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ABSTRACT 

Oxysterol binding protein (OSBP) homologues have been found in eukaryotic 
organisms ranging from yeast to humans. These evolutionary conserved proteins have 
in common the presence of an OSBP-related domain (ORD) which contains the fully 
conserved  EQVSHHPP sequence motif. The ORD forms a barrel structure that binds 
sterols in its interior. Other domains and sequence elements found in OSBP-
homologues include pleckstrin homology domains, ankyrin repeats and two 
phenylalanines in an acidic tract (FFAT) motifs, which target the proteins to distinct 
subcellular compartments. OSBP homologues have been implicated in a wide range 
of intracellular processes, including vesicle trafficking, lipid metabolism and cell 
signaling, but little is known about the functional mechanisms of these proteins.  
 The human family of OSBP homologues consists of twelve OSBP-related 
proteins (ORP). This thesis work is focused on one of the family members, ORP1, of 
which two variants were found to be expressed tissue-specifically in humans. The 
shorter variant, ORP1S contains an ORD only. The N-terminally extended variant, 
ORP1L, comprises a pleckstrin homology domain and three ankyrin repeats in 
addition to the ORD. The two ORP1 variants differ in intracellular localization. 
ORP1S is cytosolic, while the ankyrin repeat region of ORP1L targets the protein to 
late endosomes/lysosomes. This part of ORP1L also has profound effects on late 
endosomal morphology, inducing perinuclear clustering of late endosomes.  
 A central aim of this study was to identify molecular interactions of ORP1L 
on late endosomes. The morphological changes of late endosomes induced by 
overexpressed  ORP1L implies involvement of small Rab GTPases, regulators of 
organelle motility, tethering, docking and/or fusion, in generation of the phenotype. A 
direct interaction was demonstrated between ORP1L and active Rab7. ORP1L 
prolongs the active state of Rab7 by stabilizing its GTP-bound form.  
 The clustering of late endosomes/lysosomes was also shown to be linked to 
the minus end-directed microtubule-based dynein-dynactin motor complex through 
the ankyrin repeat region of ORP1L. ORP1L, Rab7 and the Rab7-interacting 
lysosomal protein (RILP) were found to be part of the same effector complex 
recruiting the dynein-dynactin complex to late endosomes, thereby promoting minus 
end-directed movement. The proteins  were found to be physically close to each other 
on late endosomes and RILP was found to stabilize the ORP1L-Rab7 interaction. It is 
possible that ORP1L and RILP bind to each other through their C-terminal and N-
terminal regions, respectively, when they are bridged by Rab7. 
 With the results of this study we have been able to place a member of the 
uncharacterized OSBP-family, ORP1L, in the endocytic pathway, where it regulates 
motility and possibly fusion of late endosomes through interaction with the small 
GTPase Rab7.

Keywords: OSBP-related protein, ORP1L, late endosome, Rab7, dynein-dynactin, RILP 
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TIIVISTELMÄ 

Oksisteroleja sitovan proteiinin, OSBP:n, sukulaisproteiineja (ORP) on hiljattain 
löydetty eukaryoottilajeista hiivasta ihmiseen. Yhteistä näille evoluutiossa 
konservoituneille proteiineille on OSBP:n sukuinen domeeni (ORD), johon sisältyy 
kaikissa proteiineissa identtinen EQVSHHPP-sekvenssi. Muita OSBP:n 
sukulaisproteiineissa olevia rakenteita ovat plekstriinihomologiadomeenit, 
ankyriinitoistot ja FFAT-motiivit. ORP-proteiineille on ominaista yhdistyminen 
tiettyihin solunsisäisiin organelleihin näiden eri domeenien ja kohdennussekvenssien 
välityksellä. ORP-proteiinien on osoitettu liittyvän monenlaisiin solun toimintoihin, 
kuten sterolien aineenvaihduntaan, solunsisäiseen kalvoliikenteeseen ja 
soluviestintään, mutta  niiden toimintamekanismit ovat tällä hetkellä huonosti 
tunnettuja. 
 Ihmisen ORP-proteiiniperheessä on 12 jäsentä. Tämä väitöskirjatyö keskittyy 
yhteen perheen jäseneen, ORP1:een, josta ilmentyy ihmisen kudoksissa kaksi eri 
muotoa. Lyhyempi muoto, ORP1S, sisältää ainoastaan ORD:n. Pitempi muoto, 
ORP1L, sisältää ORD:n lisäksi kolme ankyriinitoistoa ja 
plekstriinihomologiadomeenin. Nämä kaksi proteiinimuotoa paikantuvat eri tavoin 
solujen sisällä. ORP1S on sytosolinen, kun taas ORP1L-proteiinin ankyriinitoistoalue 
kohdentaa sen myöhäisiin endosomeihin/lysosomeihin. Ankyriinitoistoalueella on 
myös voimakas vaikutus myöhäisten endosomien morfologiaan: Se aiheuttaa näiden 
organellien kasautumisen tuman lähialueelle.      
 Väitöskirjatyön keskeisenä tavoitteena oli ORP1L-proteiinin molekulaaristen 
vuorovaikusten tunnistaminen myöhäisissä endosomeissa. ORP1L:n ylimäärän 
aiheuttamat morfologiset muutokset viittasivat vaikutuksiin pienten Rab-GTPaasi- 
proteiinien toimintaan, jotka säätelevät soluorganellien liikkumista ja solun 
kalvostojen fuusiotapahtumia. ORP1L:n todettiin sitoutuvan suoraan aktiviiseen 
Rab7-proteiiniin ja pidentävän Rab7:n aktiivista tilaa stabiloimalla sen GTP-muotoa.    
 ORP1L-proteiinin aiheuttaman endosomien/lysosomien kasautumisen tuman 
lähiympäristöön osoitettiin myös olevan kytkeytynyt dyneiini-dynaktiini- 
moottorikomplekseihin, joka kuljettavat organelleja kohti mikroputkien miinuspäitä. 
ORP1L:n, Rab7:n ja Rab7:n kanssa vuorovaikuttavan proteiinin (RILP) todettiin 
toimivan samassa efektorikompleksissa, joka rekrytoi dyneiini-dynaktiini- 
moottorikomplekseja myöhäisten endosomien pinnalle edistäen endosomien liikettä 
kohti solun tuma-aluetta. Efektorikompleksin proteiinien näytettiin myös olevan 
fyysisesti lähellä toisiaan myöhäisten endosomien pinnalla ja RILP-proteiinin 
todettiin stabiloivan ORP1L:n Rab7:n välistä vuorovaikutusta.  On mahdollista, että 
ORP1L ja RILP sitoutuvat toisiinsa suoraan C-terminaalisten ja N-terminaalisten 
alueiden välityksellä, kun ne ovat kompleksissa Rab7-proteiinin kanssa.   
 Tämän väitöskirjatyön tuloksena aiemmin tuntematon OSBP:n 
sukulaisproteiini ORP1L on voitu yhdistää endosyyttiseen kalvoliikenteeseen, jossa se 
säätelee organellien liikkumista ja mahdollisesti fuusiota vuorovaikuttamalla pienen 
Rab7-GTPaasin kanssa. 

