1b/2 due to its close relation to 

cytoplasmic dynein (Gibbons and Rowe, 1965; Rosenbaum and Witman, 2002; Scholey, 2003, 

2008).  
 

 
Figure 2: The intraflagellar transport (IFT) system regulates active transport within cilia. Kinesin-2 moves along 
the axonemal microtubules in anterograde direction from the ciliary base to the tip, whereas the retrograde transport 
is mediated by IFT-dynein.  

 

Both IFT dynein and kinesin-2 are ATPases which couple adenosine triphosphate (ATP) 

hydrolysis to active transport of their cargo proteins (see also chapter 1.7). The motor proteins 

bind ATP and as a result of ATP hydrolysis to ADP and phosphate, the energy used for the 

movement is released. However, IFT dynein and kinesin-2 ATPases are members of distinct 

classes of enzymes. IFT dynein belongs to the AAA+ (ATPases associated with diverse cellular 

activities) ATPases, but kinesin-2 is supposed to have a guanine nucleotide-binding (G) protein 

(GNBP) common ancestor (Erdmann et al., 1991; Kull et al., 1996; Iyer et al., 2004; Mizuno et 

al., 2004) (see chapter 1.7 for G proteins). In cilia, speeds of retrograde directed IFT dynein 

driven movement range from 0.14 μm/s to 5.60 μm/s and velocities of heterotrimeric kinesin-

2 driven movement vary between 0.20 μm/s and 2.40 μm/s, depending on the analyzed 

organism and cilium type (Lechtreck, 2015). In cilia of IMCD3 cells, the main cell line used 

for this thesis, anterograde and retrograde IFT speeds in the range of 0.30 μm/s to 0.63 μm/s 
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were observed (Besschetnova et al., 2009; Ye et al., 2013).  

IFT dynein is a homodimer of heavy chains and interacting subunits (Mikami et al., 2002; 

Perrone et al., 2003; Roberts et al., 2013). In cilia, kinesin-2 occurs as heterotrimer, consisting 

of the subunits kinesin-2 , kinesin-2  and the kinesin associated protein (KAP) (Cole et al., 

1993; Wedaman et al., 1996), and as homodimer, which was found in Caenorhabditis elegans 

as OSM-3 (osmotic avoidance defective 3)/Kif17 (kinesin-like protein 17) (Snow et al., 2004; 

Ou et al., 2005).  

Two large IFT protein complexes interact with the motor proteins and in turn are linked to IFT 

cargo proteins. The IFT-A complex mediates the retrograde transport of ciliary proteins as it is 

associated to IFT dynein, whereas the IFT-B complex is associated to kinesin-2 and is involved 

in anterograde transport (Sung and Leroux, 2013). The IFT-A complex is composed of the six 

IFT particle proteins IFT 144, IFT 140, IFT 139, IFT 122, IFT 121 and IFT 43, whereas IFT-B 

is a much larger complex of sixteen proteins: IFT 172, IFT 88, IFT 81, IFT 80, IFT 74, IFT 70, 

IFT 57, IFT 56, IFT 54, IFT 52, IFT 46, IFT 38, IFT 27, IFT 25, IFT 22 and IFT 20 (Lechtreck, 

2015; Taschner and Lorentzen, 2016). The IFT-A and IFT-B complexes also interact with each 

other and thereby build the so-called IFT particles, and several of these particles that are 

connected to kinesin-2 or IFT dynein build the IFT-trains, which can reach lengths of 100 nm 

to 700 nm in the Chlamydomonas reinhardtii flagellum (Pigino et al., 2009).  

The cargo proteins that are transported via IFT are mostly membrane proteins, which are 

simultaneously attached to IFT complexes and the ciliary membrane (Qin et al., 2005; Nachury 

et al., 2010). Besides its function for the innerciliary protein transport, the IFT machinery is 

involved in the loading of IFT cargo into the cilium at the ciliary base (Jensen and Leroux, 

2017). IFT particles were found to accumulate at transition fibers and in the transition zone 

(Yang et al., 2015) and IFT trains to queue at the base before entering the cilium (Wingfield et 

al., 2017). Furthermore, the IFT system participates in the assembly of cilia during ciliogenesis 

(see also chapter 1.5), where kinesin-2 transports subunits of axonemal tubulin, IFT dynein and 

IFT particles from the base to the tip, as shown in Caenorhabditis elegans (Rosenbaum and 

Witman, 2002; Qin et al., 2004; Hou et al., 2007; Pedersen et al., 2008; Silverman and Leroux, 

2009; Scholey, 2012), and is important for the maintenance of cilia (Cole et al., 1998).  

The BBSome, a large complex of at least eight BBS proteins found in the ciliary membrane and 

on centriolar satellites, is involved in the cilium-directed trafficking of membrane proteins 

(Nachury et al., 2007). It was shown that it assists in the assembly of IFT complexes in the basal 

body region, followed by BBSome binding to IFT particles that move in anterograde fashion 

inside cilia. The BBS protein complex moves with a speed similar to that of IFT. At the ciliary 
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tip, the BBSome controls the recycling of the IFT particles. Collectively, the BBSome is crucial 

for the regulation of IFT particle assembly and turnaround (Wei et al., 2012).  

 

1.5 Ciliary assembly and disassembly 

During the eukaryotic cell cycle, the cell undergoes four different stages, which are mitosis (M), 

gap 1 (G1), DNA synthesis (S) and gap 2 (G2) phases. G1, S and G2 phases are collectively 

termed interphase. In mitosis and subsequent cytokinesis, the nuclear DNA and the cytoplasm 

and thus the entire cell are divided. The cell grows during G1 phase, which acts as branching 

point, where the cell either passes to S phase or arrests in G1 phase and thereby leaves the cell 

cycle, which is then termed as G0 phase. Cells that are differentiated for a distinct function in 

the organism and thus do not undergo cell division anymore, arrest in this resting phase. During 

S phase, the DNA is replicated. When a cell enters the G2 phase, it is prepared for the 

subsequent cell division (Alberts et al., 2008).  

Ciliogenesis of primary cilia is tightly coupled to the eukaryotic cell cycle. Therefore, ciliary 

assembly and disassembly are dynamically regulated (Doxsey et al., 2005; Nigg, 2006; 

Plotnikova et al., 2009). The mother centriole at the ciliary base is bifunctional. If an arrested 

cell is ciliated, the centriole builds the basal body, whereas it acts as microtubule-organizing 

center (MTOC) during cell division (Sánchez and Dynlacht, 2016). During the cell cycle, the 

primary cilium may appear with the entry to the G1/G0 phase and during this phase it will reach 

its maximal length. At first, the cilium starts to assemble by docking of the centrosome to the 

plasma membrane. In this process, the proteins ODF2 (outer dense fiber of sperm tails 2) and 

CEP164 (Centrosomal protein of 164 kDa) are associated to the distal tubulin appendages, that 

support the anchorage of the mother centriole to the plasma membrane, whereas the interaction 

between CEP290 and the vesicular transport regulatory GTPase Rab8a was shown to promote 

ciliogenesis. Also, the interaction of Rab8 with the BBSome promotes the biogenesis of the 

ciliary membrane (Nachury et al., 2007; Tsang et al., 2008; Plotnikova et al., 2009). During the 

growth process of the cilium, structural proteins for the axoneme were found to be localized on 

vesicles in the cytoplasm. Additionally, the IFT system is involved, as kinesin-2 transports 

vesicles from the trans-Golgi network along microtubules in the cytosol to the ciliary base, 

where these vesicles fuse with the cell membrane and the BBSome and IFT trains take over the 

axonemal proteins and transport them along the axoneme. Thereby, kinesin-2 supports the 

establishment of the axoneme and the extension of the microtubules that are connected to the 

mother centriole (Sorokin, 1968; Wei et al., 2012; Wood and Rosenbaum, 2014). The cilium 
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starts to disassemble in the end of G1/G0, shrinks and is mostly degraded during S/G2 phase. 

Thereby, the frequency of anterograde IFT movements is reduced, whereas the retrograde 

transport is enhanced. In the end of G2 phase, the remaining shrunk axoneme is internalized 

with the mother centriole, and at the onset of mitosis, the ciliary membrane which is attached 

to the mother centriole is endocytosed. During mitosis, this membrane persists at one of the 

spindle poles and remains asymmetrically at one daughter cell. The mother centriole again 

functions as MTOC in mitotic spindle formation for the next cycle. After completion of cell 

division, both daughter cells may rebuild cilia, and the daughter cell with the remaining ciliary 

membrane can do this earlier. Taken together, the centriole´s oscillation between the function 

as MTOC or as basal body is usually coupled to cilium growth in cells before mitosis in G1 or 

G0, and later to a shrinking of the cilium before the cell enters mitosis (Sorokin, 1968; Archer 

and Wheatley, 1971; Fonte et al., 1971; Tucker and Pardee, 1979; Pan and Snell, 2007; 

Plotnikova et al., 2009; Paridaen et al., 2013; Sánchez and Dynlacht, 2016).  

 

 
Figure 3: Ciliogenesis and ciliary disassembly are tightly coupled to the eukaryotic cell cycle. The cilium is built 
in the G1/G0 phase, where the axoneme nucleates from the mother centriole that builds the basal body, and the 
cilium reaches its entire length. In the end of G1/G0 phase, ciliary disassembly starts. During S phase, the cilium 
is mostly disassembled. In G2 phase, the remaining shortened axoneme is internalized with the basal body. At the 
beginning of mitosis (M), the ciliary membrane is endocytosed and remains at one spindle pole, and the centrioles 
are duplicated. The cell with the duplicated centrioles is divided in mitosis and the daughter cells may rebuild cilia. 
Modified from Paridaen et al., 2013, and Sánchez and Dynlacht, 2016.  
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1.6 Regulation of ciliary entry 

Although the cilium is topologically a cellular membrane protrusion, the lipid composition of 

the ciliary membrane differs significantly from that of the plasma membrane (Rohatgi and 

Snell, 2010; Garcia-Gonzalo et al., 2015). Also, the ciliary lumen is densely packed with 

proteins, partly post-translationally modified, and a few proteins are enriched several thousand-

fold in the cilium, in levels different from the protein composition in the cytosol. There is no 

ribosomal protein synthesis inside the cilium and the proteins carry their post-translational 

modification before entry (Bloodgood, 1984; Ostrowski et al., 2002; Pazour et al., 2005). 

Obviously, the cilium is an independent cellular compartment and enables cellular processes on 

a highly regulated level due to this compartmentalization (Nachury, 2014).  

Protein entry to and exit from the ciliary compartment are strictly regulated by the ciliary gate 

that separates the ciliary lumen from the cytosol. It was first discovered at the flagellum of 

Chlamydomonas reinhardtii, where it was also called flagellar pore complex. The flagellar pore 

complex was described to exclude vesicles from the cilium, prevent the diffusion of membrane 

proteins from the plasma membrane to the ciliary membrane, selectively regulate protein entry 

and facilitate intraciliary protein retention (Rosenbaum and Witman, 2002). The ciliary gate 

does not completely separate the cilium from the cell body by a membrane, but restricts access 

to the ciliary lumen by basal body and transition zone associated proteins and transition fibers, 

and thus regulates the transport of mainly membrane but also soluble proteins between the 

compartments, allowing control over cilia-associated signaling pathways (Nachury et al., 2010; 

Hu and Nelson, 2011; Williams et al., 2011; Jensen et al., 2015; Jensen and Leroux, 2017). In 

the transition zone, the NPHP-JBTS-MKS protein network and the proteins RPGRIP1L and 

TCTN2 (Tectonic-2) are localized. CEP290 is located between the MKS and NPHP protein 

modules and the basal body, whereas CEP164 is found at the transition fibers (Yang et al., 

2015). Moreover, the transition zone was also described as ciliary zone of exclusion (CIZE), 

which, besides its function as gate for ciliary proteins, might act as a lipid gate by restricting 

the amount of the phosphoinositide PI(4,5)P2 inside the ciliary compartment (Jensen et al., 

2015) (see chapter 1.14 for phosphoinositides). Thus, the CIZE might be involved in the 

regulation of the ciliary membrane composition, that differs from the plasma membrane.  

Different studies of diverse organisms describe that the ciliary gate functions as a diffusion or 

sieve-like barrier which excludes proteins above certain size limits, depending on the analyzed 

model organism (Lin et al., 2013). Small-sized proteins are described to move freely by 

diffusion between cell body and cilium across the ciliary transition zone. A general size limit 
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cannot be defined, as it shows distinct variations between different kinds of cilia. Calvert et al. 

and Najafi et al. reported free diffusion of triple GFP with a size of 81 kDa through the 

connecting cilium of rod photoreceptors (Calvert et al., 2010; Najafi et al., 2012). Another study 

showed free entry into the cilium of RPE1 cells for proteins smaller than 10 kDa and restriction 

above 40 kDa (Kee et al., 2012). However, it was shown in a study using IMCD3 cells that 

proteins larger than approximately 100 kDa are restricted from entering cilia, determined in live 

cell experiments. In this study it was revealed that passive diffusion of proteins decreases 

sharply with increasing size, indicating the sieve-like behavior of the ciliary transition zone 

(Breslow et al., 2013). Therefore, ciliary proteins larger than the limit for free diffusion require 

active transport processes to enter cilia. Nevertheless, not every small protein just diffuses 

through the ciliary gate but needs additional features for ciliary entry. Also, ciliary proteins have 

special characteristics to be recognized as such. Import and also retention of proteins to and 

within the cilium are highly regulated and determined by various apparently unrelated ciliary 

targeting sequences (CTS) suggesting a number of different molecular mechanisms for entry 

into the compartment (Nachury et al., 2010). A number of studies about ciliary proteins were 

conducted to uncover these sequences and the protein-protein interactions by which they are 

recognized. However, no unique consensus was found for CTS and their amino acid sequences 

show high variations. For example, a VxP (V = valine, x = any amino acid, P = proline) motif 

was found as C-terminal SSSQVSPA (S = serine, Q = glutamine, A = alanine) motif in 

rhodopsin (Tam et al., 2000), as C-terminal KVHPSST (K = lysine, H = histidine, T = 

threonine) motif in polycystin-1 (Ward et al., 2011) and as N-terminal RVxP (R = arginine) 

motif in polycystin-2 (Geng et al., 2006), whereas Cystin1 contains an N-terminal AxEGG (E = 

glutamate, G = glycine) motif as CTS (Tao et al., 2009). For some ciliary GPCRs, an AxS/AxQ 

motif was determined to regulate the ciliary targeting of Sstr3 (Somatostatin receptor 3), Htr6 

(serotonin receptor 6) and Mchr1 (melanin-concentrating hormone receptor 1), whereat Sstr3 

and Htr6 additionally require the cytoplasmic loop 3 to localize to cilia (Berbari et al., 2008; 

Jin et al., 2010). For other proteins, larger sequences were shown to be responsible for ciliary 

localization, such as the 193 last C-terminal amino acid residues of fibrocystin (Follit et al., 

2010) or the 201 N-terminal residues of NPHP3 (Nakata et al., 2012).  

Moreover, post-translational modifications (see also chapter 1.8) such as different lipidations 

were shown to be involved in the sorting or retention of ciliary proteins. For instance, the 

myristoylation of the ciliary proteins NPHP3 and Cystin1 (Tao et al., 2009; Wright et al., 2011; 

Jaiswal et al., 2016), the dipalmitoylation of rhodopsin and fibrocystin (Tam et al., 2000; Follit 

et al., 2010) and Arl13B (Cevik et al., 2010; Li et al., 2010), and the farnesylation of INPP5E 
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were shown to be essential for a correct ciliary localization (Jacoby et al., 2009; Thomas et al., 

2014; Fansa et al., 2016; Kösling et al., 2018) (More details about INPP5E and NPHP3 ciliary 

localization will be discussed in the chapters 1.14 and 1.15). Collectively, the precise targeting 

and retention mechanisms of ciliary proteins are diverse and despite the described insights, their 

trafficking into the ciliary compartment is a complex process and is as yet not fully understood.  
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1.7 Guanine nucleotide-binding proteins 

Guanosine-5´-triphosphate (GTP) and adenosine-5´-triphosphate (ATP) play highly important 

roles in biological processes. The nucleoside triphosphates have very different functions. ATP 

is responsible for the storage and delivery of energy in the cell. This energy is released in the 

hydrolysis reactions of one of its phosphoanhydride bonds and is used in enzymatic reactions 

for cell metabolism. ATP hydrolysis provides the energy which is needed for intracellular 

movement processes driven by various motor proteins, such kinesin, myosin or dynein. 

Moreover, ATP is used in intracellular regulation processes for phosphorylation reactions. 

However, the hydrolysis of GTP is mainly, with some exceptions, used in regulatory processes 

in the cell that are driven by guanine nucleotide-binding (G) proteins (GNBPs) and is not related 

to energy consuming procedures (Westheimer, 1987; Kjeldgaard et al., 1996; Sprang, 1997; 

Vetter and Wittinghofer, 2001; Wittinghofer, 2016). Some proteins that hydrolyze ATP are 

structurally related to G proteins, and both protein classes share structural similarities during 

their mode of action (Leipe et al., 2002; Mueller and Goody, 2016).  

 

 
Figure 4: The nucleotides adenosine triphosphate (left) and guanosine triphosphate (right) share a similar structure, 
consisting of a ribose carbohydrate, three connected phosphate groups and the nucleobase, either adenosine or 
guanosine. All chemical structures in this thesis were drawn with ChemDraw Professional 17.0. 

 

In 1994, Alfred Gilman and Martin Rodbell received the Nobel prize in medicine for the 

discovery of G proteins and their mode of action. G proteins play essential roles in trafficking 

and signal transduction pathways in eukaryotic cells, where they function in the control of the 

humoral immune response, the neural system and developmental processes, such as 

transduction of growth signals (Bourne et al., 1990, 1991; Simon et al., 1991). G proteins are 

subdivided in different classes, which are the dynamin (Obar et al., 1990) and septin family 

(Field et al., 1996), the translation factors (Qin et al., 2006), the signal recognition particle 

(SRP) and SRP receptor (SR) family (Walter, 1994; Freymann et al., 1999; Montoya et al., 

2000), the heterotrimeric G proteins (Simon et al., 1991) and the Ras (rat sarcoma) superfamily 
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(Pai et al., 1989; Reuther and Der, 2000; Leipe et al., 2002; Wittinghofer and Vetter, 2011).  