Avainsanat: OSBP:n sukulaisproteiini, ORP1L, myöhäinen endosomi, Rab7, dyneiini-
dynaktiini, RILP 
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I. REVIEW OF THE LITERATURE 

1. Intracellular membrane trafficking 

Compartmentalization is a recurring theme in eukaryotic cells. The cell, which itself is 
a membrane-enclosed compartment, coordinates the communication between the 
external milieu surrounding it and its many intracellular organelles by means of 
membraneous carriers. The carriers have unique lipid and protein compositions that 
are essential for their function. Typically, a membrane trafficking event involves 
initiation of coat assembly and selection of cargo, budding of vesicles or emergence 
of tubules from donor membranes, scission followed by uncoating, transport of the 
carrier along cytoskeleton tracks and finally fusion with a recipient compartment 
facilitated by formation of a soluble N-ethylmaleimide-sensitive fusion protein 
attachment protein receptor (SNARE) complex (Fig 1.). Selection of cargo occurs by 
recognition of sorting signals by multimeric adaptor complexes that form part of the 
carrier coat. Transported cargo may be lumenal solutes or the membrane itself, 
embedded with specific proteins  (Olkkonen and Ikonen, 2000; Rohn et al., 2000; 
Evans and Owen, 2002; Duman and Forte, 2003; Bonifacino and Glick, 2004). 
 Many of the proteins mediating membrane trafficking are recruited directly 
from the cytosol to a specific compartment on which they carry out their function. 
This function may include recruitment of accessory components for SNARE-
mediated fusion or molecular motors for transport along cytoskeletal tracks.  Proteins 
may be recruited to specific compartments by binding to resident proteins or by 
interacting with compartment-specific lipids and small guanosine 5'-triphosphate 
hydrolases (GTPases) which, when they are activated, become associated with the 
membrane (Bonifacino and Glick, 2004; Munro, 2004; Behnia and Munro, 2005). 

1.1 The endocytic and biosynthetic pathways 

Endocytosis and the biosynthetic pathway constitute the two major membrane 
trafficking pathways in an eukaryotic cell. Although endocytosis may be considered  
the "inward" pathway and the biosynthetic pathway an "outward" route, the two 
pathways merge at several points and operate in a bidirectional manner (Fig. 2) (Rohn
et al., 2000; Miaczynska and Zerial, 2002).  
 Endocytosis is a process for internalization of cargo from the exterior of the 
cell and subsequent transport to specific destinations inside the cell. Endocytosis 
mediates uptake of proteins, lipids, extracellular ligands and soluble molecules 
(Nichols and Lippincott-Schwartz, 2001). The endosomal system is a network of 
organelles that differ in biochemical composition and localization within the cell. The 
carriers in the endocytic pathway, endosomes and lysosomes, are distinguished by 
differences in the time it takes for a given cargo to reach the compartment, the 
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Figure 1. Steps in membrane trafficking. Coat components select cargo by 
recognition of sorting signals. The membrane-bound carrier is transported 
along cytoskeletal tracks by means of intracellular motors which are 
powered by hydrolysis of ATP. The carrier subsequently becomes tethered 
and docked to a specific acceptor compartment where it releases its cargo by 
fusion. [Reprinted from Olkkonen and Ikonen (2000), N Engl J Med 343, 
1095-1104. Copyright © 2000, with permission from the Massachusetts 
Medical Society]  
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Figure 2. Pathways of intracellular membrane trafficking. The endocytic pathway 
is indicated by white arrows and the biosynthetic pathway by red arrows. The blue 
arrow indicates a retriveal pathway from the Golgi apparatus to the endoplasmic 
reticulum. [Reprinted from Olkkonen and Ikonen (2000). N Engl J Med 343, 1095-
1104. Copyright © 2000, with permission from the Massachusetts Medical Society]  
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presence of membrane markers, the lumenal pH and morphology. Patches of 
membrane where certain lipids and proteins are enriched, referred to as 
microdomains, are formed locally on the compartments in a coordinated manner to 
mediate the transport process. Phosphoinositides (PIPs) are distributed along the 
endocytic pathway in a spatially and temporally restricted manner by the activities of 
specific phosphatidylinositol kinases and phosphatases. Properties of the fatty acyl 
chains partition lipids to specific membrane domains (Kobayashi et al., 1998; 
Mukherjee and Maxfield, 2000; Perret et al., 2005). 
 The internalization of cargo in endocytosis occurs by clathrin coat-dependent 
or -independent mechanisms. In the classical endocytic pathway involving formation 
of a clathrin coat, small primary endocytic vesicles bud from the plasma membrane 
and fuse with early endosomes, which in turn fuse with one another. Early endosomes 
typically exhibit vesiculo-tubular morphology and are located in the cell periphery. 
Cargo in early endosomes may be recycled to the cell surface via recycling 
endosomes or sorted to late endosomes. In addition, transport between early 
endosomes and the trans Golgi network (TGN) is possible. Late endosomes are 
spherical compartments in the perinuclear area of which a subset forms multivesicular 
bodies with numerous internal vesicles enriched in phosphatidylinositol 3-phosphate 
(PI3P) and lysobisphosphatidic acid. Ubiquitination directs proteins for sorting into 
multivesicular bodies. Upon fusion with a lysosome, a hydrolase-rich acidic 
organelle, lumenal proteins and lipids, including the inner multivesicular body 
vesicles, are degraded (Miaczynska and Zerial, 2002; Seto et al., 2002; Sorkin and 
Von Zastrow, 2002; Szymkiewicz et al., 2004).  
 The biosynthetic pathway involves the folding and post-translational 
modifications of newly synthesized proteins which takes place during transit in the 
endoplasmic reticulum (ER) and the Golgi apparatus. Newly synthesized 
transmembrane proteins enter the ER where they are folded and take part in the first 
steps of post-translational modification by glycosylation.  Proteins leave the ER at ER 
export sites, mediated by COPII coat complexes. Adaptor subunits in the COPII 
complexes recognize export sequences in the synthesized proteins and bind them 
directly, assuring delivery to the Golgi apparatus. A different coat complex,  COPI,  
retrieves ER resident proteins from other compartments by a similar mechanism 
(Rohn et al., 2000; Bonifacino and Glick, 2004; Watson and Stephens, 2005). During 
transit through the Golgi, proteins acquire additional post-translational modifications 
and exit at the TGN. The TGN is the major sorting station of the biosynthetic pathway 
from which proteins and lipids are sorted to the cell surface, the endosomal system or 
secreted to the exterior (Rohn et al., 2000).  
 The precise membrane trafficking events taking place during delivery of ER-
derived cargo to and transit within the Golgi have been debated among researchers in 
the field. With the advent of new microscopy approaches, earlier paradigms are being 
replaced by new models and views at a rapid pace. According to the vesicular 
transport model, transfer of cargo molecules between organelles in the biosynthetic 
pathway is mediated by shuttling transport vesicles.  This model has now been revised 
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and several alternative models have been suggested, largely based on a 
maturation/progression model, where cargo remains within the lumen of Golgi 
cisternae, while the cisternae themselves move through the Golgi stack in cis to trans 
direction. In one model, cargo progression is coupled to recycling of the Golgi 
enzymes by COPI coated vesicles and new cisternae are continuously formed at the 
cis pole. According to another model, Golgi enzymes are recycled via tubular 
connections and do not involve COPI vesicles. The role of COPI vesicles in this 
model is to regulate Golgi morphology and control fusion events, by recruiting 
SNAREs and delivering them to the cisternae by fusion, rendering the cisternae 
themselves fusogenic (Mironov et al., 2005). 

1.2  Different pathways of endocytosis 

Based on differences in the mechanism of vesicle formation, the selection of cargo, 
internalization and the size of the vesicle, endocytosis may be subdivided into 
clathrin-mediated endocytosis, caveolin-mediated endocytosis, macropinocytosis, 
clathrin- and caveolin independent endocytosis and phagocytosis (Conner and 
Schmid, 2003). The non-clathrin pathways employ the lateral heterogeneity in plasma 
membrane lipid and protein composition. Markers for these pathways are found in 
plasma membrane microdomains termed rafts, which are detergent resistant 
membrane domains enriched in cholesterol and glycosphingolipids (Nichols and 
Lippincott-Schwartz, 2001).  

1.2.1 Clathrin-dependent endocytosis  

The by far most studied endocytic pathway is the clathrin-dependent pathway. The 
hallmark of this pathway is the formation of so-called coated pits enriched in clathrin 
and the adaptor protein complex AP-2 together with accessory proteins required for 
assembly of the coat. Coated pits are formed at specific sites on the plasma 
membrane. The membrane factors that govern the location are not known, but may 
involve local PIP production. In yeast, endocytic 'hot-spots' at the plasma mebrane 
containing immobile protein assemblies have recently been identified. Cell surface 
receptors are sorted into clathrin coated pits by binding directly or indirectly to AP-2 
via specific sequence motifs in their cytoplasmic tails. The internalization of receptors 
by clathrin-mediated endocytosis can be constitutive or signal-induced. In the 
constitutive pathway, receptors and macromolecules are internalized primarily by 
ligand-independent means. In the signal-induced pathway, recognition and subsequent 
internalization of the receptor may be regulated by recruitment of signal-induced 
adapters and covalent modifications such as phosphorylation or ubiquitination. After 
formation of an internalization complex, dynamin, a high molecular weight GTPase 
with low affinity for guanosine 5'-triphosphate (GTP) and a high intrinsic GTPase 
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activity, self-assembles into rings around the neck of the inward budding vesicle to 
facilitate scission from the membrane. After internalization the clathrin coat 
dissociates and the endocytic vesicle continues along the endocytic pathway described 
in section 1.1 (Seto et al., 2002; Sever, 2002; Mousavi et al., 2004; Walther et al.,
2006). A role for actin has been well established in yeast and has also emerged in 
mammalian clathrin-mediated endocytosis. Actin assembly and disassembly is 
required for clathrin-coated pit formation and internalization of coated vesicles (Yarar
et al., 2005).  

1.2.2 Caveolin-dependent endocytosis

Caveolae are flask-shaped non-coated plasma membrane invaginations enriched in the 
protein caveolin. Caveolae are stable, immobile structures anchored to actin via 
interaction with filamin. Caveolae can become internalized, possibly by 
reorganization of the actin cytoskeleton and by the activity of dynamin (Nichols and 
Lippincott-Schwartz, 2001; van Deurs et al., 2003). Inside the cell, caveolin is found 
associated with the TGN, endosomes and an organelle termed the caveosome. 
Contrary to the immobile membrane-associated caveolae, the intracellular pool of 
caveolin-containing compartments is highly mobile (van Deurs et al., 2003). The 
highly immobile nature of caveolae suggest that they are unlikely to be involved in 
bulk internalization processes (Hommelgaard et al., 2005). Instead, caveolae are 
suggested to function as signaling centers by interacting with receptors. Growth factor 
receptors have been shown to localize in lipid rafts and caveolae. The caveolin-
mediated regulation of signaling may also be provided by an indirect mechanism by 
influence of caveolin on local cholesterol levels (van Deurs et al., 2003; Pike, 2005). 

1.2.3 Macropinocytosis

Macropinocytosis is an efficient route for non-selective uptake of large volumes of 
nutrients and solute macromolecules. Macropinosomes form at sites of membrane 
ruffles, outward-directed extensions of the plasma membrane formed by 
polymerization of actin. The small GTPase Rac regulates the assembly of the actin-
nucleated complex at the plasma membrane. The site of nucleation and the assembly 
process may also be influenced by local lipid composition. Cholesterol and specific 
PIPs have been shown to be necessary for macropinocytosis (Swanson and Watts, 
1995; Nichols and Lippincott-Schwartz, 2001; Grimmer et al., 2002). The ruffles 
close into a macropinosome by a yet unknown fusion mechanism, and the 
macropinosome is internalized (Conner and Schmid, 2003). The main function of 
macropinocytosis is not clear. This type of endocytosis may provide cells with an 
increased antigen presentation capacity by continuous probing of the exterior of the 
cell in bulk fashion (Swanson and Watts, 1995).         
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1.2.4 Clathrin- and caveolin-independent endocytosis

Evidence supporting non-clathrin coat non-caveolar receptor endocytosis has been 
reported. This pathway has been found in lymphocytes and neurons, but is poorly 
characterized. Clathrin- and caveolin-independent endocytosis seemingly involves 
internalization through lipid rafts and is regulated by different members of the Rho family 
of GTPases (Lamaze et al., 2001; Nichols et al., 2001; Kirkham and Parton, 2005).  

1.2.5 Phagocytosis 

Phagocytosis is an endocytic process for ingestion of large particles such as bacterial 
pathogens, apoptotic cells or debris from dead cells. Receptors on the surface of 
phagocytic cells bind particles either directly or indirectly via antigen-bound 
antibodies. Receptor binding triggers a signaling cascade involving activation of small 
GTPases, which results in actin assembly and formation of cell surface extensions. 
These actin-extensions zipper up around the antigen and engulf it in its entirety, 
forming a phagosome. The ER has been suggested to provide excess membrane 
needed for phagocytosis, but reports on this aspect are controversial. The phagosome 
subsequently fuses with endosomes and lysosomes, maturing in the process (Conner 
and Schmid, 2003; Stuart and Ezekowitz, 2005; Touret et al., 2005). 