The Ras superfamily of small GTPases was named after the Ras protein that was discovered in 

1979 and found to be a phosphoprotein and to be encoded by retroviral oncogenes from the 

Harvey and Kirsten murine sarcoma viruses (Ha/Ki-MuSV) (Shih et al., 1979). Two years later, 

the origin of these oncogenes was shown in vertebrate genes which were called H-Ras and K-

Ras (Ellis et al., 1981). Members of the Ras superfamily in most cases have a molecular weight 

between 21 kDa and 30 kDa and are classified into the subfamilies Ras, Rab (Ras-related in 

brain), Rho (Ras homolog), Arf (ADP-ribosylation factor), Rad (Ras associated with diabetes), 

Ran (Ras-related nuclear protein) and Rag (Ras-related GTPase) (Bourne et al., 1990; Cox and 

Der, 2010).  

 

 
Figure 5: The Ras superfamily of small GTPases is subdivided into the subfamilies Ras, Rab, Rho, Arf, Rad, Ran 
and Rag, each of which comprises various members.  

 

Being crucial during processes of development and proliferation, the Ras protein isoforms K-

Ras, H-Ras and N-Ras play an important role in the formation of cancer. Oncogenic Ras 

mutants were discovered in approximately 30 % of various tumors in humans (Bos, 1989; 

Gremer et al., 2008). Characteristic of G proteins is their function as molecular switches in 

signal transduction pathways (Milburn et al., 1990). Their functional cycle is highly regulated 

on the cellular level. In response to cellular signals, such as extracellular growth factors binding 

to cell surface receptors, G proteins switch between an inactive guanosine-5´-diphosphate 

(GDP)-bound to an active guanosine-5´-triphosphate (GTP)-bound state (Boguski and 

McCormick, 1993; Vetter and Wittinghofer, 2001). During this activation of the G protein, the 

bound GDP is exchanged against GTP. The molecular switch mechanism allows the cell to react 

specifically to the cellular signals as the G protein in its active GTP-bound state interacts with 

various downstream effectors in diverse signal transduction cascades, thereby transferring the 

signal, initiating and regulating effects in the cell such as differentiation, cell proliferation, 

nuclear and vesicular transport (Wittinghofer and Herrmann, 1995; McCormick and 

Wittinghofer, 1996; Vetter and Wittinghofer, 2001).  
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The G protein is switched off by hydrolysis of the bound GTP to GDP and inorganic phosphate, 

thus this reaction is termed a GTPase. If the deactivation of the G protein is defective, this may 

lead to cancer formation. Numerous G proteins are intrinsically active, but the GTPase reaction 

is a relatively slow reaction. For instance, the GTP hydrolysis rate of Ras is 4x10-4 s-1 (Neal et 

al., 1990; Wittinghofer, 2016). Nevertheless, a regulated GTPase reaction is mediated through 

catalysis by GTPase-activating proteins (GAPs), which increase the GTPase reaction by several 

orders of magnitude. GAPs bind specifically to the GTP-bound from of the G protein and enable 

a controlled switch off reaction to retransfer the G protein to the inactive state and interrupt the 

signal transduction cascade. In detail, GAPs increase the hydrolysis rate by stabilization of the 

G protein´s catalytic center in the transition state, where a nucleophilic water molecule is 

exactly positioned to attack the -phosphate of the bound GTP, enabling GTP hydrolysis. Two 

main residues, glutamine and arginine, take part in GTP hydrolysis (Mishra and Lambright, 

2016). In Ras, a conserved glutamine is responsible to locate the water molecule (Bourne et al., 

1990, 1991; Wittinghofer et al., 1997; Vetter and Wittinghofer, 2001; Bos et al., 2007). 

RasGAPs position the so-called arginine-finger in trans into the active center of the G protein. 

Thereby, the catalytic glutamine is stabilized and the temporary negative charge of the transition 

state is neutralized by the positive charge of the arginine (Ahmadian et al., 1997; Rittinger et 

al., 1997; Scheffzek et al., 1997; Wittinghofer et al., 1997; Nassar et al., 1998; Vetter and 

Wittinghofer, 2001; Bos et al., 2007). The slow intrinsic GTPase reaction of Ras is around 100-

fold reduced in oncogenic mutants. These mutants are constitutively activated and cannot be 

down-regulated by RasGAPs (Ahmadian et al., 1999). The GAP mechanism is variable for 

different members of the Ras subfamily. For instance, GAPs of the Ras subfamily members 

Rap (Ras-related protein) and Rheb (Ras homolog enriched in brain) use a catalytic asparagine, 

the so-called asparagine-thumb, instead of an arginine and do not possess the catalytic 

glutamine residue (Daumke et al., 2004; Scrima et al., 2008). Also, RanGAP catalyzes the 

hydrolysis of Ran-bound GTP without participation of the arginine-finger, only the catalytic 

glutamine is involved in the hydrolysis mechanism (Seewald et al., 2002).  

Complementary to GTP hydrolysis, the exchange of GDP to GTP to reactivate the G protein is 

intrinsically slow and is thereby catalyzed by guanine-nucleotide exchange factors (GEFs). 

GEFs stimulate the dissociation of the GDP that is bound to the G protein and increase the 

nucleotide dissociation. The GEF mechanism consists of several steps, which are fast and 

reversible. First, the G protein is in a binary complex with the nucleotide. Secondly, when the 

GEF reaches the GDP-bound G protein, GEF, G protein and GDP form a trimeric complex and 

ultimately, GDP leaves the complex and a binary complex of G protein and GEF is formed. 
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This binary complex, in which the G protein is nucleotide-free, is more stable when the 

nucleotide is absent. The GTP concentration in the human cell is approximately tenfold higher 

with respect to the GDP concentration, with values of 305 μM GTP and 36 μM GDP. Due to 

the higher cellular GTP concentration, the nucleotide-free G protein binds preferentially to GTP 

and the GEF dissociates. Generally, the GEF as a catalyst accelerates the dissociation of GDP 

and thus supports the establishment of an equilibrium between the GDP- and the GTP-bound 

form of the G protein (Traut, 1994; Klebe et al., 1995; Lenzen et al., 1998; Vetter and 

Wittinghofer, 2001; Bos et al., 2007).  

 

 
Figure 6: G proteins act as molecular switches and cycle between an inactive GDP- and an active GTP-bound 
state. During the switch on reaction due to extracellular signals, guanine-nucleotide exchange factors (GEFs) 
catalyze the exchange of the bound GDP against GTP and the activated G protein transmits the cellular signal to 
effector proteins. The GTPase and switch off reaction is catalyzed by GTPase-activating proteins (GAPs).  

 

The G domain is the core of most G proteins, in the molecular switch reaction it binds and 

hydrolyzes the guanine nucleotide. Its structure is highly conserved, and it has a molecular 

weight of approximately 20 kDa. The G domain is composed of three layers, it has a mostly 

parallel  sheet with six strands that is surrounded by five -helices (Schweins and 

Wittinghofer, 1994; Vetter and Wittinghofer, 2001; Wittinghofer and Vetter, 2011). A 

magnesium ion (Mg2+) interacts with the phosphate residues of the guanine nucleotide. Ras 

superfamily proteins exhibit five canonical G motifs in the G domain, G1 to G5 (Vetter and 

Wittinghofer, 2001; Wittinghofer and Vetter, 2011). The G motifs have a highly conserved 

structure and function in nucleotide and magnesium ion binding. The G1 motif, which is called 
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the phosphate-binding (P) loop (Saraste et al., 1990) or Walker A motif, was described by John 

Walker in 1982 (Walker et al., 1982). The P loop links an -helix and a -strand and surrounds 

the negatively charged phosphate groups of the guanine nucleotide. It contains the 

GxxxxGKS/T motif. The conserved lysine (K) binds via its positively charged residue the 

negatively charged - and -phosphates of the nucleotide and thereby neutralizes the negative 

charge (Saraste et al., 1990).  

The G2 and G3 motifs are built by the two switch regions, switch I and switch II. Switch I (G2) 

contains a conserved threonine, whereas the switch II (G3) motif includes the DxxGq/h (D = 

aspartate, q = glutamine, h = histidine) sequence motif. The switch domains participate in 

effector binding. The conserved threonine of switch I and the glycine (G) of the DxxGq/h 

sequence of switch II interact with the -phosphate of the bound GTP via the amino groups of 

the main chain by building hydrogen bonds. During GTP hydrolysis, the -phosphate is then 

separated from the nucleotide (Milburn et al., 1990). Consequently, the switch regions change 

their positions to the more relaxed GDP conformation and this nucleotide state dependent 

mechanism is called loaded spring mechanism (Vetter and Wittinghofer, 2001).  

 

 
Figure 7: The canonical switch mechanism can be described with a loaded spring model. The main chain amino 
groups of the invariant residues threonine (Thr35 in Ras) of switch I and glycine (Gly60 in Ras) of switch II 
mediate the binding of the -phosphate of GTP that is bound to the G protein. This state is called loaded spring. 
After GTP hydrolysis, the -phosphate is released, and this leads the switch regions to engage a more relaxed 
conformation. Modified from Vetter and Wittinghofer, 2001.  

 

The G4 motif is characterized by an N/TKxD (N = asparagine) sequence, the G5 motif with the 

sAk (s = serine, k = lysine) sequence contains a conserved alanine (A). The G4 and G5 motifs 

are involved in the guanine base binding, where the high specificity for guanine is ensured by 
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the aspartate (D) residue of the N/TKxD motif by building a fork-like hydrogen bond to guanine 

(Vetter and Wittinghofer, 2001; Wittinghofer and Vetter, 2011).  

 

 
Figure 8: H-Ras with bound GppNHp (GNP), a non-hydrolysable GTP analog, and a magnesium ion (Mg2+) 
(violet), 1.35 Å resolution crystal structure, PDB: 5P21 (Pai et al., 1990). The G domain of Ras superfamily 
members contains five canonical G motifs, G1-G5. The P loop has a conserved GxxxxGKS/T sequence motif (G1) 
(pink), switch I a conserved threonine (G2) (blue), switch II the DxxGq/h motif (G3) (green), and G4 (yellow) and 
G5 (grey) have an N/TKxD or sAk motif, respectively. H-Ras structure illustration was modified from Wittinghofer 
and Vetter, 2011. All protein structures shown in this thesis were illustrated using PyMOL.  

 

1.8 Post-translational modifications of small G proteins 

Several small Ras-like GTPases are post-translationally modified. This is essential for their full 

functionality, which is coupled to their cellular localization. After ribosomal synthesis, the 

soluble proteins receive their post-translational modifications (PTMs) either at their C- or N-

termini. Due to lipid modifications, they interact with membranes in the cell that are their final 

or intermediate destinations (Seabra, 1998). The regulation of Ras localization at membranes is 

a critical step in the biological function of the G protein (Chandra et al., 2012; Schmick et al., 

2014, 2015). For example, members of the Ras, Rab and Rho subfamilies possess C-terminal 

prenylations, such as farnesyl (C15 carbohydrate chain) or geranylgeranyl (C20) isoprenoids 

(Casey et al., 1989; Hancock et al., 1989; Farnsworth et al., 1991; An et al., 2003; Cherfils and 

Zeghouf, 2013; Resh, 2013). Besides prenylation, G proteins can be modified by an acyl chain 

(Carr et al., 1982; Aitken and Cohen, 1984; Wilson and Bourne, 1995; Resh, 1996). There are 
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two major types of acylation, which are the N-terminal myristoylation (C14), that is 

characteristic for proteins of the Arf family and occurs on a glycine residue at position 2 

(Gallego et al., 1992), or the palmitoylation (C16) on cysteines of Ras and Rho proteins 

(Hancock et al., 1989; Resh, 1996).  

 

 
Figure 9: G proteins can be post-translationally modified, for example by a C-terminal prenylation, which can be 
a farnesylation or geranylgeranylation on cysteines, or by an N-terminal acylation, comprising myristoylation on 
glycines or palmitoylation on cysteines.  

 

Proteins which become prenylated have a CaaX (C = cysteine, a = aliphatic amino acid, X = 

any amino acid) sequence at their C-terminus, the CaaX box, where the cysteine is prenylated. 

The residue X determines if the protein is farnesylated or geranylgeranylated. Processing of the 

CaaX box comprises three steps, carried out by different enzymes. Farnesyltransferase couples 

the farnesyl moiety from farnesylpyrophosphate, an intermediate from the cholesterol 

biosynthesis, to the sulfhydryl group of the cysteine by building a stable thioether bond (Casey 

et al., 1989; Seabra et al., 1991), or geranylgeranyltransferase I attaches the geranylgeranyl 

modification (Finegold et al., 1991). An endoprotease removes the -aaX sequence (Boyartchuk 

et al., 1997) and a carboxyl methyltransferase adds a methyl group to the before prenylated 

cysteine (Dai et al., 1998; Ahearn et al., 2012).  

 

 
Figure 10: CaaX box processing takes place in three steps, in which either a farnesyl or a geranylgeranyl anchor 
is added to the C-terminus of the G protein. First, either farnesyltransferase couples a farnesyl moiety to the 
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cysteine of the CaaX box, or geranylgeranyltransferase I, attaches the geranylgeranyl modification. Secondly, an 
endoprotease removes the -aaX sequence and then a carboxyl methyltransferase adds a methyl group to the 
prenylated cysteine residue. Protein structure shows Rheb as example, PDB: 3T5G (Ismail et al., 2011).  

 

1.9 ADP-ribosylation factor like (Arl) proteins and the interswitch toggle 

ADP-ribosylation factor (Arf) like (Arl) proteins belong to the Arf subfamily of the Ras 

superfamily. The cellular functions of Arf/Arl proteins are diverse and unclear in many cases, 

some are implicated in cytoskeleton organization or intermembrane traffic. As G proteins, Arls 

act as molecular switches by cycling between the active GTP-bound and the inactive GDP-

bound state (Vetter and Wittinghofer, 2001; Gillingham and Munro, 2007; Cox and Der, 2010). 

As members of the Ras superfamily, Arls share the key characteristics of the conserved 

conformational switch motif. However, in detail Arf and Arl proteins differ remarkably from 

other Ras superfamily members in the structure of the interswitch region, which is mobile 

instead of static. In the off state, the interswitch region, which is built by two -strands between 

switch I and switch II, is arranged in a retracted position. Thereby, the conserved aspartate of 

the DxxGQ motif of switch II is located in such a way, that it mimics the negative charges of 

the -phosphate of GTP, so that GTP binding is hindered. Additionally, the N-terminal helix is 

located adjacently to the protein surface in the GDP-bound state (Pasqualato et al., 2002). 

However, in the active conformation, where GTP can be bound, the interswitch -sheets 

protrude from the protein surface and drift towards the N-terminal helix via a distance of two 

residues and the helix consequently kinks out. Thereby, the interswitch drags the switch I and 

switch II regions towards the helix, GTP enters the binding pocket and the pocket is closed 

(Goldberg, 1998; Pasqualato et al., 2001). This movement is called interswitch toggle and 

facilitates a transmission between the membrane-directed N-terminus and the nucleotide 

binding site, that are positioned at opposite sides of the protein, and thereby mediates a front-

back communication (Pasqualato et al., 2002). In the cell, the nucleotide loading state and thus 

the position of the N-terminal helix may determine if the protein is cytosolic or membrane-

bound. For instance, myristoylated Arf1 in its GDP-bound form is predominantly soluble, 

whereas Arf1•GTP is recruited to membranes, where the membrane interaction is thought to be 

mediated by the hydrophobic side of the amphipathic helix (Antonny et al., 1997; Goldberg, 

1998).  
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Figure 11: Interswitch toggle of Arf and Arl proteins, shown in two different orientations (lower/upper panel) 
exemplary for Arf6•GDP (left), PDB: 1E0S (Menetrey et al., 2000) and Arf6•GTP (right), PDB: 2J5X (Pasqualato 
et al., 2001). The N-terminal helix (yellow) was complemented manually in the structure of Arf6•GTP. In the GDP-
bound form, the N-terminal helix stays close to the protein surface, whereas the helix kinks out in the GTP-bound 
state due to a two residue shifting of the interswitch -sheets (pink) towards the helix. The interswitch pulls switch I 
and switch II towards the N-terminal helix and the binding pocket with GTP is closed. Modified from Pasqualato 
et al., 2002 (upper panel) and Gillingham and Munro, 2007 (lower panel).   
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1.10 Arl2 and Arl3 and the ciliary Arl3•GTP compartment 

The homologous Arf-like proteins Arl2 and Arl3 share a similar structure, exhibiting a sequence 

identity of approximately 52 % and a sequence similarity of 68 %. Despite their similarity, Arl2 

and Arl3 show significant differences in their cellular localization and thus their effects in the 

cell. Arl3 localizes to cilia and cytosol, whereas Arl2 is excluded from cilia (Avidor-Reiss et 

al., 2004; Lokaj et al., 2015). By immunofluorescence microscopy it was shown that Arl3 

localizes to the connecting cilium of rod and cone photoreceptor cells (Grayson et al., 2002) 

and to primary cilia of NIH/3T3 cells (Zhou et al., 2006), as well as to cilia of IMCD3 cells, 

shown by GFP and immunofluorescence (Lokaj et al., 2015). The exact structural details, which 

determine the localization of Arl3 to the cilium but prohibit ciliary entry of Arl2, remain unclear. 

However, it was found that the N-terminal amphipathic helix of Arl3 is essential for its ciliary 

localization (Lokaj et al., 2015).  

Common characteristics of Arf proteins are their ability of phospholipase D activation and an 

N-terminal myristoylation. However, Arl2 and Arl3 features differ from those of most other Arf 

family members due to a lack of myristoylation, although they possess the required N-terminal 

glycine 2, and their incapacity for activation of phospholipase D (Hong et al., 1998; Sharer et 

al., 2002). Arl3 plays important roles in cilia function during photoreceptor and renal 

development and it was shown that Arl3 knockout mice are embryonic lethal or the embryos 

die during early postnatal development (Schrick et al., 2006; Hanke-Gogokhia et al., 2016). 