2. Motors in intracellular transport 

Molecular motors are responsible for distribution of a large number of organelles, 
vesicles, and macromolecular complexes throughout the cell. The intracellular motors 
transporting cargo along cytoskeletal tracks differ in the type of tracks they travel 
along, the identity of cargo and attachment mechanism and the direction in which 
transport is taking place. They are all, however, powered by the hydrolysis of 
adenosine 5'-triphosphate (ATP), resulting in cycles of binding and release along 
cytoskeletal tracks. The conformational changes accompanying ATP hydrolysis are 
thereby translated into motion (Schliwa and Woehlke, 2003). A basic set of 
intracellular motor proteins have been evolutionary conserved among eukaryotes. 
These motors have been referred to as eukaryotic "toolbox" motors (Fig. 3). The 
microtubule-based toolbox motors include conventional kinesin (kinesin I or KIF5), 
kinesin II (heterotrimeric kinesin or KIF3), Unc104/KIF1 and cytoplasmic dynein. 
Myosin V is an actin-based tooolbox motor (Vale, 2003).    
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Figure 3. The toolbox of intracellular molecular motors. Motor domains are displayed in 
blue, mechanical amplifiers in light blue, tail domains implicated in cargo attachment in 
purple, and light chain subunits in green. [Reprinted from Vale (2003), Cell 112, 467-480. 
Copyright © 2003, with permission from Elsevier]      
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2.1 Kinesin 

The kinesins form a large superfamily with 14 families based on similarities in the 
catalytic core (Miki et al., 2005). The kinesin superfamily consists of conventional 
kinesin, kinesin I, and kinesin-like proteins named KIFs. Conventional kinesin, 
kinesin I,  is a heterotetramer of two identical heavy chains and two identical light 
chains (Fig. 3). The overall structure of the heavy chains consists of N-terminal motor 
domains with ATP hydrolytic sites and microtubule-binding regions, a central coiled-
coil rod and an C-terminal globular tail domain. The light chains bind the heavy 
chains' tail via N-terminal coiled-coil domains and six C-terminal tetra-trico peptide 
repeat (TPR) modules involved in protein-protein interactions (Kamal and Goldstein, 
2002). Kinesin II, also known as heterotrimeric kinesin or KIF3, is composed of 
heavy chains contributed by two different polypeptides and a tightly bound kinesin-
associated-polypeptide (KAP) subunit. Similar to conventional kinesin, the two heavy 
chains form a coiled-coil rod, ending in the globular KAP subunit, which like the 
kinesin I light chains also contains protein-protein interacting motifs, in the form of 
armadillo repeats (Cole, 1999). Kinesin II may also exist in homodimeric form 
without associated light chains (Signor et al., 1999). Unc104/KIF1 motors are 
predominantly monomeric with no associated accessory subunits, but may dimerize to 
allow for processivity (Tomishige et al., 2002). In addition to the N-terminal motor 
domain, Unc104/KIF1 motors have a pleckstrin homology (PH) domain that binds 
phosphatidylinositol-4,5-bisphospate (PI4,5P) and a fork head homology domain 
(FHD), initially identified as a deoxyribonucleic acid (DNA) binding module (Lai et 
al., 1990; Klopfenstein et al., 2002; Klopfenstein and Vale, 2004).  
 The toolbox kinesins transport cargo processively along microtubular tracks in 
the plus end direction (Yildiz et al., 2004). Kinesins have been shown to transport 
signaling complexes assembled on vesicles by interacting with linker proteins via 
their tail-associated subunits. Conventional kinesin light chain TPRs bind Jun kinase-
interacting proteins (JIP), scaffolding proteins of the mitogen-activated protein (MAP) 
kinase pathway. Attachment of cargo may also occur without linkers. TPR can bind 
the transmembrane amyloid precursor protein (APP) directly on vesicles (Schnapp, 
2003). The KAP subunit in kinesin II associates the motor with cargo by binding to 
spectrin and can also bind dynactin directly (Takeda et al., 2000; Deacon et al., 2003). 
Unc104/KF1 may attach to assembled signaling modules on membranes in a manner 
similar to conventional kinesin (Schnapp, 2003).  

2.2 Myosin 

Myosins make up a large superfamily of motors that move along actin filaments. This 
heterogenous superfamily contains at least 17 myosin classes (Hodge and Cope, 
2000). Conventional myosin that forms filaments belongs to class II. The other 
myosin classes in the superfamily are termed unconventional myosins (Sellers, 2000).    
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 The myosin V motor transports vesicles and organelles by cycles of ATP 
hydrolysis that move the head towards the barbed (plus) end of actin. Myosin V is 
composed of two identical heavy chains that dimerize to form a two-headed N-
terminal motor domain which contains the actin binding regions in addition to the 
ATP hydrolytic sites (Fig.3). Following the head and neck parts of myosin V is a 
central light chain binding segment containing six IQ motifs arranged in a pairwise 
fashion. The IQ motif is a short, 14-residue sequence motif that forms an -helical 
structure. The motif name stems from the presence of two conserved amino acids, 
isoleucine and glutamine (Bahler and Rhoads, 2002). The IQ motifs bind five 
calmodulins and an essential light chain (ECL), which regulate the ATPase activity of 
the head domain. The remaining C-terminal part of myosin V forms a coiled-coil rod 
with a conserved dilute (DIL) domain and a cargo-binding globular tail at its extreme 
C-terminus (Langford, 2002; Tyska and Mooseker, 2003; Terrak et al., 2005). The 
myosin V tail domain is essential for attachment of myosin to cargo. The tail domain 
consists of two five-helical bundles, corresponding to subunits I and II, which 
together coordinate transport of distinct cargo. When the tail is not occupied with 
cargo it interacts with the motor domain to inhibit ATPase activity. Attachment of 
myosin V to cargo involves interaction with linker proteins or organelle-specific 
receptors (Pashkova et al., 2005; Pashkova et al., 2006). Myosin V is important for 
many central trafficking events. It is required for transport of vesicles in the cortical 
regions of neurons, transport of melanosomes and for actin-dependent receptor 
recycling via transport complexes on endosomes (Langford, 2002; Yan et al., 2005).