Furthermore, a specific deletion of Arl3 in rod photoreceptors leads to rod degeneration and 

subsequent cone defects in the retina with a phenotype similar to that of retinitis pigmentosa, 

while retina-specific Arl3 knockout causes simultaneous rod and cone degeneration, similar to 

cone-rod dystrophy (Hanke-Gogokhia et al., 2016). Arl3 was implicated to be involved in 

ciliogenesis, as shown for the Leishmania donovani Arl3 ortholog ARL-3A (Cuvillier et al., 

2000). Moreover, Arl3 can be associated to microtubules, was found at centrosomes in non-

ciliated cells and was implicated to be involved in a correct progression of the cell cycle (Zhou 

et al., 2006). Arl2 apparently has different functions from Arl3. It binds to the tubulin folding 

chaperone cofactor D and thereby participates in the regulation of cofactor D. Cofactor D is 

involved in the formation of , -tubulin dimers before polymerization (Bhamidipati et al., 

2000; Shern et al., 2003).  

Arl3, Arl6 and Arl13B are the only known ciliary G proteins (Cuvillier et al., 2000; Avidor-

Reiss et al., 2004; Caspary et al., 2007). Because Arl3, in contrast to Arl2, is a ciliary G protein, 

it is more in the focus of this work. The function of Arl3 as molecular switch is regulated by a 
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the only known Arl3-GAP RP2 (Veltel et al., 2008a) and the recently identified GEF Arl13B 

(Gotthardt et al., 2015). RP2 is also involved in the ciliopathy retinitis pigmentosa (Schwahn et 

al., 1998), whereas Arl13B (encoded by the JBTS8 gene) mutations lead to Joubert syndrome 

(Cantagrel et al., 2008; Su et al., 2012). Arl13B was reported to regulate cilia formation in 

Caenorhabditis elegans (Li et al., 2010) and is an atypical member of the Arf family because 

of its unique architecture, consisting of an N-terminal short helix which can be palmitoylated 

at two cysteine residues, followed by the G domain, an -helical coiled-coil domain and a C-

terminal proline-rich domain (Hori et al., 2008). The unusual and special feature of Arl13B 

being a GEF for Arl3 is that Arl13B is a G protein itself. The G domain and a C-terminal helix 

of Arl13B are responsible for the GEF activity, whereby the switch I and switch II regions 

mediate the interaction with Arl3. It was shown that mutations of Arl13B that were identified 

in Joubert syndrome patients compromise its activity as GEF and as a consequence, the 

activation of Arl3 is also reduced (Gotthardt et al., 2015). Arl13B exclusively localizes to cilia 

(Caspary et al., 2007; Cantagrel et al., 2008; Hori et al., 2008). Thus, the ciliary compartment 

can be characterized as an Arl3•GTP domain (Gotthardt et al., 2015; Fansa and Wittinghofer, 

2016). This model is in agreement with the observation that RP2 is excluded from cilia and was 

shown to localize to the cytosol and to accumulate in the cytosolic basal body close region 

(Grayson et al., 2002; Blacque et al., 2005; Evans et al., 2010; Lokaj et al., 2015).  

 

1.11 Effectors of Arl2 and Arl3 

Shared Effectors of Arl2 and Arl3, which specifically interact with their active GTP-bound 

form, are BART (Binder of Arl2)/Arl2BP (Arl2 binding protein) (Sharer and Kahn, 1999; Veltel 

et al., 2008b; Zhang et al., 2009), and the homologous proteins PDE6  (delta subunit of 

phosphodiesterase 6)/PrBP (prenyl binding protein) (Linari et al., 1999; Hanzal-Bayer et al., 

2002), HRG4 (human retina gene 4)/Unc119a (uncoordinated), and Unc119b (Van Valkenburgh 

et al., 2001; Kobayashi et al., 2003; Wright et al., 2011; Jaiswal et al., 2016). BART binds to 

Arl2•GTP, but also to Arl3•GTP, and was found in mitochondria, where it binds the adenine 

nucleotide transporter (Sharer and Kahn, 1999; Sharer et al., 2002), and at the basal body of the 

connecting cilium in photoreceptor cells (Davidson et al., 2013). Binding between Arl2 and 

BART is mediated by a conserved N-terminal LLxIL motif in the Arl2 sequence, that is enclosed 

by a hydrophobic cleft of BART, and by the interaction of the Arl2 switch I and switch II regions 

with an -helix of BART (Zhang et al., 2009). Another recently identified Arl3 binding partner 

is the coiled-coil domain containing protein 104 (CCDC104), also called CFAP36 or binder of 
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Arl2-like 1 (BARTL1). Structural analyses revealed that it contains an N-terminal BART-like 

domain (amino acid residues 1-133). Furthermore, structural and biochemical analyses showed 

that CCDC104 interacts with Arl3. CCDC104 localizes to the primary cilium of IMCD3 cells 

where it concentrates at the transition zone, distal to the basal body and colocalizing with Arl3. 

The BART-like domain of CCDC104 alone is not adequate to localize to the cilium. The crystal 

structure with a 2.2 Å resolution of a complex between the BART-like domain and Arl3 bound 

to the non-hydrolyzable GTP analog GppNHp (5´-guanylyl imidodiphosphate) revealed that 

CCDC104 interacts with a conserved LLxILxxL motif located in the N-terminus of Arl3 (Lokaj 

et al., 2015), highlighting the similarity of CCDC104 to BART and the earlier identified LLxIL 

motif of Arl2 (Zhang et al., 2009). CCDC104 was shown to interact only with the active form 

of Arl3. Lokaj et al. hypothesized that CCDC104 might mediate the ciliary activity or 

localization of Arl3 (Lokaj et al., 2015).  

The Arl2/3 effectors can be classified into type I and type II effectors, depending on their mode 

of interaction with the Arl protein. BART and CCDC104 are type I effectors and the interaction 

is mediated by the N-terminal helix and the switch I and switch II regions of Arl2/3. The type II 

effectors Unc119a/b and PDE6  only interact with switch I and switch II and are described in 

the chapters 1.12 and 1.15 (Fansa and Wittinghofer, 2016).  

 

1.12 Guanine nucleotide dissociation inhibitors (GDIs) and the GDI-like protein PDE6  

Post-translationally lipid-modified proteins such as Ras, Rho and Rab subfamily members 

couple their GDP/GTP cycle to a change of their intracellular localization, which means that 

they are either bound to different membranes or solubilized in the cytosol. At membranes, they 

can be either in the GDP- or GTP-bound state. The change between the localization of Ras, Rho 

and Rab proteins at membranes or in the cytosol is regulated by interacting proteins, the guanine 

nucleotide dissociation inhibitors (GDIs). The main function of GDIs is to maintain the bound 

G protein in a soluble and inactive complex in the cytosol by covering the hydrophobic lipid 

moiety of the G protein (Nancy et al., 2002; Cherfils and Zeghouf, 2013).  

A difference between the N-terminal myristoylated Arf proteins and Ras, Rab or Rho subfamily 

members is that no GDIs were identified for Arfs. The nucleotide state regulates the position of 

the amphipathic helix that mediates membrane binding of the Arf protein. In the GDP-bound 

form, Arfs can be loosely membrane-attached, as shown for Arf4, Arf5 and Arf6, or cytosolic, 

whereas they are tightly bound to membranes in the GTP-bound state. Hydrolysis of the Arf-

bound GTP can be sufficient for solubilization of the protein, as shown for Arf1 and Arf3 (Chun 
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et al., 2008; Duijsings et al., 2009; Cherfils and Zeghouf, 2013).  

In 1990, the first GDIs were discovered as novel class of regulators of geranylgeranylated Rho 

and Rab proteins. Originally, RhoGDIs were thought to inhibit only GDP dissociation 

(Fukumoto et al., 1990). However, now it is known that Rab- and RhoGDIs keep the bound G 

protein in a soluble and inactive form. Three different types of these regulatory proteins were 

described (Wittinghofer and Vetter, 2011; Cherfils and Zeghouf, 2013). The structure and 

mechanisms of GDIs and GDI-like proteins determine their type of regulation. Regulatory 

proteins of the first type, RhoGDIs, are organized in two diverse domains, an N-terminal -

helical and C-terminal -sandwich lipid-binding domain. The detachment of Rho from the 

membrane happens in two steps. First, the helical domain of RhoGDI binds to the switch 

regions of the Rho G domain. Secondly, the C-terminus that carries the prenylation is 

encompassed by the lipid-binding domain (Nomanbhoy et al., 1999). After it was originally 

shown that RhoGDIs interact with Rho•GDP, they later were reported to also interact with 

Rho•GTP, presumably to sustain a cytosolic Rho•GTP pool (Leonard et al., 1992; Hancock and 

Hall, 1993; Nomanbhoy and Cerione, 1996). Cytosolic Rho proteins in complex with RhoGDI 

were shown by structural studies to be unable to exchange their bound nucleotide mediated by 

RhoGEFs or RhoGAPs. Thus, the interaction of Rho with RhoGDIs and GEFs or GAPs is not 

possible at the same time (Cherfils and Zeghouf, 2013).  

In the same year when RhoGDIs were found, the first RabGDI was purified from bovine brain 

cytosol (Sasaki et al., 1990). Similarly to RhoGDIs, RabGDIs reveal the two domain structure 

responsible for the interaction with the G domain and accordingly with the geranylgeranylated 

C-terminus of Rab proteins. However, the structures of the Rab- and RhoGDI domains are not 

related (An et al., 2003; Pylypenko et al., 2006). Equivalently to the mechanism of Rho proteins, 

the Rab-RabGDI mechanism apparently takes place in two steps, because the Rab G domain is 

distant from the prenyl-binding domain (Ignatev et al., 2008). Currently, three isoforms each of 

RhoGDI and RabGDI are known.  

Besides classical GDIs, a distinct kind of related regulatory proteins was identified as GDI-like 

factors or GDI-like solubilizing factors (GSF). PDE6  is a GSF and was originally discovered 

in rod photoreceptor cells (Gillespie et al., 1989). Its depletion causes malfunction of kidney 

and retina in zebrafish (Thomas et al., 2014). Initially, PDE6  was shown to be a solubilizing 

factor for the  and  subunits of retinal rod cGMP PDE6 (Florio et al., 1996). PDE6  has an 

immunoglobulin-like -sandwich structure with similarities to the lipid-binding domain of 

RhoGDIs (Hanzal-Bayer et al., 2002; Nancy et al., 2002; Ismail et al., 2011). Subsequently, 



1 Introduction 

29 
 

PDE6  was shown to extract the prenylated Rab subfamily members Rab13 (Marzesco et al., 

1998) and Rab6 from membranes, as well as to bind to prenylated members of the Ras 

subfamily, such as H-Ras, N-Ras and K-Ras 4B, Rheb, Rap1 and Rap2, RalA and RalB, and 

the Rho subfamily members RhoA, RhoB, Rho6 and Rnd1 and to the G i1 subunit of 

heterotrimeric G proteins. It was demonstrated for H-Ras that its C-terminus is essential for the 

interaction with PDE6  (Hanzal-Bayer et al., 2002; Nancy et al., 2002). By crystal structure 

determination of PDE6  in complex with farnesylated Rheb it was confirmed that the farnesyl 

moiety is surrounded by two -sheets of PDE6 , similarly to the structure of RhoGDIs that bind 

the geranylgeranyl moiety of Rho subfamily members (Ismail et al., 2011).  

 

 
Figure 12: PDE6  (right), which has an immunoglobulin-like -sandwich structure, in complex with farnesylated 
GDP-bound Rheb (left), 1.7 Å resolution crystal structure, PDB: 3T5G (Ismail et al., 2011). The farnesyl moiety 
(in green with hypervariable region) of Rheb inserts into the hydrophobic pocket of PDE6 .  

 

The interaction of PDE6  or RhoGDI with the bound Ras or Rho protein is independent of the 

nucleotide state of Ras or Rho, whereas an interaction of RabGDIs with Rab•GTP was not 

reported (Nancy et al., 2002; Cherfils and Zeghouf, 2013). Despite these similarities, PDE6  

reveals differences to RhoGDIs. In contrast to RhoGDIs, PDE6  does not possess a domain 

which is responsible for the binding of the GTPase core domain of the cargo protein and does 

not have the two domain structure. The small 17 kDa protein PDE6  only binds to the 

farnesylated C-terminus of the cargo protein. Crystal structures of PDE6  in complex with Ras, 

Rheb or farnesylated peptides have shown that only the farnesylated cysteine methyl ester and 

three or four extra residues insert into the hydrophobic binding pocket of PDE6  (Ismail et al., 
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2011; Dharmaiah et al., 2016). All identified PDE6  interacting proteins share the CaaX motif 

and thus are prenylated. Mediated by its hydrophobic GDI-like binding pocket, PDE6  binds 

to prenylated cargoes and thereby was defined as general prenyl-binding and solubilizing or 

shuttling factor for numerous small GTP-binding proteins and rod PDE (Florio et al., 1996; 

Hanzal-Bayer et al., 2002; Nancy et al., 2002; Zhang et al., 2004; Ismail et al., 2011; Chandra 

et al., 2012; Cherfils and Zeghouf, 2013).  

Prenylated Ras proteins or peptides are bound by PDE6  with affinities in the micromolar range 

(Chen et al., 2010; Ismail et al., 2011). Zhang and Baehr et al. determined Kd values of PDE6  

with farnesyl and geranylgeranyl lipid moieties of 0.70 μM and 19.06 μM, respectively. 

Although PDE6  binds specifically to prenylated proteins, it reveals a flexibility in its 

interactions. Because it only recognizes the prenylated C-terminus of its cargo protein, PDE6  

binds to a broad range of prenylated G proteins and other prenylated proteins (Zhang et al., 

2004). PDE6  localizes to rod and cone photoreceptor cells, detected by immunocytochemistry 

(Zhang et al., 2004), and to the ciliary transition zone and proximal cilium in RPE1 cells, as 

shown by GFP fluorescence (Thomas et al., 2014). Due to these findings, PDE6  became part 

of the cilia research field and was indeed shown to bind to different prenylated proteins that 

localize to cilia, such as INPP5E, GRK1 (G protein-coupled receptor kinase 1/rhodopsin 

kinase) and RPGR (retinitis pigmentosa GTPase regulator) (Zhang et al., 2004, 2007; Thomas 

et al., 2014; Fansa et al., 2015, 2016; Lee and Seo, 2015; Dutta and Seo, 2016). In PDE6 -/- 

knockout mice, that have a lowered body mass and reveal signs of a cone-rod dystrophy, GRK1 

and the catalytic subunits of PDE6 partially mislocalize (Zhang et al., 2007).  

According to its function as GSF, PDE6  regulates the membrane localization of prenylated 

cargo proteins and their cellular distribution in a dynamic way. This is critical for the cargo´s 

function in the cell (Chandra et al., 2012; Zhang et al., 2012; Schmick et al., 2014, 2015; Fansa 

et al., 2016; Kösling et al., 2018). For instance, signaling mediated by H-Ras and K-Ras is 

enhanced by the activity of PDE6 , because PDE6  shuttles Ras which is thereby accumulated 

at the plasma membrane. However, a down-regulation of PDE6  leads to a randomized 

localization of Ras proteins to intracellular membranes and normal and oncogenic Ras signaling 

are defective (Chandra et al., 2012). The localization of Ras at membranes is thought to be a 

potential target for oncogenic Ras by inhibiting the interaction between PDE6  and Ras. Such 

small molecule PDE6  inhibitors are the pyrazolopyridazinones Deltarasin and Deltazinone 1 

(Zimmermann et al., 2013, 2014; Papke et al., 2016).  
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1.13 PDE6  and RabGDIs are regulated by GDI displacement factors (GDFs) 

The function of GDIs and GDI-like proteins and their interaction with cargo is modulated by 

different factors. RabGDIs and PDE6  are regulated by GDI displacement factors (GDFs), 

whereas no GDFs for RhoGDIs were identified so far. RhoGDIs are controlled by a 

phosphorylation code. GDFs regulate GDIs and the GDI-like PDE6  by binding and thereby 

cause the release of prenylated cargo protein from the GDI. Arl2 and Arl3 were described to act 

GTP-dependently as GDFs while binding to PDE6 , allosterically releasing farnesylated cargo 

proteins. Shown by structural and in vitro studies, Arl2/3•GTP release farnesylated Rheb from 

PDE6  (Ismail et al., 2011). In an earlier study, Hanzal-Bayer et al. solved the crystal structure 

of Arl2•GTP in complex with PDE6  (Hanzal-Bayer et al., 2002). A comparison of this 

structure with the structure of a prenylated RheB•GDP-PDE6  complex made it conceivable 

that both Arl2/3 and Rheb might interact synchronously with PDE6  (Ismail et al., 2011). The 

hydrophobic pocket of PDE6  is in a closed conformation when the farnesyl moiety of Rheb is 

bound. Arl2•GTP is thought to prefer to bind to PDE6  in this closed conformation in complex 

with Rheb, generating a ternary complex with a low affinity, which dissociates fast and thereby, 

Rheb is released from PDE6  (Ismail et al., 2011). In view of this study and the variety of 

prenylated PDE6  cargo proteins, Arl2 and Arl3 were suggested to act as general release or 

displacement factors for farnesylated cargo proteins from PDE6 . Coupled to the release, the 

farnesylated protein is then transferred to inner cellular membranes (Ismail et al., 2011; Cherfils 

and Zeghouf, 2013). Emphasizing the role of Arl3 as cargo displacement factor, it was shown 

in vivo in mice that a deletion of Arl3 affected the trafficking of peripheral, but not of 

transmembrane proteins (Hanke-Gogokhia et al., 2016).  

 

 
Figure 13: The GDI-like protein PDE6  interacts with prenylated cargo proteins through its hydrophobic pocket. 
Arl2/3 act as GDI displacement factors by GTP-dependent interaction with PDE6  and release of the prenylated 
protein from PDE6 .   
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1.14 The ciliary inositol polyphosphate 5´-phosphatase INPP5E 

A number of cell regulatory processes are modulated by phosphoinositides. The hydrophobic 

moieties of these phospholipids are components of membranes, whereas their inositol 

headgroups face the cytosol (Balla, 2013). Every distinct cellular membrane occurs with a 

characteristic membrane lipid composition. This distribution can be described as a membrane 

code that facilitates the regulation of biological processes (Di Paolo and De Camilli, 2006). 