2.3 Cytoplasmic dynein 

Cytoplasmic dynein is an intracellular minus end-directed molecular motor that 
translates the hydrolysis of ATP into movement of cargo. The motor is a homodimer 
of heavy chains (HCs) tightly associated with several light chains, forming a 
multimeric complex exceeding a molecular weight of 1.2 megadaltons (Fig. 3) (King, 
2000). Since the discovery of this microtubule-activated ATPase (Paschal et al., 1987) 
and the finding that this motor is responsible for directional transport of membraneous 
organelles along microtubules (Schroer et al., 1989), the repertoire of cytoplasmic 
dynein functions has expanded substantially. Not only is it the motor driving 
retrograde vesicular transport in axons of nerve cells (Schnapp and Reese, 1989; 
Hirokawa et al., 1990; Lacey and Haimo, 1992), it is also required for proper 
positioning of cytoskeletal components and cellular organelles. The dynein motor 
organizes the microtubule- and the intermediate filament networks (Young et al.,
2000; Vorobjev et al., 2001; Dujardin et al., 2003), and maintains structural integrity 
of the Golgi apparatus at its proper intracellular location (Fath et al., 1997; Harada et 
al., 1998). Dynein also enables movement of pronuclei towards one and other after 
fertilization (Reinsch and Karsenti, 1997). The tethering of microtubules to adherens 
junctions in epithelial cells by dynein links this motor to actin-related processes 
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(Ligon et al., 2001). A central role for dynein in mitosis has been well established. 
Assembly of mitotic spindle poles is dependent on cytoplasmic dynein (Gaglio et al.,
1997; Purohit et al., 1999; Merdes et al., 2000). Dynein actively takes part in mitosis 
by associating with chromosomal kinetochores thereby facilitating transport towards 
the minus ends of the spindle microtubules (King et al., 2000; Sharp et al., 2000). 
More recently, dynein has also been identified as a motor for transport of messenger 
ribonucleic acids (mRNA) to specific locations in the cell, where they may be locally 
translated (Epstein et al., 2000; Schnorrer et al., 2000; Bullock and Ish-Horowicz, 
2001; Wilkie and Davis, 2001)  
 In light of its many essential functions it is not surprising that the absence of 
cytoplasmic dynein HC is embryonically lethal (Harada et al., 1998). Defective 
dynein disturbs coordination of centrosome formation and chromosomal movement 
during mitosis in Drosophila (Belecz et al., 2001) and results in progressive motor 
neuron degeneration in mice (Hafezparast et al., 2003).  

2.4 Structural components of cytoplasmic dynein  

A prominent feature of cytoplasmic dynein architecture is the presence of two large 
globular head domains approximately 380 kDa in size, contributed by the HCs. The 
head domains bind ATP, the hydrolysis of which converts chemical energy into 
mechanical force. Microtubule-binding regions of the HCs extend from the globular 
domains at the C-terminus, while the N-terminal parts form a rod-like tail associated 
with two intermediate chains (ICs), 2-4 light intermediate chains (LICs) and 4-5 light 
chains (LCs) (King et al., 2002; Vale, 2003). It should be noted that another 
cytoplasmic dynein complex, structurally different from conventional cytoplasmic 
dynein, has been identified (Mikami et al., 2002). This led to the proposal of revision of 
cytoplasmic dynein nomenclature, based on naming the complexes dynein 1 and dynein 
2 (Pfister et al., 2005). Cytoplasmic dynein refers to dynein 1 throughout this text.     

2.4.1 Heavy chains 

The presence of two 530 kDa heavy chains (HCs) gives cytoplasmic dynein a two-
headed apperance when examined by electron microscopy (Vallee et al., 1988). The 
C-terminal globular heads are joined by a V-shaped stem, formed by the dimerization 
of conserved N-terminal regions in the HCs (Steffen et al., 1996; Habura et al., 1999). 
Dimerization is an intrinsic property of the HCs and does not require additional 
subunits to occur (Mazumdar et al., 1996). Extending from each large globular head 
towards the C-terminus is a slender -helical coiled-coil stalk with a terminal small 
globular head. The microtubule-binding domains of the HCs were mapped to the tip 
of the stalk (Gee et al., 1997; Koonce, 1997). The configuration of the coiled-coil 
stalk  controls the terminal head affinity for microtubules (Gibbons et al., 2005).  
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 Cytoplasmic dynein belongs to the family of AAA ATPases, characterized by 
the presence of structurally conserved ATP-binding domains. The hydrolysis of 
bound ATP induces conformational changes that allow the AAA protein to carry out 
its function (Hanson and Whiteheart, 2005). The minimal functional size of dynein 
HC is a 380 kDa C-terminal motor domain (Koonce, 1997). Four nucleotide-binding 
consensus sequences, called P-loop sequences (P1-P4), are present in each motor 
domain. The consensus sequence in the first P-loop, P1, is fully conserved, and was 
suggested to be the hydrolytic site (Zhang et al., 1993). Indeed, investigation of the 
different P-sites showed that mutating this P-loop results in loss of motility along 
microtubules. Mutation of the other P-loops, P2-P4, reduced the ATPase activity and 
motility of the motor, suggesting regulatory functions for these P-sites (Silvanovich et 
al., 2003; Kon et al., 2004). Electron microscopic analysis of the motor domain at 25 
Å resolution revealed the presence of seven densities in a planar ring with a central 
cavity. The ring contains six AAA-motifs in a linear arrangement, the first four of 
which contain P-loops P1-P4. The AAA-motifs are intervened by sequences that 
presumably give rigidity to the structure (Samso and Koonce, 2004).         

2.4.2 Intermediate chains  

The intermediate chains associated with cytoplasmic dynein include 74 kDa 
intermediate chains (ICs) and 53 - 59 kDa light intermediate chains (LICs). The 74 
kDa IC are encoded by two genes, which give rise to multiple isoforms expressed in a 
tissue-specific manner (Paschal et al., 1992; Nurminsky et al., 1998; Brill and Pfister, 
2000). The C-terminal part of IC is conserved and contains two WD-repeats, motifs 
involved in assembly of multimeric complexes (van der Voorn and Ploegh, 1992; 
Ogawa et al., 1995; Wilkerson et al., 1995). The 53 - 59 kDa LIC are also encoded by 
two genes. Like the IC, there are several LIC variants (Gill et al., 1994; Hughes et al., 
1995; Tynan et al., 2000b). Both IC and LIC bind to the dynein HC directly in a 
conserved region of the N-terminal coiled-coil tail rod (Steffen et al., 1996; Habura et 
al., 1999; Tynan et al., 2000a). The binding sites on the dynein HC are very close, and 
partially overlap in the primary sequence of the HC, but still allow simultaneous 
binding of both IC and LIC (Tynan et al., 2000a). The binding of IC to two HCs may 
be facilitated by dimerization of the IC (King et al., 2002).  

2.4.3 Light chains  

The light chains (LCs) are, as their name implies, low molecular weight subunits of 
cytoplasmic dynein. Three LC families have been identified with molecular weights 
of  8, 14 and 22 kDa, respectively (King et al., 1996a).     
 The lightest 8 kDa chains (LC8) belong to a family of highly conserved 
polypeptides, LC8a, LC8b and LC8c (Lo et al., 2001; Wilson et al., 2001). LC8 binds 
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to a short target sequence in IC, at a ratio of 1:1 (Lo et al., 2001). LC8 forms a 
homodimer where secondary elements from both monomers contribute to target 
binding (Benashski et al., 1997; Liang et al., 1999; Barbar et al., 2001). Binding is 
accompanied by conformational changes in both LC8 and IC. The IC helical content 
is increased while certain residues are brought closer to each other, resulting in a more 
ordered structure (Makokha et al., 2002; Nyarko et al., 2004). The target binding 
region of LC8 in turn is able to adjust both its shape and its size to accommodate a 
variety of interaction partners (Fan et al., 2002).    
 The 14 kDa light chain family consists of members Tctex-1, Tctex-2 and rp3, 
which have different expression levels in different tissues (King et al., 1996b; King et 
al., 1998; DiBella et al., 2001; Wilson et al., 2001). Tctex-1 binds to an IC target 
motif and, like LC8, Tctex-1 may also bind to other proteins and form a direct link to 
dynein cargo (Nagano et al., 1998; Tai et al., 2001; Yano et al., 2001). The binding 
sites for LC8 and Tctex-1 do not overlap, both proteins bind to IC simultaneously 
(Mok et al., 2001). The conformation of Tctex-1 is surprisingly similar to LC8, 
considering the lack of similarity in primary sequence. Tctex-1 also forms 
homodimers with secondary structural elements that are almost identical to those 
present in LC8, and the proteins share a common target binding mode (Mok et al., 
2001; Williams et al., 2005).      
 Roadblock-1 and roadblock-2 belong to the roadblock family of LCs. The 
roadblock proteins dimerize, forming an extended -sheet that participates in binding 
to IC (Nikulina et al., 2004; Song et al., 2005). The IC binding site of roadblock is 
downstream of the LC8 and Tctex-1 IC binding sites (Susalka et al., 2002).    

2.5 Mechanism of dynein-motor translocation

How the ATPase activity of the P1 site in dynein is transmitted via the 10 nm long 
stalk to the microtubule-binding head domain poses a major challenge for 
understanding the mechanism of the dynein motor powerstroke. The stalk emerges on 
the opposite side of the P1 site in the AAA ring, so conformational changes must be 
propagated along the entire ring  (Samso and Koonce, 2004). The stalk forms an 
intramolecular coiled-coil with heptad repeats. The coiled-coil configuration of the 
stalk in the region close to the microtubule-binding domain affects the affinity for 
microtubules, which means that small local changes in stalk conformation control 
attachment to microtubules and detachment from them (Gibbons et al., 2005). The 
stalk also regulates the ATP hydrolysis rate of dynein (Hook et al., 2005).  
 Electron microscopy and single-particle analysis showed that during the 
dynein powerstroke the C-terminal head and stalk rotate relative to the N-terminal tail 
(Burgess and Knight, 2004). Indeed, measuring fluorescence resonance energy 
transfer between green fluorescent protein (GFP) fused to the motor head and blue 
fluorescent protein (BFP) fused to the N-terminal tail showed that dynein moves the 
tail domain relative to the motor head domain during specific steps of the ATP 
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hydrolytic cycle (Kon et al., 2005). N-terminally heteromeric, one-headed dynein can 
bind and hydrolyze ATP, but cannot detach from microtubules, while monomeric 
HCs can. This indicates that there are cooperative interactions between the two HCs 
which are transmitted via the dimeric tail (Iyadurai et al., 1999). How the coordination 
of the two heads is translated into movement in the N-terminal tail is not known 
(Koonce and Samso, 2004).  

2.6 Dynactin 

Dynactin is a multimeric protein complex discovered by its ability to function as a 
dynein activator for vesicle transport. A conspicuous component of the complex is a 
conserved 150 kDa polypeptide with extensive homology to Drosophila Glued (Gill 
et al., 1991; Schroer and Sheetz, 1991; Waterman-Storer and Holzbaur, 1996). 
 Dynactin contains at least nine different polypeptides, many of which are 
present in multiple copies in the 1.2 MDa complex (Fig. 4) (Schafer et al., 1994; 
Schroer, 2004). The base of the dynactin complex is a helical fiber formed by a 45 
kDa polypeptide present in nine copies. The 45 kDa protein is an actin related protein 
called Arp1, which has an intrinsic ability to form short fibers from monomers in 
solution (Bingham and Schroer, 1999). A barbed-end capping protein, CapZ, and a 
heterotetrameric pointed-end complex consisting of p62, p27, Arp11 and p25, are 
found at opposite ends of the Arp1 fiber (Schafer et al., 1994; Eckley et al., 1999; 
Karki et al., 2000; Parisi et al., 2004).  
 Studies of dynactin by transmission electron microscopy show a rod-shaped 
complex with a flexible sidearm structure projecting from the filament backbone 
(Hodgkinson et al., 2005). The sidearm is formed by a homodimer of p150Glued, which 
binds to the Arp1 filament via its C-terminus while the N-terminal part projects from 
the Arp1 base, ending in two small globular heads consisting cytoskeleton associated 
protein-glycine rich (CAP-Gly) domains which bind microtubules (Gill et al., 1991; 
Schafer et al., 1994; Waterman-Storer et al., 1995; Kobayashi et al., 2006). The 
dimeric arm of p150Glued contains an alpha-helical coiled-coil region that binds 
directly to the IC of cytoplasmic dynein  (Karki and Holzbaur, 1995; Vaughan and 
Vallee, 1995; Steffen et al., 1997; King et al., 2003). Four copies of p50 dynamitin 
are found associated with the Arp1 backbone. Dynamitin is a tethering factor for 
p150Glued, as evidenced by the disruption of the dynactin complex at this junction 
when dynamitin is overexpressed  (Echeverri et al., 1996; Burkhardt et al., 1997; 
Eckley et al., 1999; Valetti et al., 1999). The smallest subunit in the complex, the 
p22/24 subunit, is associated with the projecting N-terminal part of p150Glued (Eckley 
et al., 1999).     
 The dynactin complex has a dual function in dynein-driven motility. It is 
involved in linking the dynein motor to cargo as well as increasing the translocation 
length of dynein along microtubules. The increase in processivity is dependent on the 
p150Glued subunit (King and Schroer, 2000). Recently, a basic region separate from the 
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Figure 4. Schematic representation of the dynactin complex. The N-terminal 
part of the p150Glued subunit containing microtubule-binding domains is seen 
projecting from the Arp1 filament backbone, while the C-terminal part is 
attached to the Arp1 base. A helical region in the p150Glued arm binds the 
intermediate chain of cytoplasmic dynein. [Reprinted from Schroer (2004), 
Annu Rev Cell Dev Biol 20:759-79. Copyright © 2004, with permission from 
Annual Reviews] 
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CAP-Gly domain that bound microtubules was identified in p150Glued. This region 
was shown to be responsible for enhancement of dynein processivity (Culver-Hanlon
et al., 2006). Exactly how the cargo is attached to the dynein-dynactin complex is 
unclear. The mechanism involves spectrin, since spectrin is required for dynein-
dynactin driven motility of protein-free liposomes along microtubules and the Arp1 
subunit in the dynactin base binds membrane-associated III spectrin. The PH domain 
of  spectrin interacts with acidic phospholipids in the cargo membrane (Holleran et 
al., 1996; Holleran et al., 2001; Muresan et al., 2001). It has been suggested that the 
flexible p150Glued arm sterically regulates accessibility of the Arp1 filament to 
membraneous cargo. Binding of dynactin to membranes also requires the presence of 
the dynein motor, pointing to a codependency between the two macromolecular 
complexes in the process of cargo attachment (Kumar et al., 2001). 