Within the eukaryotic cell, phosphatidylinositol kinases and phosphatases strictly and 

dynamically control phosphatidylinositol composition in space and time. Thereby, the kinases 

and phosphatases affect downstream signaling processes and are essential in regulating the lipid 

composition of cellular membranes (Bielas et al., 2009).  

Members of the inositol polyphosphate 5´-phosphatase family selectively hydrolyze the 5´-

phosphate of the inositol ring of inositol phosphates and phosphoinositides (Astle et al., 2007). 

The inositol polyphosphate 5´-phosphatase INPP5E, which is a member of this family and 

shows high expression levels in human and mouse brain, mouse testes and heart, was found to 

exclusively hydrolyze hydrophobic phophoinositide substrates. This is in contrast to other 

known members of this protein family that dephosphorylate hydrophilic substrates. In detail, 

INPP5E converts phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P2) to 

phosphatidylinositol (4)-phosphate (PI4P), thus generating PI(3,4)P2 from PI(3,4,5)P3 

(Kisseleva et al., 2000; Conduit et al., 2012).  

 

 
Figure 14: Structure of phosphatidylinositol. At position 1 (magenta), the inositol ring is phosphodiesterified to 
diacylglycerol, which carries two fatty acid side chains: stearoyl (upper residue) and arachidonoyl (lower residue). 
Phosphatidylinositol can be phosphorylated and is then called phosphoinositide or phosphatidylinositolphosphate. 
PI(4,5)P2, which is phosphorylated at the positions 4 and 5 of inositol, and PI(3,4,5)P3 are substrates of the inositol 
polyphosphate 5´-phosphatase INPP5E and are hydrolyzed at position 5 to PI4P and PI(3,4)P2, respectively.  

 

The 72 kDa protein INPP5E possesses two large domains, which are an N-terminal proline-rich 

domain and a C-terminal phosphatase domain, and has a C-terminal CaaX motif where the 

cysteine is farnesylated and further processed (see chapter 1.8 for farnesylation). The CaaX 

motif is conserved in all mammalian and avian forms of INPP5E and the cysteine residue is 
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farnesylated (De Smedt et al., 1996; Jacoby et al., 2009).  

 

 
Figure 15: Predicted domain structure of INPP5E with an N-terminal proline-rich domain (Pro) and the catalytic 
inositol polyphosphate phosphatase domain (IPPc). The C-terminal cysteine residue is farnesylated. Modified from 
Bielas et al., 2009.  

 

INPP5E almost exclusively localizes to primary cilia, shown by immunofluorescence 

microscopy of different cell types. It was found along the axoneme of primary cilia of mouse 

embryonic fibroblasts (Jacoby et al., 2009), RPE1 cells and the cerebellar internal granule layer 

(Bielas et al., 2009). GFP fluorescence also revealed the ciliary localization of stably expressed 

GFP-tagged INPP5E in fixed and living IMCD3 cells (Fansa et al., 2016; Kösling et al., 2018).  

The almost exclusive localization of INPP5E in primary cilia obviously leads to the conclusion 

of a cilia-specific function. INPP5E was shown to mediate the modulation of a specific 

phosphatidylinositolphosphate (PIP) composition of the ciliary membrane. Recent studies by 

Chávez et al. (2015) and Garcia-Gonzalo et al. (2015) revealed a linkage between the 

phosphoinositide metabolism and the physiology of primary cilia. The ciliary membrane 

possesses special domains which comprise distinct characteristic PIPs. In a study of neuronal 

stem cell primary cilia, phosphatidylinositol (4)-phosphate (PI4P) was identified as the major 

PIP within the ciliary membrane along the axoneme, generated by INPP5E, whereas PI(4,5)P2 

was found in membranes around the transition zone and the periciliary region. After INPP5E 

inactivation, PI(4,5)P2 accumulated in the ciliary membrane, whereas the PI4P concentration 

drastically decreased. It was shown, that a normal PIP distribution is essential for the trafficking 

of the ciliary PI(4,5)P2-binding protein Tulp3 (tubby-related protein 3) and the G protein-

coupled receptor Gpr161, which is a cargo protein of Tulp3. Both Gpr161 and Tulp3 are ciliary 

proteins and regulators of Sonic Hedgehog signaling. Conclusively, a correct INPP5E function 

seems to be critical for a normal Hedgehog signaling by ensuring these specialized 

phosphoinositide levels of the ciliary membrane. Moreover, these studies demonstrate that PIP 

lipids are essential elements to ensure a suitable environment for cilia-associated signaling 

pathways (Chávez et al., 2015; Garcia-Gonzalo et al., 2015; Nakatsu, 2015). INPP5E was also 

reported to be involved in ciliary stability and in the regulation of phosphoinositide 3-kinase 

(PI3K) and ciliary platelet-derived growth factor receptor  (PDGFR ) signaling (Jacoby et 

al., 2009) and together with the type I  PI4P 5-kinase (PIPKI ), INPP5E was implicated in the 
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coordination of ciliogenesis initiation (Xu et al., 2016). Recently it was shown that INPP5E acts 

in the restriction of actin polymerization in cilia. The removal of the ciliary tip, called 

decapitation, was shown to be induced by F-actin and the ciliary INPP5E substrate PI(4,5)P2, 

and leads to disassembly of the cilium and thereby to cell cycle progression (Phua et al., 2017).  

INPP5E-/- embryos showed a reduced Hedgehog signaling and an enrichment of the INPP5E 

substrates PI(4,5)P2 and PI(3,4,5)P3 in the ciliary transition zone, leading to an impaired 

accumulation of transition zone associated scaffold proteins and of the Smo protein inside cilia. 

Therefore, INPP5E is thought to be involved in the molecular organization of the transition 

zone and ciliary enrichment of Smo, and might act as branching point between phosphoinositide 

and Hedgehog signaling during embryogenesis in cilia (Dyson et al., 2017). INPP5E-/- knockout 

mice die in a late stage of embryogenesis or contemporary to birth due to brain development 

defects, skeletal abnormalities, such as hexadactyly, multiple cysts in the kidney and 

developmental defects of the eye, such as anophthalmia (Jacoby et al., 2009; Chávez et al., 

2015). Conclusively, INPP5E possesses a crucial role in the primary cilium and deletion or 

mutations result in ciliary signaling deficiency and cilium instability and thereby can cause 

ciliopathies.  

INPP5E is encoded by the JBTS1 gene and mutations lead to the cerebrorenal ciliopathy Joubert 

syndrome (Bielas et al., 2009; Travaglini et al., 2013). Another member of the inositol 

polyphosphate 5´-phosphatase family is OCRL (oculocerebrorenal), which is homologous to 

INPP5E. In mutated form, OCRL causes Lowe´s oculocerebrorenal syndrome (Attree et al., 

1992). The phosphoinositide substrate specificity of both phosphatases overlaps, also their 

localization to cilia (Luo et al., 2012), where OCRL is involved in ciliary assembly (Coon et 

al., 2012). Besides Joubert syndrome mutations, a mutation of human INPP5E was identified 

in patients of a family with MORM syndrome, an autosomal-recessive ciliopathy, that reveals 

similarities to Bardet-Biedl syndrome. Patients show mental retardation, obesity, retinal 

dystrophy and micropenis (Hampshire et al., 2006; Jacoby et al., 2009). The identified 

Q627Stop mutation leads to a truncated protein missing 18 C-terminal amino acid residues, 

thus also the CaaX motif.  

Partially conflicting studies describe the determinants of INPP5E localization in cilia and the 

role played by PDE6  in this context. The importance of the farnesylated INPP5E C-terminus 

was shown by Jacoby et al. and Thomas et al., because the MORM mutation alters the protein 

localization. MORM-mutated INPP5E does not exclusively localize to the entire axoneme 

anymore, but accumulates in the transition zone and is also found in the cytosol (Jacoby et al., 

2009; Thomas et al., 2014). A single mutation of the CaaX box cysteine to alanine also leads to 
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localization defects similar to that of the MORM mutant. The CaaX mutant also loses exclusive 

ciliary localization and is enriched in the transition zone. The mutant was shown to not bind to 

PDE6 . This confirms that the C-terminal farnesylation of INPP5E mediates the interaction 

with PDE6 . Furthermore, a homozygous truncation mutation of PDE6 , that is associated to 

Joubert syndrome and impairs the formation of the hydrophobic binding pocket, inhibits 

INPP5E localization to cilia. This PDE6  mutant does not bind to the releasing factor Arl3•GTP 

(Thomas et al., 2014). Moreover, knockdown of PDE6  by RNAi also impairs INPP5E ciliary 

localization (Humbert et al., 2012; Thomas et al., 2014).  

In contrast, in a study by Humbert et al. the MORM mutant INPP5E was characterized, claiming 

that the C-terminal truncation and thus missing farnesylation would not impair ciliary 

localization. They propose that INPP5E ciliary targeting is regulated by a network of PDE6 , 

Arl13B and CEP164, because RNAi-mediated knockdown of these proteins results in INPP5E 

mislocalization. By immunofluorescence microscopy, an FDRELYL motif between 

phosphatase domain and CaaX motif of INPP5E was proposed as ciliary targeting sequence. 

Immunoprecipitation assays show an interaction between INPP5E and Arl13B (Humbert et al., 

2012). In another study, the link between both proteins and the role of Arl13B in INPP5E ciliary 

localization was strengthened, because INPP5E did not localize to cilia after Arl13B knockout. 

Furthermore, the phenotype of Arl13B knockout cells resembles the phenotype of INPP5E-/- 

knockout mice, with IFT-A and IFT-B complex enrichment at the tips of cilia. Arl13B was 

shown to interact with the IFT-B complex proteins IFT46 and IFT56. However, this interaction 

was shown to not be responsible for INPP5E ciliary localization (Nozaki et al., 2017).  

The function as shuttling factor and significance of PDE6  for ciliary localization of INPP5E 

was increased in a study by Fansa et al. (2016). Determining a complex crystal structure of 

PDE6  and farnesylated INPP5E peptide deepened the understanding of the binding mode 

(1.85 Å resolution, PDB: 5F2U) (Fansa et al., 2016). A superimposition with a complex of 

PDE6  and farnesylated Rheb (PDB: 3T5G) (Ismail et al., 2011) revealed high similarities of 

the prenyl-binding pocket in both complexes. However, the -1 and -3 positions relative to the 

farnesylated cysteine of the cargo proteins showed clear dissimilarities between Rheb and 

INPP5E binding to PDE6 . Biochemical studies demonstrated that these structural differences 

are accompanied by a divergence in the binding affinities between farnesylated cargo protein 

and PDE6 . INPP5E is a high affinity cargo of PDE6  with a Kd of 3.7 nM ± 0.2 nM in the low 

nanomolar range. In contrast, Rheb has a low affinity to PDE6  in the submicromolar range 

with a Kd of 445 nM ± 83 nM. This difference in affinities is related to different cellular 
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localization patterns of the ciliary INPP5E and Rheb, which localizes to endomembranes. Cell 

biological experiments showed that swapping of the -1 and -3 positions from high to low affinity 

in INPP5E results a loss of the exclusive ciliary localization. Conclusively, this study 

strengthens the importance of PDE6  for the ciliary localization of INPP5E and shows that the 

high affinity to PDE6  determines its sorting to the cilium. It was postulated that the -1 and -3 

positions, which are conserved in different farnesylated high or low affinity cargo proteins, 

could act, beside others, as ciliary sorting signals, that are required for a correct ciliary 

localization. Moreover, the role of Arl3 in the ciliary sorting mechanism of INPP5E as releasing 

factor from PDE6  was highlighted in this study by RNAi experiments, revealing a partial 

mislocalization of INPP5E after Arl3 knockdown (Fansa et al., 2016). This contrasts with the 

study by Humbert et al., who claim that Arl3 downregulation would not impact INPP5E 

localization (Humbert et al., 2012).  

Collectively, based on the combination of structural, biochemical and cell biological 

experiments, Fansa and colleagues developed the model that PDE6 -mediated sorting of 

farnesylated cargo is determined by the affinity between carrier and cargo protein. High affinity 

cargo proteins, such as INPP5E, are sorted to cilia and released inside this compartment 

specifically by Arl3•GTP. An unknown retention signal of INPP5E is supposed to lead to its 

retention inside cilia. In contrast, low affinity cargo proteins, such as Rheb, are released by 

Arl2•GTP at internal membranes (Fansa et al., 2016).  

 

1.15 Unc119a/b shuttle myristoylated cargo proteins 

Unc119a and Unc119b share a high degree of similarity (58 % sequence identity) and contain 

a hydrophobic binding pocket that is similarly structured to that of PDE6  and the 

immunoglobulin-like -sandwich structure which was described for RhoGDIs. However, 

Unc119a/b bind to N-terminal myristoylated proteins, such as GNAT-1/transducin- , G  

subunits ODR-3 and GPA-13, Cystin1, NPHP3, RP2 and Src-type tyrosine kinases (Cen et al., 

2003; Wright et al., 2011; Zhang et al., 2011; Ismail et al., 2012; Jaiswal et al., 2016). Sequence 

comparison revealed that the hydrophobic pocket contains conserved residues, suggesting a 

similar interaction mode of Unc119a/b with myristoylated proteins (Jaiswal et al., 2016).  

Despite their high similarity, Unc119a/b show a different cellular localization pattern. Besides 

a cytosolic localization, Unc119a was found at the basal body but not in cilia, whereas Unc119b 

was enriched at the basal body, transition zone and proximal cilium. The causes of this different 
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localization are unclear. It is proposed that Unc119b might have an unknown ciliary targeting 

sequence within its N-terminus, that shows the highest degree of dissimilarity to Unc119a. 

Furthermore, it was hypothesized that binding of ciliary cargo may trigger the entry of Unc119b 

into cilia (Wright et al., 2011).  

Exclusively Unc119b, but not Unc119a, is thought to be required for the ciliary localization of 

myristoylated NPHP3, as shown by RNAi-mediated knockdown studies, where only Unc119b 

knockdown led to NPHP3 mislocalization (Wright et al., 2011; Constantine et al., 2012). 

Activated Arl2 and Arl3 were shown to specifically release myristoylated cargo from 

Unc119a/b. The sorting mechanism of the ciliary protein Cystin1 is expected to be comparable 

to that of NPHP3, because knockdown of Arl3 or Unc119b led to an impaired localization of 

Cystin1 (Wright et al., 2011).  

Structural and biochemical studies revealed that the release of myristoylated ciliary cargo 

proteins from Unc119 proteins is Arl3-specific, where the Arl3 N-terminal helix is crucial 

(Wright et al., 2011; Ismail et al., 2012). In a study apart from the cilia research field, it was 

shown that activated Arl2/3 release myristoylated cargo from Unc119 proteins on perinuclear 

membranes (Konitsiotis et al., 2017). Recently, the interaction of myristoylated cargo proteins 

with Unc119a/b was studied in more detail. This study revealed high similarities to the PDE6 -

mediated sorting of farnesylated proteins, where high affinity proteins were sorted and released 

into cilia by Arl3•GTP, whereas low affinity cargo proteins were released by Arl2•GTP at 

endomembranes (Fansa et al., 2016). Jaiswal et al. characterized different myristoylated 

Unc119a/b interacting proteins with regard to their binding affinity and set this in relation to 

the cellular localization of the myristoylated proteins. Interestingly, myristoylated peptides of 

the ciliary proteins GNAT-1, NPHP3 and Cystin1 have a high affinity towards Unc119 proteins, 

whereas RP2, with an intermediate affinity localizes around the basal body but does not enter 

cilia, and Src, a low affinity binder, does not localize to or close to the ciliary compartment. It 

was shown that the peptides that have a low affinity can be released from Unc119 proteins by 

Arl2 and Arl3 bound to the non-hydrolyzable GTP analog GppNHp. However, only 

Arl3•GppNHp is able to release peptides with high affinity. In this study, the high affinity 

interaction was analyzed by x-ray structure determination of a complex between myristoylated 

NPHP3 peptide and Unc119a. It showed that the +2 and +3 positions relative to the 

myristoylated glycine residue of NPHP3 are essential to define high or low affinity. In line with 

this, biochemical measurements revealed that swapping the amino acid residues at the +2 and 

+3 positions from high to low affinity and vice versa leads to reversed affinities to Unc119a. 

Moreover, a cell biological localization study of mutant NPHP3, where the +2 and +3 positions 
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were mutated to that of low affinity cargo protein, revealed a partial mislocalization, 

highlighting that the sorting of high affinity myristoylated cargo to cilia is regulated by 

Unc119a/b (Jaiswal et al., 2016).  

 

1.16 The Arl2/Arl3 system sorts lipidated cargo proteins 

Collectively, lipidated cargo proteins which interact with the homologous carrier proteins 

PDE6  or Unc119a/b are sorted to their cellular membrane destination by the Arl2/Arl3 system. 

PDE6  shuttles farnesylated cargo proteins, whereas Unc119a/b shuttle myristoylated proteins. 

Arl2 and Arl3 interact with the carrier proteins in a nucleotide-dependent manner, exclusively 

in the GTP-bound form, and act as cargo release factors. Thereby, Arl2/3 control the shuttling 

and sorting of lipidated proteins (Linari et al., 1999; Van Valkenburgh et al., 2001; Ismail et al., 

2011, 2012; Wright et al., 2011; Fansa and Wittinghofer, 2016; Fansa et al., 2016; Jaiswal et al., 

2016; Ismail, 2017).  

The results of the above described studies by Fansa et al. (2016) and Jaiswal et al. (2016) about 

the sorting of lipidated PDE6  or Unc119a/b cargo proteins to different inner membranes reveal 

clear analogies. Conclusively, they give high evidence for a general sorting principle for 

farnesylated or myristoylated cargo proteins of PDE6  or Unc119a/b, targeting high affinity 

binders to the ciliary compartment, where the ciliary proteins are specifically released by 

Arl3•GTP, whereas low affinity cargo is released at inner cellular membranes by Arl2•GTP 

(Fansa and Wittinghofer, 2016; Fansa et al., 2016; Jaiswal et al., 2016). Arl3•GTP releases a 

high affinity farnesylated INPP5E peptide 600 times faster from PDE6  than Arl2•GTP, shown 

by kinetic measurements (Fansa et al., 2016). This diverse specificity raised the question about 

the difference between Arl3 and Arl2 in this context. Combining the results of different 

biochemical and structural studies of PDE6 /Unc119a/b-Arl2/3 complexes, the N-terminal 

amphipathic helix of Arl3 was shown to be crucial for the specific release of high affinity cargo 

proteins. This helix determines the major difference with regard to dynamics and structure. In 

contrast to Arl2, the Arl3 helix occupies a hydrophobic pocket on the Arl3 protein surface, even 

in the GTP-bound structure, acting as an opener of the cargo binding pocket in the carrier 

protein and thereby inducing cargo release (Ismail et al., 2012; Kapoor et al., 2015; Fansa et al., 

2016). Although both Arl2 and Arl3 can interact with membranes via their N-terminal 

amphipathic helix, in case of Arl3, this interaction depends on the GTP loaded state of Arl3 

(Kapoor et al., 2015). The ciliary compartment was described as Arl3•GTP compartment and it 
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was hypothesized that this Arl3•GTP compartment acts as a driving for the release of lipidated 

proteins from PDE6  and Unc119a/b into cilia. This emphasizes the crucial role of Arl3 in the 

regulation of the trafficking of lipidated proteins to the cilium (Gotthardt et al., 2015; Fansa and 

Wittinghofer, 2016). For the here described delivery of lipidated proteins to cilia, also the name 

lipidated protein intraflagellar targeting (LIFT) was supposed. Besides IFT, the LIFT system is 

a further trafficking system, that in the interplay with the ciliary gate acts in the establishment 

of a dynamic ciliary signaling compartment (Fansa and Wittinghofer, 2016; Jensen and Leroux, 

2017).  
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The interaction of CCDC104/BARTL1 with Arl3 and implications for 

ciliary function 

 

Mandy Lokaj, Stefanie K. Kösling, Carolin Koerner, Sven M. Lange, Sylvia E. C. van 

Beersum, Jeroen van Reeuwijk, Ronald Roepman, Nicola Horn, Marius Ueffing, Karsten Boldt, 

and Alfred Wittinghofer (2015). Structure 23(11), 2122-2132.  
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These were the questions to be answered by this publication

Why does Arl3 localize to cilia, whereas the homologous Arl2 does not? 

Is the N-terminal amphipathic helix of Arl3 important for its ciliary localization? 

Where does the newly identified Arl3-interacting protein CCDC104 localize in eukaryotic 

cells, is it a ciliary protein? 

What is the function of CCDC104? 

Does the interaction of CCDC104 with Arl3 determine the ciliary localization of Arl3 and/or 

vice versa?

Contribution of 40 %

Plasmid generation and mutagenesis for transfection of IMCD3 cells.

Cell cultivation, generation of stable GFP cell lines (Arl2, Arl3 N, Arl2-3Nterm, Arl3 L4D, 

Arl3 F51A, CCDC104, CCDC104(1-133)), validation by western blotting.

Cell fixation, immunofluorescence (IF) staining, fluorescence microscopy of GFP 

fluorescence of the cell lines above and Arl3-GFP and RP2-GFP IF localization studies, 

Arl3 antibody staining in CCDC104 cell line, image processing.

Quantification of cilia lengths of IMCD3, Arl3, Arl3 L4D, Arl3 F51A cell lines.

RNAi knockdown studies of Arl3 in the CCDC104 cell line and of CCDC104 in the Arl3 

cell line, validation by western blotting.

Writing of the methods section in the manuscript regarding IMCD3 cell experiments.

Declaration: Reprinted (adapted) with permission from Structure

Copyright © 2015, Elsevier, Creative Commons Attribution License (CC BY)

DOI: http://dx.doi.org/10.1016/j.str.2015.08.016 
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Figure S1, Related to Figure 3. CCDC104/BARTL1 is an effector but no GEF for Arl3. 

Fluorescence polarisation measurements to test for GEF activity of BARTL1. Relative 

fluorescence polarisation values were plotted against the time. Nucleotide exchange was 

induced by addition of 100-fold excess of unlabelled GDP or GppNHp, respectively to 1 μM 

Arl3 bound to either mant-GDP or mant-GppNHp in the presence and absence of BARTL1.  

 

Figure S2, Related to Figure 4. Crystal Contacts. (A) The 133 

complex (pdb: 4ZI2) crystallized in space group P212121 and the asymmetric unit contained 

two Arl3 (blue) and two BARTL1133 (green) molecules (left panel). Two biological 

assemblies via interaction Area 1 (red circle) and 2 (lilac circle) (see main text) can be found. 

Crystal contacts are formed via dimer formation of BARTL1133 

helices (orange circle)

uring BARTL1133 molecule (grey circle). (B) The 

133 complex (pdb: 4ZI3) crystallized in space group P121 and the 

asymmetric unit contained two Arl3 (blue) and two BARTL1133 (green) molecules (left 

panel). Within the asymmetric unit BARTL1133 is forming a dimer 

helices (orange circle) and each BARTL1133 is contacting Arl3 via interaction Area 1 (red 

circle) and 2 (lilac circle) 

both BARTL1133 -  (cyan circle). 

133 -  (grey 

circle) uring 

BARTL1133 molecule (yellow circle). (C) The complex of 

crystallized in space group P21 (Zhang et al., 2009). The asymmetric unit contained only one 

Arl2 (orange) and one BART (red) molecule representing the biological assembly. (D) 

Surface representation of BARTL1 (red  acidic, blue  basic, white  hydrophobic patches) 

showing the groove in which N-term of Arl3 (blue) is buried. 



 

Figure S3, Related to Figure 5. Overlay of Arl2 BART (pdb: 3DOE) and Arl3 BARTL1 

(pdb: 4ZI2). Superimposition of the G domain of Arl2 (orange) and Arl3 (blue) (left panel) 

and BART (red) and BARTL1 (green) (right panel) of both structures. N- and C-termini of 

proteins and rmsd values are indicated. 

   

Figure S4, Related to Figure 7. Further analysis of stable cell lines. (A) Quantification of 

cilia number and length for IMCD3 control cells and cells stably expressing Arl3WT; Arl3L4D 

and Arl3F51A. The cilia length of 100 cells was plotted according to the determined cilia 

length. (B) Samples of siRNA treated stable cell lines used for imaging (see Figure 7) 

compared to cells treated with scrambled control siRNA were subjected to SDS-PAGE and 

analysed by Western Blot: anti-Arl3 antibody (1:500; Novus Biologicals) and anti-

CCDC104/BARTL1 antibody (1:500, Abnova).   

 

Figure S5, Related to Figure 2. Co-Staining of Arl3 and BARTL1.  Two representative 

IMCD3 cells stably expressing BARTL1-GFP in which e -

tubulin were stained following serum starvation and fixation. White bar indicates 5 μm.

 

Figure S6, Related to Figure 8. GTP hydrolysis measurement. (A) IMCD3 cells stably 

expressing, C-terminally tagged full-length human RP2-GFP were and immunostained for 

-tubulin (AcTub) and the nucleus (DAPI). White bar indicates 5 μm. (B) Intrinsic 

(left panel) or RP2 stimulated (right panel) GTP hydrolysis of either 10 μM Arl3 loaded with 

60 nM 32P-GTP/10 μM GTP alone or in presence of 0.1 μM RP2 and/or 50 μM BARTL1 or 

BARTL1133. Rough observed rate constants (and standard deviations) are indicated below in 

the table. 

 





 

Supplementary Experimental Procedures 

Plasmids and protein purification BARTL1 was amplified by PCR from a cDNA library 

from a mouse spleen cDNA and a human W38 cDNA library. In this work human full length 

BARTL1 (UNP:Q96G28) and a shortened mouse BARTL1 (UNP:Q8C6E0) comprising 

amino acids 1 to 133 were used. Full length BARTL1 was cloned into pProExHTa containing 

an N-terminal His tag and BARTL1133 into pGexET (derivative of pGex4T-1) containing an 

N-terminal Glutathione-S-transferase fusion followed by a thrombin, TEV and precission 

cleavage site (order as mentioned). Arl3 (UNP:Q9WUL7) and Arl2 (UNP:Q9D0J4) full 

-1 (Veltel et al., 2008b) were 

already available. Respective BARTL1 mutants and Arl mutants were generated by 

mutagenesis PCR. All proteins were expressed in BL21 DE3 codon plus RIL cells at 25°C 

ght. Purification was done using GSH-

sepharose columns (Amersham/GE Healthcare) which were washed with Wash-Buffer (75 

mM Hepes pH 7.5, 300 mM KCl, 5mM MgCl2 -mercaptoethanol and 10 % glycerol). 

The GST-fusion proteins were eluted with Elution-Buffer (Wash Buffer + 20 mM reduced 

glutathione). Following cleavage with precission protease overnight residual GST was 

removed by size exclusion chromatography using a Superdex 200 16/60 (Amersham/GE 

Healthcare). Arl3 and Arl2 proteins and mutants containing a C-terminal His-tag were 

purified as previously described (Veltel et al., 2008b). The proteins were stored in buffer M 

containing 25 mM Hepes pH 7.5, 150 mM KCl, 5 mM MgCl2, 1 mM DTE and 5 % glycerol. 

The nucleotide content of all G proteins was determined by HPLC measurements. All proteins 

used displayed full nucleotide loading. Plasmids used for the generation of stable cell lines 

can be found below in the respective section. 

 

Cy5, FITC Labelling of BARTL1 For BARTL1133 the mutant C83A/E59C was constructed 

for labelling. 1 mg of protein was exchanged into 1 x PBS, 1 mM TCEP and incubated with a 



 

50-fold molar excess of Cy5 or FITC in DMSO, respectively for 3 hours at room temperature 

and further incubation overnight at 4°C. Following day the excess label was removed by a 

Desalting Column. The ratio of protein:label was determined 1:3, i.e. 30 % efficiency.  

 

Liposome Sedimentation Assay The phospholipids 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) sodium salt 

(DOPG), 1,2-dipalmitoyl-snglycero-3-phospho-(1'-rac-glycerol) sodium salt (DPPG), and 1,2-

dipalmitoyl-sn-glycero-3- phosphocholine (DPPC) were purchased from Avanti Polar Lipids 

(Alabaster, AL). Cholesterol (Chol) was from Sigma-Aldrich. 

DOPC:DOPG:DPPC:DPPG:Cholesterol were mixed in a molar ratio of  4:25:5:50:25 and 

vacuum dried. The dried lipid mix was resuspended in a buffer containing 20 mM Tris pH7.5, 

20 mM NaCl, 5 mM MgCl2, 1 mM DTE (buffer L) to a final concentration of 2.8 mM and 

sonicated at 65 °C for 15 min and subsequently subjected to nine freeze-thaw-vortex cycles. 

Afterwards, unilamellar vesicles of homogeneous sizes were obtained by using an extruder 

(Avanti Polar Lipids, Alabaster, AL) with polycarbonate membranes of 200 nm pore size at 

65 °C in presence of 40 μM GDP or GppNHp in buffer L. 2.8 mM of 200 μM liposomes were 

incubated with 20 μM Arl3 bound to GDP or GppNHp, respectively in the presence of 40 μM 

BARTL1133 for 30 min at room temperature. Liposomes were pelleted at 125,000 × g for 1 h 

30 min at 10°C in a TLA-45 rotor. The pellets were resuspended in buffer L, up to the same 

volume as the supernatant. Equal amounts of the supernatants and resuspended pellets 

volumes were analyzed by SDS-PAGE. 

 

Measurement of GTP hydrolysis by [ -32P]GTP charcoal method This was performed as 

described (Brinkmann et al., 2002; Miertzschke et al., 2011)

-32P]GTP in Buffer M was supplemen 2p 

to start the intrinsic GTPase reaction at 25°C. For investigation of RP2-stimulated GTP-



 

GTP-

hydrolysis was measured in absence and presence of 50 μM BARTL1 or BARTL1133. 

(50 g*l-1 charcoal in 20 mM phosphoric acid) to stop the reaction. The charcoal was pelleted 

and the amount of free 32Pi in the supernatant determined by scintillation counting. Data was 

plotted by showing the ratio of specific counts of supernatant over total counts of sample at 

each point. Data points were fitted to a first-order reaction to obtain rough kobs. 

 

Tandem affinity purification. HEK293T (human embryonic kidney, ATCC) cells were 

transfected for 48 hours with SF-TAP-Arl3D129N using polyethyleneimine (PEI, Polysciences) 

as a transfection reagent. Following transfection, cells were lysed in lysis buffer containing 30 

mM Tris HCl (pH 7.4), 150 mM NaCl, 0.5% Nonidet-P40 (NP40), freshly supplemented 

with protease inhibitor cocktail (Roche), phosphatase inhibitor cocktail II and III (Sigma), for 

20 minutes at 4°C. The Streptavidin- and FLAG-based tandem affinity purification steps were 

performed as previously described (Boldt et al., 2009; Gloeckner et al., 2007). 5% of the final 

eluate was evaluated by SDS-PAGE followed by silver staining, according to standard 

protocols, while the remaining 95% were subjected to protein precipitation with chloroform 

and methanol. Protein precipitates were subsequently subjected to mass spectrometry analysis 

and peptide identification as previously described (Texier et al., 2014). For one step Strep 

purifications, SF-TAP-tagged proteins and associated protein complexes were purified 

essentially as described earlier (Gloeckner et al., 2009a). HEK293T cells, transiently 

expressing the SF-TAP-tagged constructs were lysed in lysis buffer, containing 0.5% 

Nonidet-P40, protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktails II and III 

(Sigma-Aldrich) in TBS (30 mM Tris-HCl (pH 7.4), 150 mM NaCl), for 20 minutes at 4°C. 

After sedimentation of nuclei at 10,000 x g for 10 minutes, the protein concentration was 

determined by a Bradford assay, before equal amounts of each lysate were transferred to 



 

Strep-Tactin-Superflow beads (IBA) and were incubated for one hour at 4°C on an end-over-

end shaker. Then, the resin was washed three times with wash buffer (TBS containing 0.1% 

NP-40, phosphatase inhibitor cocktail II and III). The protein complexes were eluted by 

incubation for 10 minutes in Strep-elution buffer (IBA). The eluted samples were 

concentrated using 10 kDa cut-off VivaSpin 500 centrifugal devices (Sartorius Stedim 

Biotech) and pre-fractionated using SDS-Page. Afterwards, the samples were subjected to in-

gel tryptic cleavage as described elsewhere (Gloeckner et al., 2009b). 

 

Mass spectrometry and data analysis. LC-MS/MS analysis was performed on an 

Ultimate3000 nano RSLC system (Thermo Scientific) coupled to a LTQ Orbitrap Velos mass 

spectrometer (Thermo Scientific) by a nano spray ion source. Tryptic peptide mixtures were 

automatically injected and loaded at a flow rate of 6 μl/min in 0.1% trifluoroacetic acid in 

HPLC-

 

100 Å; Thermo Scientific) by a linear gradient from 2% to 35% of buffer B (80% actetonitrile 

and 0.08% formic acid in HPLC-grade water) in buffer A (2% acetonitrile and 0.1% formic 

acid in HPLC-grade water) at a flow rate of 300 nl/min over 80 minutes. Remaining peptides 

were eluted by a short gradient from 35% to 95% buffer B in 5 minutes. The eluted peptides 

were analyzed by a LTQ Orbitrap Velos mass spectrometer. From the high resolution MS pre-

scan with a mass range of 300 to 1500, the ten most intense peptide ions were selected for 

fragment analysis in the linear ion trap if they exceeded an intensity of at least 200 counts and 

if they were at least doubly charged. The normalized collision energy for CID was set to a 

value of 35 and the resulting fragments were detected with normal resolution in the linear ion 

trap. The lock mass option was activated; the background signal with a mass of 445.12003 



 

was used as lock mass. Every ion selected for fragmentation, was excluded for 20 seconds by 

dynamic exclusion.  

MS/MS data were analyzed, using Mascot (version 2.4.1, Matrix Science, Boston, MA, 

USA). Mascot was set up to search the human subset of the Swiss Prot database (Release 

2013_12, 20248 entries), assuming trypsin as the digestion enzyme. Mascot was searched 

with a fragment ion mass tolerance of 1 Da and a parent ion tolerance of 10.0 PPM. Oxidation 

of methionine and was specified as variable modification, iodoacetamide derivative of 

cysteine as fixed. The Mascot results were loaded in Scaffold (version Scaffold_4.4.1.1, 

Proteome Software Inc., Portland, OR) to validate MS/MS based peptide and protein 

identifications. Peptide identifications were accepted if they could be established at greater 

than 95.0% probability as specified by the Peptide Prophet algorithm (Keller et al., 2002). 

Protein identifications were accepted if they could be established at greater than 95.0% 

probability and contained at least 2 identified peptides. Protein probabilities were assigned by 

the Protein Prophet algorithm (Nesvizhskii et al., 2003). Proteins, which contained similar 

peptides and could not be differentiated based on MS/MS analysis alone, were grouped to 

satisfy the principles of parsimony.  

 

Quantification of cilia number and length 

Cilia length quantification of parental IMCD3 FlpIn cells and stable Arl3 WT, Arl3 L4D, 

Arl3 F51A cell lines was performed using Fiji software. After setting the scale, the length was 

measured by hand using the segmented line tool. For each cell line, approximately 100 cells 

were analyzed. Data were illustrated in Microsoft Excel plotting rounded cilia length values 

(μm) against the number of corresponding cells and average length values were calculated for 

each cell line. 
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These were the main conclusions from this publication 

 Arl3 localizes to the cytosol and to primary cilia of IMCD3 cells, where it is enriched at the 

basal body and in the transition zone.  

 The N-terminal amphipathic helix of Arl3 is the main determinant for its ciliary localization 

in contrast to the non-ciliary Arl2 and is essential but not sufficient for ciliary localization.  

 The Arl3 GAP RP2 is excluded from cilia of IMCD3 cells.  

 CCDC104 is a ciliary protein that accumulates in the transition zone. Its BART-like domain 

alone is not sufficient to localize to cilia.  

 The ciliary localization of Arl3 does not directly depend on CCDC104 or vice versa.  