2.7 Regulation of the dynein-dynactin complex 

Many of the subunits in the dynein-dynactin components are subject to regulation by 
phosphorylation and by binding to other proteins (Lopez and Sheetz, 1993; Karki et 
al., 1997; Huang et al., 1999a; Short et al., 2002). Multiple IC isoforms also offer 
variation in protein-protein interactions and phosphorylation, which in turn may affect 
dynein ATPase activity (Pfister et al., 1996a; Pfister et al., 1996b; Nurminsky et al.,
1998; Runnegar et al., 1999; Kini and Collins, 2001). The phosphorylation status of 
dynein is regulated by the presence of dynactin. In the absence of dynactin, dynein LC 
become hyperphosphorylated and the ATP affinity of the motor decreases (Kumar et 
al., 2000). Phosphorylation of IC in the p150Glued-binding region prevents p150Glued

from binding, which in turn detaches cargo from the motor (Vaughan et al., 2001). 
The p150Glued subunit becomes phosphorylated in response to external stimuli that 
activate vesicle trafficking (Farshori and Holzbaur, 1997). Phosphorylation of 
p150Glued is necessary for binding to microtubules (Vaughan et al., 2002).  

2.8 Coordination of motor activity  

Vesicles and organelles move bidirectionally along microtubule tracks in the cell 
(Blocker et al., 1997; Rogers et al., 1997; Martin et al., 1999; Ma and Chisholm, 
2002). Since a given motor is unidirectional, a change in motor activity must occur 
when there is a change in the direction of cargo movement. This may either be 
accomplished by switching the type of cargo-attached motors, or by having multiple 
motors attached to the cargo simultaneously, which may be activated or inactivated. 
Support for the latter view now exists. Biochemical and genetic disruption of either 
kinesin, cytoplasmic dynein or dynactin abolishes movement in both plus- and minus 
end directions, showing that the motors are interdependent in bidirectional transport 
(Blocker et al., 1997; Martin et al., 1999; Gross et al., 2002; Deacon et al., 2003). 
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 Dynein and kinesin have both been found on retro- and anterogradely 
transported membranous organelles (Hirokawa et al., 1990; Rogers et al., 1997; Ma 
and Chisholm, 2002). The coordination of activity may be achieved through direct 
interactions. The IC of cytoplasmic dynein can bind directly to kinesin I, and the 
dynactin subunit p150Glued can bind the KAP subunit of kinesin II. When bound to 
KAP, p150Glued no longer binds to the IC of cytoplasmic dynein (Deacon et al., 2003; 
Ligon et al., 2004). Direct interactions may also underlie the coordination of 
microtubular and actin-based transport. The tail domain of myosin V can bind to 
kinesin as well as the 8 kDa light chain of cytoplasmic dynein (Huang et al., 1999b; 
Espindola et al., 2000).

3. Rab proteins 

Rab proteins belong to the superfamily of small monomeric GTP-binding proteins, or 
small GTPases, which also includes members of the Ras, Rho, Sar1/Arf and Ran 
families. Rab proteins form the largest family within the superfamily, more than 60 
different Rab proteins are found in humans (Pereira-Leal and Seabra, 2001). The 
protein families in the small GTPase superfamily regulate a variety of cellular 
processes. Ras family members regulate gene expression, members of the Rho family 
cytoskeletal reorganisation, Rab- and Sar1/Arf  family members vesicle trafficking, 
and Ran family members regulate nucleocytoplasmic transport. The families do 
however have in common their ability to bind GTP or guanosine 5'-diphosphate  
(GDP) and have an intrinsic GTPase activity (Takai et al., 2001). 
 The multistep process of vesicular transport involves selection of cargo, 
formation of a vesicle by detachment from a donor membrane, movement along 
cytoskeletal tracks, tethering and docking to the target acceptor membrane and finally 
fusion with the target membrane. Rab proteins associated with specific subcellular 
compartments regulate discrete steps in this process (Somsel Rodman and Wandinger-
Ness, 2000). Formation of a SNARE-complex precedes fusion of vesicles. Rab 
proteins promote formation of the fusion complex by interacting directly with 
tethering proteins, and possibly by recruiting SNAREs to the zones of vesicle contact 
with target membranes. Rab proteins and their associated effectors thereby provide 
specificity for SNARE-mediated membrane fusion (Tuvim et al., 2001; Zerial and 
McBride, 2001). 

3.1 The Rab GTP binding/hydrolysis cycle

The Rab proteins cycle between GDP- and GTP -binding states. In the cytosol, newly 
synthesized Rab proteins in the GDP form associate with the Rab escort protein (REP), 
which 'escorts' the Rab to the enzyme Rab geranylgeranyl transferase (Rab GGT). Rab 
GGT catalyzes the addition of geranylgeranyl moieties to C-terminal cysteine residues 
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of Rab proteins. This post-translational modification enables Rab proteins to associate 
reversibly with intracellular membranes. After delivery of the Rab, REP returns to the 
cytosol for another round of prenylation. At the membrane, a guanine exchange factor  
protein (GEF) mediates the exchange of GDP for GTP, which activates the Rab for 
interaction with effectors. Subsequently, Rab GTPase activating protein (GAP) induces 
hydrolysis of the bound GTP to GDP. The GDP form of the Rab protein is retrieved to 
the cytosol by a Rab guanine nucleotide dissociation inhibitor (GDI), which thus serves 
as a recycling factor (Seabra et al., 2002).   

3.2 Membrane targeting of Rab proteins 

The C-terminal domains of Rab proteins are hypervariable, differing in length and 
composition. The hypervariable domain sequences play a crucial role in targeting Rab 
proteins to specific intracellular membrane compartments. The mechanism of 
targeting has, however, not been resolved. Targeting does not seem to be directly 
coupled to the GTP/GDP cycle, instead it was suggested that GDI-displacement 
factors guide the localization by recognizing exposed residues in the hypervariable 
domain of Rab in complex with GDI. The GDI-displacement factor prenylated Rab 
acceptor 1 (PRA1) was subsequently identified and shown to dissociate Rab/GDI 
complexes and to influence Rab membrane association. A Rab could also be 
stabilized on a particular membrane by interacting with a specific GEF, resulting in 
activation of the Rab and binding to an effector in that location. Since GEF is not 
permanently membrane-associated it would have to be recruited to a specific 
compartment by a yet unknown mechanism. Targeting of Rab proteins may also 
involve local lipid-protein interactions (Pfeffer, 2001; Zerial and McBride, 2001; 
Pfeffer and Aivazian, 2004; Ali and Seabra, 2005). 
 The effectors that bind to active, GTP-bound Rab, constitute a structurally 
heterogenous collection of proteins with varied functions. The structure of three Rab-
effector complexes has been determined, and no unifying mode for effector binding is 
apparent. The Rab5 effector Rabaptin5 and the Rab7 effector Rab7-interacting 
lysosomal protein (RILP) form binding interfaces with dyad symmetry, while the 
Rab3 effector Rabphlin3A binds in a monomeric asymmetric mode. Effector binding 
is largely determined by the conformation in the switch and interswitch regions, and 
also by residues in other areas, termed complementarity determining regions (CDR), 
as in the case of the Rab3/Rabphilin3A and Rab7/RILP complexes. The CDR 
coincide with stretches of amino acids termed SF sequences, which are conserved in 
the Rab subfamilies  (Ostermeier and Brunger, 1999; Zhu et al., 2004; Pfeffer, 2005; 
Wu et al., 2005). 
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3.3 Rab effectors 