 The interaction of CCDC104 and Arl3 might support the creation of a driving force for the 

entry of lipidated cargo proteins of PDE6 /Unc119a/b to cilia.  
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3 Publication II 

 

PDE6 -mediated sorting of INPP5E into the cilium is determined by cargo-

carrier affinity 

 

Eyad K. Fansa*, Stefanie K. Kösling*, Eldar Zent, Alfred Wittinghofer and Shehab Ismail 

(2016). Nature Communications 7:11366, 1-9. (* Co-first authors) 
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These were the questions to be answered by this publication

What determines the sorting of farnesylated cargo of PDE6  to different membrane 

compartments? 

Which role do PDE6  and the GTP-specific releasing factors Arl2 and Arl3 play for the 

sorting of farnesylated PDE6  interacting proteins? 

Exemplary: Both farnesylated proteins INPP5E and Rheb interact with PDE6 , but why 

does Rheb localize to endomembranes, whereas INPP5E localizes to primary cilia? 

Why does INPP5E almost exclusive localize to cilia? 

Contribution of 45 %

Plasmid generation and mutagenesis for transfection of IMCD3 cells.

Cell cultivation, generation of stable GFP cell lines (INPP5E, INPP5E(KS), Rheb, 

Rheb(SI)), validation by western blotting.

Cell fixation, IF staining, fluorescence microscopy of the cell lines above, image processing

Quantification of the fold of ciliary enrichment of Rheb(SI).

RNAi knockdown study of Arl3 in the INPP5E cell line, validation by western blotting and 

quantification of the fold of ciliary enrichment of INPP5E.

Writing of the methods section in the manuscript regarding IMCD3 cell experiments.

Declaration: Reprinted (adapted) with permission from Nature Communications

Copyright © 2016, Springer Nature, Creative Commons Attribution License (CC BY)

DOI: 10.1038/ncomms11366 





















 

 

 
 

 
Supplementary Figure 1: INPP5E release is dependent on the N-terminal helix of 

 Fluorescence polarization measurements of 0.2 μM TAMRA-labeled 

Arl3fl or Arl3  (arrow). 

 



 
 

(a) Sequence alignment of C-

ted 

cysteine is highlighted in black; residues at the -1 and -3 positions upstream of the 

cysteine are highlighted in red (b) Titrations of a complex between 0.5 μM FITC-labeled 

(right) peptides. Titration data were fitted with a competition model. 

 

 

 

 

 

 

 

 



 
Supplementary Figure 3: Mislocalization of low affinity mutant of INPP5E towards 

 Localization of either INPP5E(WT) or INPP5E(KS) (green) in IMCD3 cells 

which were stably transfected with the GFP-tagged proteins. White bar indicates 5 μm. 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 



 
Supplementary Figure 4: Ciliary enrichment of INPP5E is dependent on Arl3. 
Localization of INPP5E (green) in IMCD3 cells which were stably transfected with the 

GFP-tagged protein followed by the transfection with either control siRNA or siRNA 

directed against Arl3. White bar indicates 5 μm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Supplementary Figure 5: A stereo image of a portion of the 2Fo Fc electron density 
map. Representative electron density, as a cross-eyed stereo pair 

Try90, Phe91 and Phe92 of F-INPP5E-  complex structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Supplementary Figure 6: Full scans of western blots used in the main figure. (a) Blot 

against GFP-INPP5E from the GST pull-down. (b) Blot against GFP-INPP5E from the 

total cell lysate. (c) Blot against GST-  the GST pull-down. Black arrows 

indicate the target proteins. 

 
 
 

 
 

 
 

 
 

 
 



Supplementary table 1:  Data collection and refinement statistics (molecular 

replacement). 
 F-INPP5E-

 

Data collection  

Space group C2221 

Cell dimensions   

    a, b, c (Å) 77.47, 81.20, 117.21 

 ( )  90.00, 90.00, 90.00 

Resolution (Å) 19.53-1.85 (1.9-1.85) 

Rsym or Rmerge 9.7 (67.2) 

I / I 10.42 (3.09) 

Completeness (%) 99.8 (100.0) 

Redundancy 6.39 (6.58) 

Rmeas 10.5 (69.1) 

Rpim 4.1 (26.0) 

  

Refinement  

Resolution (Å) 19.53-1.85 (1.9-1.85) 

No. reflections 31895 (2396) 

No. collected reflections 203615 (15773) 

Rwork / Rfree 17.3/20.7 (24.0/29.6) 

No. atoms  

    Protein 2434 

    Ligand/ion 112 

    Water 89 

B-factors  

    Protein 34.0 

    Ligand/ion 39.66 

    Water 39.84 

R.m.s. deviations  

    Bond lengths (Å) 0.0201 

    Bond angles ( ) 2.0109 

Ramachandran plotstatistics  

Favoured region (%) 98.3 



Allowed region (%) 1.7 

Outlier region (%) 0.0 

PDB code 5F2U 

Numbers in parentheses represent the highest-resolution bin. 
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These were the main conclusions from this publication 

 INPP5E localizes to cilia of IMCD3 cells, whereas Rheb localizes to endomembranes.  

 The ciliary localization of INPP5E depends on PDE6  and on Arl3.  

 The affinity towards PDE6  determines the sorting of farnesylated cargo: High affinity 

cargo such as INPP5E localizes to cilia, where it is released by Arl3•GTP, whereas low 

affinity cargo localizes to other inner membranes, where it is released by Arl2•GTP.  

 The -1 and -3 positions relative to the farnesylated cysteine of INPP5E, which are the main 

determinants of the high affinity to PDE6 , are suggested as ciliary sorting signals.  
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4 Publication III 

 

Novel biochemical and structural insights into the interaction of 

myristoylated cargo with Unc119 protein and their release by Arl2/3 

 

Mamta Jaiswal*, Eyad K. Fansa*, Stefanie K. Kösling, Tom Mejuch, Herbert Waldmann, and 

Alfred Wittinghofer (2016). The Journal of Biological Chemistry 291(39), 20766-20778.  

(* Co-first authors) 
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These were the questions to be answered by this publication

Unc119a/b and PDE6  are homologs and shuttle lipidated proteins to different membrane 

compartments - Is there a similar sorting principle of myristoylated cargo of Unc119a/b as 

it was shown for the sorting of farnesylated PDE6  cargo? 

What determines the sorting of myristoylated NPHP3 to primary cilia and which role do 

Unc119a/b play? 

Contribution of 20 %

Plasmid generation and mutagenesis for transfection of IMCD3 cells.

Cell cultivation, generation of stable mCherry cell lines (NPHP3(1-203/WT), 

NPHP3(NK)), validation by western blotting.

Cell fixation, IF staining, fluorescence microscopy of the cell lines above, image processing.

Quantification of the fold of ciliary enrichment of NPHP3(WT) and NPHP3(NK).

Writing of the methods section in the manuscript regarding IMCD3 cell experiments.

Declaration: Reprinted (adapted) with permission from The Journal of Biological Chemistry

Copyright © 2016, American Society for Biochemistry and Molecular Biology

DOI: 10.1074/jbc.M116.741827
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These were the main conclusions from this publication 

 The sorting principle of myristoylated cargo proteins of Unc119a/b is similar to that of 

farnesylated cargo by PDE6 .  

 The affinity towards Unc119a/b determines the sorting of myristoylated cargo: High affinity 

cargo such as NPHP3 localizes to cilia, where it is released by Arl3•GTP, low affinity cargo 

is excluded from cilia and is released by Arl2•GTP.  

 The +2 and +3 positions relative to the myristoylated glycine of the cargo protein determine 

the affinity towards Unc119a/b and might act as ciliary sorting signals of NPHP3.  
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5 Publication IV 

 

Mechanism and dynamics of INPP5E transport into and inside the ciliary 

compartment 

 

Stefanie K. Kösling, Eyad K. Fansa, Stefano Maffini* and Alfred Wittinghofer* (2018). 

Biological Chemistry 399(3), 277-292. (* Co-corresponding authors) 
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These were the questions to be answered by this publication

Analyzed in living cells, does INPP5E exclusively localize to cilia? 

What is the mechanism of INPP5E targeting to and entry into cilia? What are the roles of 

PDE6  and the dynein/IFT system? 

Does INPP5E move within cilia and if yes, how is the innerciliary transport regulated? Are 

PDE6  or the IFT system involved? 

What is the role of the farnesylation of INPP5E for ciliary localization, targeting, entry and 

innerciliary transport? 

How does Arl3 move in the cytosol, into and within cilia? Does it depend on active 

transport? 

Contribution of 90 %

Plasmid generation and mutagenesis for transfection of IMCD3 cells.

Cell cultivation, generation of stable GFP cell lines (INPP5E, INPP5E(CA)), validation by 

western blotting.

Cell fixation, IF staining and fluorescence microscopy of the cell lines above, image 

processing.

Quantification of the fold of ciliary enrichment of INPP5E and INPP5E(CA).

Confocal fluorescence microscopy for live cell imaging, FRAP experiments of the cell lines 

above and of the Arl3-GFP cell line, inhibitor experiments (ciliobrevin D, Deltazinone 1), 

image and video processing.

For FRAP: Quantification of the fluorescence intensity values of signal recovery after 

bleaching, kymograph analysis and velocity determination of GFP signal recovery.

Writing of the manuscript.

Declaration: Reprinted (adapted) with permission from Biological Chemistry

Copyright © 2018, Walter de Gruyter GmbH

DOI: https://doi.org/10.1515/hsz-2017-0226
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Mechanism and dynamics of INPP5E transport into and inside the ciliary 
compartment 
 
 

Stefanie Kristine Kösling, Eyad Kalawy Fansa, Stefano Maffini and Alfred Wittinghofer 
 
 

Declaration: Reprinted (adapted) with permission from  

Copyright © 2018, Walter de Gruyter GmbH 

https://doi.org/10.1515/hsz-2017-0226 
 
 
 
 

Supplementary Figures 
 

 
 

Supplementary Figure 1: Transport of INPP5E in anterograde and retrograde direction illustrated in a 

single cilium. 

Kymographs generated from FRAP experiments after bleaching the middle region of the ciliary GFP-

INPP5E(WT) fluorescence of (A) untreated cells or (B) after preincubation for 26 min with 50 μM 

ciliobrevin D.  

 

 

 

 

 

 



 

 

 

 
 

Supplementary Figure 2: Innerciliary transport of INPP5E after short treatment with Ciliobrevin D.  

Fluorescence recovery after partial bleach of the ciliary fluorescence of GFP-INPP5E(WT). Time 

lapses of the same cilium after bleaching the signal (A) at the tip and 3 min preincubation or (B) at the 

base and 7 min preincubation with 50 μM ciliobrevin D. Scale bars indicate 2 μm.  

 

 

  



 

 

 

 
 

Supplementary Figure 3: Analysis of FRAP data.  

Exemplary image showing localization of GFP-INPP5E(WT) before (left panel) and after partial 

bleaching (right panel) of the ciliary fluorescence during a FRAP experiment. Scale bar indicates 5 μm. 

Mean fluorescence intensities for images of the time lapse were processed according to the formula 

shown, including correction for photobleaching and background. The data were plotted against the 

time as shown in the Figures 4C,G (method modified from Chen and Huang, 2001).  

 

 

  



 

 

 

 
 

Supplementary Figure 4: Expression levels of wild type and CaaX box mutant INPP5E.  
Lysates of stable cell lines expressing GFP-INPP5E(WT) or GFP-INPP5E(C644A) with the same total 

protein concentrations were analyzed by SDS-PAGE and immunoblotting using an antibody against 

GFP (1:500; Santa Cruz Biotechnology sc-9996). The cell lines show similar expression levels of 

either wild type or mutant INPP5E. 

 

 

  



Supplementary Video Material 
 
Video 1: FRAP experiment in IMCD3 cells after bleaching the complete ciliary fluorescence of GFP-

INPP5E(WT). 

 

Video 2: FRAP after bleaching the complete ciliary fluorescence of GFP-INPP5E(WT), after 21 min 

preincubation with 50 μM ciliobrevin D.  

 

Video 3: FRAP after bleaching the complete ciliary fluorescence of GFP-INPP5E(WT), after 

1 h 24 min preincubation with 5 μM Deltazinone 1.  

 

Video 4: FRAP after bleaching the complete ciliary fluorescence of Arl3-GFP.  

 

Video 5: FRAP after bleaching the complete ciliary fluorescence of Arl3-GFP, after 1 h 40 min 

preincubation with 30 μM ciliobrevin D.  

 

Video 6: FRAP after bleaching the fluorescence of GFP-INPP5E(WT) at the ciliary tip region.  

 

Video 7: FRAP after bleaching the fluorescence of GFP-INPP5E(WT) at the tip region, after 

1 h 20 min preincubation with 50°μM ciliobrevin D.  

 

Video 8: GFP-INPP5E(WT) FRAP after bleaching the fluorescence at the tip region, after 2 h 15 min 

preincubation with 30 μM Deltazinone 1.  

 

Video 9: FRAP after bleaching the fluorescence of GFP-INPP5E(C644A) at the tip region.  

 

Video 10: FRAP after bleaching the fluorescence of GFP-INPP5E(C644A) at the base region, after 

15 min preincubation with 50 μM ciliobrevin D.  

 

Video 11: FRAP after bleaching the complete ciliary fluorescence of GFP-INPP5E(C644A).  
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These were the main conclusions from this publication 

 A normal localization of INPP5E to cilia depends on its farnesylation, and PDE6  and the 

dynein system are crucial for ciliary sorting and entry of INPP5E.  

 The innerciliary transport of INPP5E is mediated by the IFT system and independent from 

its farnesylation or PDE6  activity.  

 The INPP5E CaaX box mutant accumulates at centrioles and enters cilia by an affinity trap 

mechanism that for the wild type is overcome by the interaction with PDE6 .  

 A three-step mechanism was postulated to regulate INPP5E ciliary localization and consists 

of PDE6 - and farnesylation-mediated targeting, diffusion of the INPP5E-PDE6  complex 

into the cilium with transfer to the IFT system, and innerciliary retention.  

 Arl3 moves into and within cilia by diffusion and independently of dynein/IFT.  
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6 Discussion 

Transport processes of ciliary proteins are highly regulated, and their sorting and retention 

mechanisms mostly remain unclear. Arl2 and Arl3 act as GTP-dependent release factors for 

lipidated cargo proteins from PDE6  and Unc119a/b (Linari et al., 1999; Sharer and Kahn, 

1999; Van Valkenburgh et al., 2001; Hanzal-Bayer et al., 2002; Kobayashi et al., 2003; Wright 

et al., 2011; Jaiswal et al., 2016) and were found to be involved in the cellular sorting of 

lipidated proteins. Despite Arl2 and Arl3 sharing a high degree of similarity, Arl3 exclusively 

localizes to the primary cilium (Avidor-Reiss et al., 2004; Zhou et al., 2006; Lokaj et al., 2015). 

The ciliary compartment was described as an Arl3•GTP domain due to the findings that the 

Arl3 GEF Arl13B is only found in the cilium, whereas the GAP RP2 is localized in the cytosol 

and accumulates around the basal body (my data, master thesis, 2013) (Grayson et al., 2002; 

Caspary et al., 2007; Veltel et al., 2008a; Gotthardt et al., 2015; Lokaj et al., 2015; Fansa and 

Wittinghofer, 2016).  

This thesis focuses on the localization and transport processes of lipidated cargo proteins of 

PDE6  and Unc119a/b, and of Arl3, using cell biological techniques. In particular, the ciliary 

transport of the farnesylated PDE6  cargo protein INPP5E and of the myristoylated Unc119a/b 

cargo NPHP3 was analyzed. This work is based on four peer-reviewed publications.  

 

6.1 The interaction of CCDC104/BARTL1 with Arl3 and implications for ciliary 

function 

The first paper focuses on Arl3 and the CCDC104/BARTL1 protein. The ciliary and cytosolic 

localization of Arl3 and the exclusion of Arl2 from cilia were confirmed in IMCD3 cells, as 

shown by GFP fluorescence and immunofluorescence microscopy. Besides the axonemal 

localization, Arl3 is enriched in the ciliary transition zone and in the basal body region. The 

major structural difference between Arl2 and Arl3 is located in the N-terminal amphipathic 

helix and it was assumed that the amphipathic helix of Arl3 determines its ciliary localization. 

Indeed, the ciliary localization of a truncation variant of Arl3 that lacks the N-terminal helix 

(17 amino acid residues) was completely abrogated. However, the Arl3 helix alone was shown 

to be not sufficient as ciliary targeting signal, because a chimeric protein of Arl2, where the 

Arl2 N-terminal helix was exchanged against the Arl3 helix, did not localize to cilia (Lokaj et 

al., 2015). A further important difference between Arl3 and Arl2 is their membrane interaction 



6 Discussion 

133 
 

behavior with respect to the nucleotide loading state. Arl3 and other Arf proteins interact with 

membranes via their amphipathic helix, which kinks out in the GTP-bound state. However, the 

interaction of Arl2 with membranes is independent of the bound nucleotide. Thus, it was 

suggested that after activation due to exchange to GTP, Arl3 develops a new affinity to the 

ciliary membrane and that this might be the reason for its ciliary localization (Kapoor et al., 

2015). Taken together, the N-terminal helix is essential but not sufficient for ciliary localization 

of Arl3. It is possible that the entire protein sequence is needed to target Arl3 to cilia, and/or 

that the protein contains a specific retention signal apart from the N-terminus. Further 

experiments are required to elucidate the determinant of Arl3 ciliary localization in contrast to 

Arl2 in more detail. For example, different truncation mutants of Arl3 in presence of the N-

terminal helix could be analyzed according to their ciliary localization to find more ciliary 

targeting sequences besides the helix.  

CCDC104, which was discovered as new binding partner of Arl3 (and Arl2) and as a BART-

like effector (Mandy Lokaj), was identified as ciliary protein that accumulates, similar to Arl3, 

in the transition zone. The interaction of CCDC104 and Arl3 was examined by crystal structure 

determination of a complex between CCDC104 (1-133) and Arl3•GppNHp (PDB: 4ZI2), 

showing that the Arl3 N-terminal helix has a conserved LLxILxxL (L = leucine, I = isoleucine, 

x = any amino acid) motif which mediates the interaction with CCDC104. The interaction is 

drastically weakened when the Arl3 N-terminus is deleted. Structure alignment revealed that 

CCDC104 contains an N-terminal BART-like domain (amino acid residues 1-133) (Mandy 

Lokaj). The BART-like domain itself is not able to enter cilia, shown by GFP fluorescence of a 

truncated protein. This leads to the conclusion that either the complete protein structure is 

required for ciliary entry or that a ciliary targeting signal might be located in the middle or C-

terminal region of CCDC104.  

Two Arl3 mutants, L4D (L = leucine, D = aspartate) and F51A (F = phenylalanine, A = alanine), 

that show an interaction with CCDC104 weaker than the wild type, were analyzed for their 

ciliary localization. Mutation of phenylalanine 51 leads to an approximately 100-fold reduction 

of Arl3 affinity towards CCDC104, whereas the mutation of leucine 4 leads to a ten-fold affinity 

reduction (Mandy Lokaj). In cells, Arl3 L4D fails to localize to cilia, whereas the F51A mutant 

unexpectedly is still able to enter cilia. The mutation of leucine 4, that is part of the amphipathic 

helix, might disturb a possible interaction of Arl3 with membranes, which is mediated by this 

helix. Thus, it was concluded that the interaction between Arl3 and CCDC104 does not mediate 

the ciliary localization of Arl3. To analyze this in more detail, knockdown experiments using 

siRNAs were conducted. Arl3 knockdown did not show any effect on CCDC104 ciliary 
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localization. Similarly, knockdown of CCDC104 did not impact localization of Arl3. This led 

to the conclusion that Arl3 and CCDC104 do not depend on each other for ciliary entry (Lokaj 

et al., 2015). Nevertheless, it should be considered that in contrast to a knockout a knockdown 

is not complete and that the small remaining portion of the protein could still rescue the 

knockdown. Further cell biological experiments, for example using the CRISPR/Cas9 system 

to generate a knockout of either Arl3 or CCDC104 genes, will be required. However, an Arl3 

knockout might interfere with a normal cilia formation and create difficulties to execute this 

experiment, as Arl3 deletion in mice was shown to lead to phenotypes which resemble that of 

Joubert and Bardet-Biedl syndromes (Hanke-Gogokhia et al., 2016).  

Two possible not mutually exclusive functions of the Arl3-CCDC104 interaction were 

discussed. Arl3•GTP is expected to localize inside the ciliary compartment and it was shown 

before that the N-terminal helix and the loaded nucleotide decide about the binding of Arl3 to 

membranes. Because CCDC104 among other contact sites interacts with the N-terminus of 

GTP-bound Arl3, which is thought to interact with membranes, it was proposed that CCDC104 

might reduce or inhibit the interaction of Arl3•GTP with membranes. This could lead to a 

preferential hydrolysis of Arl3-bound GTP mediated by the GAP RP2 outside of the cilium in 

the basal body region. A superimposition of the structure of the Arl3-CCDC104 (1-133) 

complex (PDB: 4ZI2) (Lokaj et al., 2015) with the structure of a complex between Arl3 D129N 

(D = aspartate, N = asparagine) and RP2 (PDB: 3BH6) (Veltel et al., 2008a), revealed the 

possibility of a triple complex formation between CCDC104, Arl3 and RP2. Because an 

addition of RP2 to the complex of Arl3•GppNHp and CCDC104 (1-133) resulted in complex 

dissociation, the assumed triple complex would probably be only transient. It was supposed that 

Arl3 is displaced from CCDC104 and an Arl3•GppNHp-RP2 complex is formed. It was tested 

that CCDC104 does not have an effect on either the RP2-mediated or the intrinsic GTP 

hydrolysis of Arl3 (Mandy Lokaj). However, the fact that CCDC104 localizes in the transition 

zone above the RP2 region around the basal body could trigger the exit of the complex of 

Arl3•GTP with CCDC104 from the ciliary compartment to the basal body region and 

subsequent RP2 assisted hydrolysis of GTP.  

Assuming the ciliary compartment as an Arl3•GTP domain and the possible roles of CCDC104 

described herein, the interaction of Arl3 and CCDC104 might support the creation of an 

energetic driving force for ciliary localization of PDE6 /Unc119a/b cargo proteins (Lokaj et 

al., 2015). Further biochemical and cell biological experiments will be required to elucidate the 

cellular and ciliary functions of CCDC104 and the corresponding mechanisms of the interaction 

with Arl3 and possible further interaction partners in more detail. For instance, phenotypic cell 
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analyses after a complete knockout of CCDC104 would be interesting, especially with a focus 

on the localization and trafficking of Arl3 and of PDE6 /Unc119a/b cargo proteins. The 

biochemical measurements and the structure determination of CCDC104, that comprise mainly 

the BART-like domain, could be expanded to experiments with the full length CCDC104 

protein to get an insight in the role of the C-terminal domain.  

 

6.2 PDE6 -mediated sorting of INPP5E into the cilium is determined by cargo-carrier 

affinity 

The cellular sorting of farnesylated cargo proteins of PDE6 , either to the ciliary membrane or 

to other inner membranes, was analyzed with a focus on the molecular details of the cargo-

carrier interaction, and the biochemical results were tested in cells (Fansa et al., 2016). It was 

known that both INPP5E and Rheb are farnesylated proteins that bind to the hydrophobic pocket 

of PDE6  via the farnesyl moiety (Hanzal-Bayer et al., 2002; Zhang et al., 2004; Ismail et al., 

2011). However, the cargo proteins localize to different membrane compartments. INPP5E 

almost exclusively localizes to cilia, whereas Rheb is found at endomembranes. Because 

PDE6  is known as shuttling factor of prenylated proteins, the question about the sorting 

process to different membrane compartments was raised. Fluorescence polarization 

measurements of PDE6  and farnesylated peptides of INPP5E or Rheb revealed a striking 

difference of the affinities of 100-fold of INPP5E and Rheb towards PDE6 . INPP5E has a high 

affinity towards PDE6  in the low nanomolar range, whereas Rheb is a low affinity binder with 

an affinity in the submicromolar range (Eyad Fansa).  

To understand the determinants of the affinity difference on the molecular level, crystal 

structures of PDE6  in complex with farnesylated peptides of INPP5E (PDB: 5F2U) or Rheb 

(PDB: 3T5G) were solved and compared. It was found, that the -1 and -3 positions relative to 

the farnesylated cysteine of the cargo protein were decisive for high or low affinity (Eyad 

Fansa). Further biochemical and cell biological experiments showed these positions and the 

level of affinity towards PDE6  to determine the sorting of the farnesylated protein. Therefore, 

the -1 and -3 positions might act as ciliary targeting signals, albeit further signals cannot be 

excluded. Swapping of the amino acids at these positions in INPP5E from high to low affinity 

determinants resulted in biochemically measurable lower affinity (Eyad Fansa) and to 

mislocalization of mutant low affinity INPP5E to the cytosol combined with a much weaker 

ciliary localization. Also, swapping the correspondent positions in Rheb to high affinity 
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residues led to a partial ciliary localization of mutated Rheb, whereas the wild type was 

excluded from cilia (Fansa et al., 2016). These findings are in line with experiments showing 

that after deletion of PDE6 , GRK1 with a high affinity towards PDE6  mislocalizes, whereas 

the transducin -subunit T  with a low affinity shows an almost normal localization (Zhang et 

al., 2007).  

Furthermore, it was shown by fluorescence polarization measurements that INPP5E is only 

released from PDE6  by Arl3•GTP, whereas Rheb is released by both Arl3•GTP or Arl2•GTP 

(Eyad Fansa). The importance of the Arl3 specific release of INPP5E to cilia was confirmed by 

knockdown experiments in cells stably expressing GFP-INPP5E using specific siRNAs against 

Arl3, resulting in a loss of the exclusive ciliary localization of INPP5E (Fansa et al., 2016). This 

result contrasts with results by Humbert et al. and Thomas et al., who claimed that a knockdown 

of Arl3 would not have any effect on INPP5E localization (Humbert et al., 2012; Thomas et al., 

2014). However, these contrasting results could be explained by an analysis of INPP5E 

localization with different parameters. Humbert et al. and Thomas et al. only focused on 

INPP5E positive cilia, neglecting the cytosolic portion after the knockdown. However, an 

analysis of the ratio of INPP5E localization in cilia relative to the cytosolic localization as 

shown in Fansa et al. (2016) revealed an obvious mislocalization of INPP5E after Arl3 

downregulation.  

Collectively, this paper showed that INPP5E with high affinity to PDE6  is sorted to the ciliary 

compartment, where it is released by ciliary Arl3•GTP. The low affinity binder Rheb is released 

outside of cilia at endomembranes by cytoplasmic Arl2•GTP. The PDE6 -dependent sorting 

mechanism of farnesylated proteins to different membrane compartments was summed up in a 

three-step model, composed of cargo-carrier binding, specific cargo release and retention. It 

was postulated that this newly described sorting principle might be a general principle for the 

sorting of farnesylated cargo proteins to their individual membrane destination. The affinity 

towards PDE6 , the specific release by Arl2 or Arl3 and unknown retention signals were 

supposed to be responsible for the sorting and accumulation of farnesylated proteins at specific 

membranes (Fansa et al., 2016).  

The results about the PDE6 -mediated sorting of INPP5E exhibit analogies to studies about the 

PDE6 -mediated localization of prenylated Ras proteins. It was known that PDE6  regulates 

the membrane association of Ras and Rap proteins, independently of their nucleotide state, by 

solubilizing them from membranes (Nancy et al., 2002). Moreover, PDE6  was shown to 

maintain the dynamic distribution of K-Ras and H-Ras over intracellular membranes. Due to 



6 Discussion 

137 
 

binding of the Ras protein, PDE6  solubilizes it and thereby increases its cytoplasmic diffusion. 

Polycationic Ras proteins are more effectively trapped at the plasma membrane and 

depalmitoylated Ras proteins are trapped at the Golgi. Thus, PDE6  enhances the H-/K-Ras 

signaling due to enrichment of Ras at the plasma membrane (Chandra et al., 2012; Philips, 

2012; Schmick et al., 2014, 2015). The Arl2/3-mediated cargo release from PDE6  was initially 

shown for farnesylated Rheb and K-Ras (Ismail et al., 2011; Schmick et al., 2014).  

The publication by Fansa et al. (2016) gave new insights to the sorting mechanism of INPP5E 

to cilia in the context of PDE6  and brought clarity into former discrepancies in the literature. 

In the study by Humbert et al. it was claimed that a C-terminal truncated MORM-related mutant 

INPP5E, that cannot interact with PDE6 , would have a normal ciliary localization (Humbert 

et al., 2012). However, the results by Fansa et al. are in line with two former studies by Jacoby 

et al. and Thomas et al. Both studies highlight the importance of the farnesylated C-terminus of 

INPP5E for the localization to cilia, shown by mislocalization of the MORM truncation mutant 

(Jacoby et al., 2009; Thomas et al., 2014). Furthermore, the INPP5E CaaX box mutant lost the 

ciliary enrichment and accumulated in the transition zone. These findings already suggested a 

connection between INPP5E ciliary localization and PDE6 , because INPP5E interacts with 

PDE6  via the farnesylated C-terminus. This was shown in an immunoprecipitation assay, 

where the CaaX box mutant fails to interact with PDE6  (Thomas et al., 2014).  

To support the findings described here and to study the localization and role of INPP5E in cilia, 

it was suggested to test in living cells small molecules that might inhibit PDE6  and thus the 

interaction with farnesylated cargo, especially INPP5E. This was done with the experiments 

presented in the fourth publication and will be discussed there.  

 

6.3 Novel biochemical and structural insights into the interaction of myristoylated cargo 

with Unc119 protein and their release by Arl2/3 

Because Unc119a/b are homologs of PDE6  and bind to myristoylated proteins via their 

hydrophobic pocket, the question was if a similar or resembling principle as described for the 

sorting of farnesylated proteins by PDE6  could be found for the sorting of myristoylated 

proteins by Unc119a/b. To answer this question, biochemical and structural experiments were 

conducted (Mamta Jaiswal) and were verified by cell biological experiments (Jaiswal et al., 

2016).  

In former studies, affinity measurements of myristoylated NPHP3-, GNAT-1- and Src- peptides 
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to Unc119a or Unc119b were already performed (Wright et al., 2011; Zhang et al., 2011; Ismail 

et al., 2012; Mejuch et al., 2015). In the study by Jaiswal et al., myristoylated peptides of the 

ciliary proteins NPHP3, Cystin1 and GNAT-1 (Tao et al., 2009; Shiba et al., 2010; Zhang et al., 

2011), and of the non-ciliary proteins RP2 and Src kinase were analyzed for their affinities 

towards Unc119 proteins. For the NPHP3, Cystin1 and GNAT-1 peptides, high affinities in the 

picomolar to low nanomolar range were found. However, the Src peptide has a submicromolar 

and thus low affinity and is not known to have any relation to the ciliary compartment (Jaiswal 

et al., 2016). For a myristoylated peptide of RP2, that localizes around the basal body without 

entering cilia, an intermediate affinity in the double-digit nanomolar range was determined 

(Mamta Jaiswal) (Grayson et al., 2002; Lokaj et al., 2015; Jaiswal et al., 2016). These results 

about Unc119a/b cargo resemble the findings about PDE6  cargo proteins, revealing that high 

affinity cargo localizes to cilia.  

Furthermore, it was asked whether the Arl3•GTP specific release of high affinity ciliary proteins 

as observed for farnesylated proteins from PDE6  could also be applied to the release of 

myristoylated proteins from Unc119a/b. Indeed, it was shown earlier that NPHP3 and Cystin1 

were specifically released from Unc119a by Arl3•GTP, but not Arl2•GTP (Wright et al., 2011; 

Ismail et al., 2012). Here, it was also found using fluorescence polarization that the peptides 

with high affinity, such as NPHP3 and Cystin1, were only released by Arl3•GTP, but low 

affinity peptides by both Arl2•GTP and Arl3•GTP. Excluded from this is the high affinity 

GNAT-1 peptide. Arl2 releases it at least partially from Unc119b, but not from Unc119a. The 

reason could be a lower affinity of GNAT-1 to Unc119b, which was found to be 10-fold lower 

with respect to that to Unc119a (Mamta Jaiswal).  

Unc119 proteins bind to myristoylated ciliary proteins with higher affinities than to Arl3. Thus, 

for Arl3•GTP to release this cargo from Unc119a/b requires a high concentration within cilia, 

which is likely to persist in the exclusive localization of Arl3•GTP within this small 

compartment. Furthermore, a retention signal of the ciliary proteins, provided by the ciliary 

membrane or other ciliary proteins, might support a complete release. The differentiation 

between high and low affinity Unc119a/b cargo in context with the cargo localization was a 

novel finding and the working hypothesis of being a parallel system to PDE6 -mediated sorting 

of farnesylated proteins could be confirmed.  

A crystal structure of Unc119a (58-240) with a myristoylated high affinity NPHP3 peptide 

(PDB: 5L7K) revealed that the +2 and +3 positions relative to the myristoylated glycine seem 

to determine the high affinity and might be involved in ciliary sorting (Mamta Jaiswal). This 

was underlined by cell biological experiments, showing a mutant NPHP3 construct, where the 
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+2 and +3 positions were swapped to low affinity residues. Such a construct partially 

mislocalized to the cytosol. That a partial ciliary localization still exists might result from 

unknown additional targeting or a retention signal in NPHP3, as also supposed for INPP5E 

before. Therefore, the +2 and +3 positions were suggested to be important in the distinction of 

low and high affinities of myristoylated proteins to Unc119a/b and to be decisive for ciliary 

sorting of high affinity cargo. A similar binding mode of Unc119a and Unc119b to 

myristoylated proteins can be expected, because the residues in the hydrophobic pockets of the 

Unc119 proteins are conserved (Jaiswal et al., 2016).  

These results were an important step towards understanding the sorting principle of 

myristoylated proteins. However, more experiments are required to support the hypothesized 

mechanism leading to ciliary localization of NPHP3 and other ciliary cargo proteins in more 

detail. For example, structural and cell biological localization studies as shown here for 

Unc119a and an NPHP3 peptide, could be repeated for other ciliary cargo proteins, such as 

Cystin1. Moreover, localization analyses of low affinity cargo after swapping the +2 and +3 

positions to that of high affinity ones, as shown for Rheb in the study by Fansa et al. (2016), 

could confirm the hypothesis by Jaiswal et al. It should be mentioned for NPHP3 that, besides 

the high affinity towards Unc119a/b mediated by the +2 and +3 positions, also the 

myristoylation and N-terminal coiled-coil domains of NPHP3 are known to control its ciliary 

targeting (Nakata et al., 2012). Furthermore, the dynamics of NPHP3 and Cystin1 could be 

examined in living cells, for example, if the ciliary entry and innerciliary transport depend on 

the IFT system as it was shown for INPP5E using ciliobrevin D (Kösling et al., 2018). Also, an 

inhibition of Unc119 proteins in living cells and the effects on NPHP3 and Cystin1 localization 

would be interesting, and a mislocalization would underline the results found by Jaiswal et al. 

Therefor the recently developed small molecule inhibitor for Unc119, squarunkin A, that was 

shown to impair the activation of Src kinase, could be used (Mejuch et al., 2017). A similar 

experiment could be conducted by a knockout of the Unc119a/b genes instead of protein 

inhibition. In Caenorhabditis elegans, Unc119 deletion resulted in a mislocalization of 

myristoylated ODR-3 and GPA-13, however leading to a complex phenotype (Zhang et al., 

2011). RNAi-mediated knockdown experiments were already published, showing a 

mislocalization of NPHP3 after downregulation of Unc119b but not of Unc119a (Wright et al., 

2011; Constantine et al., 2012), whereas knockdowns of both Unc119a or Unc119b impaired 

Src kinase localization (Konitsiotis et al., 2017).  

The parallels between the cargo sorting systems mediated by PDE6  or Unc119 proteins were 

also illustrated in similar ciliary localization patterns of PDE6  and INPP5E versus Unc119b 
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and NPHP3 or Cystin1, showing the carrier protein in the transition zone and the lipidated cargo 

along the entire axoneme (Wright et al., 2011; Thomas et al., 2014). It can be assumed, that the 

carrier protein targets the lipidated protein to the ciliary base and the cargo-carrier complex 

enters the cilium. When the complex reaches the transition zone and the proximal cilium, 

Arl3•GTP releases the lipidated protein from the carrier. Because PDE6  and Unc119b were 

not found along the entire axoneme, but besides the transition zone also in the cytosol, the 

proteins might only be transiently in the cilium for cargo release, as also suggested in former 

publications. The release of ciliary cargo proteins was thought to trigger the entry of the carrier 

protein (Wright et al., 2011; Thomas et al., 2014). The GTPase reaction was proposed to be 

driving force for these transport processes (Gotthardt et al., 2015; Fansa and Wittinghofer, 

2016).  

Conclusively, the studies by Fansa et al. and Jaiswal et al. lead to the description of a general 

sorting principle of lipidated cargo proteins, that depends on the affinity between cargo and 

carrier protein and on the specificity of release by Arl2 and Arl3. This Arl2/Arl3 system is 

responsible for the targeting of farnesylated and myristoylated proteins to different membrane 

compartments, sorting high affinity cargo to the ciliary compartment with release by Arl3•GTP, 

whereas low affinity cargo is released by Arl2•GTP at different inner cellular membranes 

(Gotthardt et al., 2015; Fansa and Wittinghofer, 2016; Fansa et al., 2016; Jaiswal et al., 2016).  

 

6.4 Mechanism and dynamics of INPP5E transport into and inside the ciliary 

compartment 

This paper is based on the current knowledge, published by Jacoby et al. (2009), Thomas et al. 

(2014) and Fansa et al. (2016), about the ciliary localization and cellular trafficking of INPP5E, 

but is for the first time applied to living cells. It focuses on the dynamics of INPP5E transport 

into and inside the cilium and draws a conclusion about the correspondent transport 

mechanisms, by using confocal live cell imaging instead of immunofluorescence microscopy 

of fixed cells. Use of the FRAP technique enabled the visualization of protein movements in 

living cells (Kösling et al., 2018).  

Measuring the speed of recovery after bleaching either the signal in the ciliary tip or base region 

of GFP-INPP5E expressing cells showed a that INPP5E moves within cilia and revealed speed 

values for the innerciliary INPP5E velocity (0.20 μm/s – 0.29 μm/s), resembling those found 

for IFT movement (Kösling et al., 2018). Due to the dephosphorylation of the 5´ position of 

PIPs (and inositol phosphates), INPP5E modulates the composition of the ciliary membrane. 
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The observed mobility of INPP5E leading to its distribution along the entire length of the cilium 

might be an important component for its inositol polyphosphate 5´-phosphatase function 

(Chávez et al., 2015; Garcia-Gonzalo et al., 2015). An inhibition of dynein or the complete IFT 

system led to a total inhibition of INPP5E movement within cilia. However, inhibition of 

PDE6  did not change the innerciliary motility of INPP5E. Also, mutation of the CaaX box 

cysteine did not block the innerciliary movement of INPP5E. Conclusively, INPP5E is 

transported via IFT within the cilium and this process is independent of the interaction with 

PDE6  and independent of INPP5E farnesylation. Experiments by bleaching the entire ciliary 

signal showed a constant but very slow entry of INPP5E into cilia, which was impaired after 

inhibition of dynein/IFT or PDE6 . This led to the conclusion that ciliary targeting and/or entry 

of INPP5E depend on the dynein transport system and PDE6  (Kösling et al., 2018).  

The results regarding the INPP5E mislocalization after inhibition of PDE6  are in line with 

studies about Ras protein trafficking defects after PDE6  inhibition. Initially, the inhibition of 

PDE6  by small molecules with nanomolar affinity, such as Deltarasin and Deltazinone 1, was 

shown to impair the interaction of PDE6  with Ras proteins and to lead to Ras mislocalization 

(Zimmermann et al., 2013; Papke et al., 2016). Newly identified inhibitors exhibiting picomolar 

affinity to PDE6  were shown to be highly selective by binding with up to seven hydrogen 

bonds and being less released by Arl2. These Deltasonamides were tested in K-Ras mutated 

cells that depend on K-Ras, where they inhibited cell growth (Martín-Gago et al., 2017). Here, 

it was shown for the first time that Deltazinone 1 also replaces the high affinity cargo INPP5E 

from PDE6  (Kösling et al., 2018).  

An impaired localization of the INPP5E CaaX box mutant, which loses the exclusive ciliary 

enrichment, illustrated that the farnesylation is important for the sorting and/or entry of INPP5E 

to cilia. The innerciliary transport of the mutant also depends on IFT, showing that the 

farnesylation is not essential for the IFT-mediated transport. In living cells, the mutant was 

additionally enriched at the centrioles. Also, after bleaching the entire ciliary signal, the mutant 

accumulated fast at the basal body and daughter centriole before the signal very slowly and 

comparable to the wild type recovered along the axoneme. This suggested an impaired and 

different mechanism of ciliary entry for the CaaX box mutant with respect to the wild type 

protein, caused by the lack of farnesylation and thus missing interaction with PDE6 . 

Furthermore, the driving force for the sorting of lipidated proteins to the ciliary compartment, 

that is due to the Arl3•GTP domain acting on high affinity cargo of PDE6 , does not influence 

low affinity nonfarnesylated INPP5E and this might impair the sorting. An affinity trap 
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mechanism that retains the mutant at the basal body before entry was postulated. The wild type 

protein is thought to overcome the affinity trap by interaction with PDE6 . In summary, it was 

clearly shown that the farnesylation is crucial for a correct sorting of INPP5E to the ciliary 

compartment. The decreased ciliary accumulation and the centriolar enrichment of the CaaX 

box mutant might result from an impaired retention at the ciliary membrane or an increased 

solubility as result of the missing farnesylation. This could explain the modified sorting and 

entry of the mutant into cilia.  

Collectively, for the regulation of INPP5E ciliary localization, a three-step mechanism was 

suggested. This mechanism takes up the above described three-step mechanism for the PDE6 -

dependent sorting of farnesylated cargo found by Fansa et al., composed of affinity dependent 

cargo-carrier binding, release, and retention, and gave a deeper insight especially into the 

trafficking of INPP5E. Here, it was shown that INPP5E targeting to cilia is mediated by PDE6  

and INPP5E farnesylation. After cargo-carrier binding and transport to the ciliary base, entry 

into the ciliary compartment occurs due to INPP5E-PDE6  complex diffusion, where INPP5E 

is then transferred to the IFT system, that transports INPP5E within the cilium (Kösling et al., 

2018). The suggestion that INPP5E enters cilia in complex with PDE6  is supported by the 

partial colocalization of the proteins in the transition zone and proximal cilium which was 

shown by Thomas et al. (2014). Arl3•GTP releases INPP5E from the complex and the farnesyl 

anchor attaches it to the ciliary membrane. Ultimately, INPP5E is retained inside the ciliary 

compartment. Retention might be mediated by interaction with the ciliary membrane, the IFT 

system, other proteins such as Arl13B, the ciliary gate, or other unknown components (Fansa 

et al., 2016; Kösling et al., 2018).  

The paper by Kösling et al. (2018) confirmed the importance of PDE6  for the localization of 

INPP5E to cilia. Before, the link between INPP5E and PDE6  was shown by a combination of 

biochemical and structural studies, and cell biological analyses of fixed cells. Here, the 

essentiality of the INPP5E farnesylation and the interaction with PDE6  for INPP5E ciliary 

localization was shown for the first time in living cells, and movements of INPP5E were 

analyzed. The live cell experiments support former results of the studies by Jacoby et al. (2009), 

Thomas et al. (2014) and Fansa et al. (2016) and clarify the procedures leading to the almost 

exclusive ciliary localization of INPP5E. As shown by mislocalization of the INPP5E CaaX 

box mutant, which was also observed by Thomas et al., it is now clear that the farnesylation is 

essential for the localization. In the contrasting study by Humbert et al. (2012) it was claimed 

that a C-terminal truncated INPP5E construct does not show localization defects. As described 
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above for the localization of INPP5E after Arl3 downregulation, Humbert et al. most probably 

only analyzed for mutant INPP5E positive cilia, but disregarded the ciliary signal intensity and 

possible cytosolic mislocalized portion of the MORM-related mutant.  

Further biochemical experiments will be required to support and understand in more detail the 

exclusively cell biological experiments presented in this publication. For example, the 

connection between INPP5E and the IFT system, if it is a direct molecular interaction between 

INPP5E and IFT proteins, or an indirect interaction mediated by other linking proteins, requires 

also biochemical and structural analyses, such as binding assays, pull down assays and structure 

determination of protein complexes. A possible linking protein could be Arl13B, which was 

observed to bind to both INPP5E and IFT46/56 (Humbert et al., 2012; Nozaki et al., 2017). 

Moreover, to analyze the localization of INPP5E as a function of PDE6 , which was shown 

here in living cells treated with the PDE6  inhibitor Deltazinone 1, a knockdown of PDE6  

using siRNAs or a knockout using the CRISPR/Cas9 system could be conducted. It was shown 

before, that a knockdown of PDE6  resulted in a mislocalization of H-Ras and N-Ras to 

endomembranes instead of the normal localization to the Golgi and plasma membrane (Chandra 

et al., 2012). Moreover, it was shown for Deltazinone 1, that it caused phenotypic effects in 

cells which were comparable to a PDE6  knockdown (Papke et al., 2016). These results 

suggested that a knockdown of PDE6  would have a similar mislocalization effect on INPP5E 

as observed for PDE6  inactivation by Deltazinone 1. A knockout of the PDE6  gene might 

have objectionable side effects leading to phenotypic effects of the cells and making the 

suggested experiment more difficult, as it was reported that the phenotype of photoreceptors in 

PDE6  knockout mice resembles that of retinitis pigmentosa (Baehr, 2014).  

Furthermore, the localization and movement of Arl3 were analyzed in living cells and 

complemented the results from fixed cells (Grayson et al., 2002; Zhou et al., 2006; Lokaj et al., 

2015). In contrast to INPP5E, Arl3 entered cilia rapidly and the innerciliary transport was 

clearly faster. Together with the result that dynein/IFT inhibition did not impact Arl3 

movements, it was supposed that Arl3 diffuses through the cytosol and moves into and within 

cilia by diffusion (Kösling et al., 2018). This fits to the model of the ciliary gate as a size-

dependent sieve-like barrier, that allows a faster diffusion for small-sized ciliary proteins 

(Breslow et al., 2013; Lin et al., 2013). Arl3 cycles rapidly between the Arl3•GTP compartment 

cilium, where the cargo is released, and the cytosol, where Arl3 is expected to be GDP-bound. 

The overall dynamic behavior of Arl3 might be related to its suggested function in the 

generation of the driving force for the release of lipidated cargo proteins from PDE6  and 



6 Discussion 

144 
 

Unc119 proteins into cilia. This system is comparable to the known driving force built by the 

hydrolysis of Ran•GTP for the transport between cytosol and nucleus through the nuclear pore 

(Görlich et al., 1996).  
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6.5 Summary 

The following paragraphs and figure sum up the main conclusions of the publications presented 

in this thesis (see Figure 16). The Arl2/Arl3 system regulates the sorting of lipidated proteins 

that are shuttled by PDE6  and Unc119a/b. The sorting of lipidated cargo proteins depends on 

the affinity towards the carrier proteins PDE6 /Unc119a/b, and the specificity of the release by 

Arl2/3. Farnesylated proteins, such as INPP5E, or myristoylated proteins, such as NPHP3, with 

a high affinity to PDE6  or Unc119a/b, respectively, are targeted to the cilium, the cargo-carrier 

complex enters the ciliary compartment and the lipidated protein is released by Arl3•GTP. 

Within the ciliary lumen, the lipidated protein is supposed to be attached to the ciliary 

membrane after the release from the carrier protein. The specific release of high affinity proteins 

by Arl3•GTP into the ciliary compartment is established by the cilia-exclusive Arl3 GEF 

Arl13B. The resulting Arl3•GTP domain and its GTP hydrolysis might act as a driving force 

for the release of lipidated proteins into cilia.  

The mechanism leading to the ciliary localization of INPP5E, was supposed to consist of three 

steps. First, PDE6  binds INPP5E and transports it to the ciliary base. The second step is 

diffusion of the complex into the ciliary lumen, and transfer to the IFT system, that regulates 

the innerciliary INPP5E transport. Arl3•GTP releases INPP5E from PDE6  and subsequently 

the farnesyl moiety anchors INPP5E to the ciliary membrane. The last step is innerciliary 

retention. However, low affinity proteins, such as Rheb, are sorted in complex with the carrier 

protein, in this case PDE6 , to other inner membranes, such as endomembranes, and are 

released there by Arl2•GTP.  

CCDC104, which was identified as new binding partner of Arl3•GTP, accumulates in the 

transition zone and around the basal body. It binds to the N-terminal amphipathic helix of 

Arl3•GTP. Because this helix can attach Arl3•GTP to the ciliary membrane, it was suggested 

that CCDC104 reduces the Arl3•GTP membrane interaction. After exit of the CCDC104-

Arl3•GTP complex from the cilium, CCDC104 might provide Arl3•GTP to its cytosolic GAP 

RP2 during a transient triple complex formation, followed by RP2 catalyzed hydrolysis of the 

Arl3-bound GTP. By this, CCDC104 might support the generation of the above described 

energetic driving force leading to ciliary entry of lipidated proteins.  
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Figure 16: Model of the sorting mechanism of lipidated cargo of the carrier proteins PDE6  and Unc119a/b, 
regulated by the Arl2/Arl3 system. PDE6  shuttles farnesylated, Unc119a/b sort myristoylated proteins with a high 
affinity to the ciliary Arl3•GTP compartment, where the cargo protein is released after entry by Arl3•GTP. The 
ciliary Arl3 GEF Arl13B ensures the high Arl3•GTP concentration in the cilium. Low affinity cargo proteins are 
released by Arl2•GTP at other inner membranes such as the endomembrane system. For the sorting of the ciliary 
protein INPP5E, a three-step mechanism was supposed, that consists of (a) cargo-carrier complex building and 
transport to the base of the cilium, (b) complex diffusion into the cilium, transfer to the IFT system, that transports 
INPP5E within the cilium, cargo release and binding to the ciliary membrane, and (c) innerciliary retention. The 
ciliary protein CCDC104 is enriched in the transition zone and basal body region and interacts with Arl3•GTP. 
This complex formation might trigger the ciliary exit of Arl3•GTP and subsequent GTP hydrolysis assisted by 
RP2.  

 

The results presented in this thesis and the corresponding publications lead to a better 

understanding of cellular and especially ciliary transport processes in the context of the 

Arl2/Arl3-related sorting of lipidated PDE6 /Unc119a/b cargo proteins, such as INPP5E or 

NPHP3. INPP5E and PDE6  are involved in MORM and Joubert syndrome, whereas Arl3 and 

Unc119a/b are implicated in rod-cone diseases and NPHP3 in nephronophthisis. Giving 
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consideration to the involvement of the analyzed proteins in different ciliopathies, by the new 

findings about their ciliary trafficking an important step to elucidate the molecular basics of the 

diseases was taken. Further research will be required and ultimately, this knowledge will be 

helpful in the development of treatments against these severe human diseases.  
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6.6 Zusammenfassung 

Das Arl2/Arl3 System reguliert die Sortierung lipidierter Proteine, die von PDE6  und 

Unc119a/b transportiert werden. Die Sortierung dieser lipidierten Frachtproteine ist von ihrer 

Affinität gegenüber der Trägerproteine PDE6 /Unc119a/b abhängig, sowie von der Spezifität 

ihrer Freisetzung durch Arl2/3. Farnesylierte Proteine wie INPP5E oder myristoylierte Proteine 

wie NPHP3, die eine hohe Affinität zu PDE6  beziehungsweise zu Unc119a/b haben, werden 

gezielt zum Cilium hin transportiert, der Komplex aus Fracht- und Trägerprotein tritt in das 

ciliäre Kompartiment ein, wo das lipidierte Protein durch Arl3•GTP freigesetzt wird. Es wird 

angenommen, dass sich das lipidierte Protein nach der Freisetzung vom Trägerprotein im Innern 

des Ciliums an die ciliäre Membran anlagert. Die spezifische Freisetzung hoch affiner Proteine 

durch Arl3•GTP ins Cilium wird durch das ausschließlich im Cilium lokalisierte Arl3-GEF 

Arl13B sichergestellt. Die daraus resultierende Arl3•GTP Domäne und ihre GTP-Hydrolyse 

wirken vermutlich als Triebkraft für die Freisetzung der lipidierten Proteine ins Cilium.  

Es wird angenommen, dass der Mechanismus, der zur Cilienlokalisation von INPP5E führt, aus 

drei Schritten besteht. Zuerst bindet PDE6  an INPP5E und transportiert es zur Basis des 

Ciliums. Der zweite Schritt ist die Diffusion dieses Komplexes in das Innere des Ciliums und 

die Übergabe an das IFT System, das den innerciliären Transport von INPP5E übernimmt. 

Arl3•GTP entlässt INPP5E von PDE6  und anschließend verankert die Farnesylgruppe INPP5E 

an der Cilienmembran. Der letzte Schritt ist die innerciliäre Retention. Niedrig affine Proteine 

wie Rheb hingegen werden im Komplex mit dem Trägerprotein, in diesem Fall PDE6 , zu 

anderen inneren Membranen wie dem Endomembransystem sortiert und dort durch Arl2•GTP 

freigesetzt.  

CCDC104, das als neuer Bindungspartner von Arl3•GTP entdeckt wurde, akkumuliert am 

Basalkörper und oberhalb dessen im Übergangsbereich des Ciliums. Es bindet an die N-

terminale amphipathische Helix von Arl3•GTP. Da diese Helix Arl3•GTP an die ciliäre 

Membran anlagern kann, wurde vorgeschlagen, dass CCDC104 die Interaktion von Arl3•GTP 

mit der Membran reduziert. Nach dem Austritt des CCDC104-Arl3•GTP Komplexes aus dem 

Cilium wird vermutet, dass CCDC104 das GTP-gebundene Arl3 an dessen cytosolisches GAP 

RP2 übergibt. Dies kann während der Bildung eines kurzlebigen Dreifachkomplexes mit einer 

nachfolgenden RP2-katalysierten Hydrolyse des Arl3-gebundenen GTP geschehen. Dadurch 

kann CCDC104 die Bildung der zuvor beschriebenen energetischen Triebkraft, die zum Eintritt 

lipidierter Proteine ins Cilium führt, fördern.  
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