Activated Rab proteins orchestrate the assembly of effector complexes at particular 
membrane locations where proteins become recruited sequentially, allowing 
regulation of transport events in a manner coordinated in space and time. The 
extensively studied Rab5 nicely illustrates this principle. The Rab5 GEF Rabex-5, in 
complex with Rabaptin-5, catalyzes the exchange of bound GDP for GTP on Rab5. 
When Rab5 thereby is activated, the Rabex-5/Rabaptin-5 complex becomes 
membrane associated via Rabaptin-5, generating more active Rab5 in that location. 
Active Rab5 interacts with the phosphatidylinositol kinase hVPS34, which results in 
local production of PI3P. This in turn recruits Rabenosyn-5 and EEA1, an effector 
that binds PI3P and Rab5. Proposedly the chain of events leads to formation of a Rab5 
microdomain, when several effector complexes oligomerize in a certain region of the 
organelle. Components of the SNARE machinery are subsequently recruited to these 
microdomains by interaction with the effector complexes (Somsel Rodman and 
Wandinger-Ness, 2000; Zerial and McBride, 2001).  

3.4 Rab proteins and intracellular motors 

In addition to the SNARE fusion machinery, the GDP/GTP switch mechanism 
enables Rab proteins to recruit other components in the intracellular trafficking 
pathways. Indeed, an important role for Rab proteins has emerged in the association 
of molecular motors with specific target organelles in an orderly manner (Seabra and 
Coudrier, 2004; Jordens et al., 2005).   
 The small GTPase Rab6 was the first Rab to be found associated with 
intracellular motors. Active Rab6 facilitates transport between the cis/medial- and the 
late/TGN compartments and from the Golgi to the ER (Martinez et al., 1994; White et 
al., 1999). The molecular machinery behind the Rab6-mediated motility of Golgi 
membranes turned out to involve a kinesin-like Rab6 effector, rabkinesin-6, a motor 
protein required for cytokinesis. The rabkinesin-6 motor comprises an N-terminal 
microtubule-binding head domain, a helical stalk and tail, and was shown to have an 
additional microtubule-binding region outside the motor domain (Echard et al., 1998; 
Hill et al., 2000). Rab6 can also associate with the dynein-dynactin motor complex by 
both direct and indirect interactions. Active Rab6 binds directly to p150Glued as well as 
to Golgi-associated Bicaudal-D2, a protein which binds p50 dynamitin. Rab6 
therefore regulates both minus- and plus end directed movement of Golgi membranes 
by recruiting the dynein and kinesin motor machineries, respectively, to this organelle 
(Hoogenraad et al., 2001; Short et al., 2002).       
 The mechanism of a another Rab protein, Rab27, in motor transport has been 
intensively studied due to its involvement in human Griscelli syndrome. Griscelli 
syndrome is a rare autosomal recessive disorder, manifested by pigmentary dilution of 
keratinocytes, and accumulation of pigment-containing granules, melanosomes, in 
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melanocytes. Griscelli patients also suffer from immunodeficiency due to loss of 
cytotoxic T-cell activity and neurological impairment. The melanosomes are found 
clustered in the melanocyte perinuclear area due to defective transport to actin-
containing dendrite extensions at the distal end from which they are normally 
transferred to neighboring keratinocytes (Seabra and Coudrier, 2004).  
 Dilute, ashen and leaden mice, which all have defects in pigment granule 
transport have been revealing models for elucidating the mechanism of the syndrome. 
The dilute mouse has defective actin motor myosin Va, the ashen mouse has defective 
Rab27a, and melanophilin is the product of the leaden locus (Pastural et al., 1997; 
Wilson et al., 2000; Provance et al., 2002). Rab27a is targeted to the melanosome in 
both leaden and dilute mice, while myosin Va does not colocalize with melanosomes 
in the ashen melanocytes, indicating that functional Rab27a is required for 
recruitment of the motor to the melanosome. Association of the motor with 
melanosomes does however also require the presence of functional leaden protein 
(Wu et al., 2001; Provance et al., 2002). Transfection of Rab27a-mutated ashen mice 
with melanophilin, the product of the leaden locus, did not recruit the myosin Va 
motor to melanosomes (Wu et al., 2002). Rab27a must therefore associate with the 
melanosome prior to recruitment of myosin Va. Melanophilin has a linker function in 
the motor complex. It binds actin, active Rab27a and myosin Va directly, bridging the 
small GTPase and the motor with binding sites at opposite termini. Melanophilin is 
recruited to the melanosome by active Rab27a, where it binds myosin Va. This, in 
turn, activates the motor by increasing its ATPase activity (Fukuda and Kuroda, 2002; 
Nagashima et al., 2002; Strom et al., 2002; Li et al., 2005). A similar Rab27a 
complex exists in the retinal pigment epithelium melanosomes, comprising Rab27a, 
the myosin- and Rab-interacting protein (MyRIP) and myosin VIIa. Like 
melanophilin, MyRIP serves as a linker that binds both Rab27 and the motor (El-
Amraoui et al., 2002; Kuroda and Fukuda, 2005). The motor machinery in 
melanosome transport may involve several other proteins, proposedly factors that 
belong to the exophilin Rab27 effector family (Bahadoran et al., 2003; Gibbs et al.,
2004). Actin-dependent motility and distribution of melanosomes is also regulated by 
Rab8. Although the molecular mechanism remains to be clarified, Rab8 may control 
association/dissociation of melanosome-motor complexes on actin filaments 
(Chakraborty et al., 2003; Chabrillat et al., 2005).  
 Rab8 is involved in TGN to plasma membrane transport in polarized cells 
(Huber et al., 1993; Peranen et al., 1996). The mechanism for Rab-mediated Golgi 
membrane motility resembles the Rab27-induced recruitment of motor complexes to 
melanosomes. Active Rab8 recruits myosin VI to membranes by interaction with the 
effector optineurin, which also binds to the C-terminal tail of myosin VI (Hattula and 
Peranen, 2000; Sahlender et al., 2005).  
 The early endosomal Rab4 and Rab5 GTPases, interact with motor 
machineries that transport cargo along microtubules in both plus- and minus end 
directions. Rab4 interacts with the kinesin motor KIF3 as well as with cytoplasmic 
dynein LIC (Bielli et al., 2001; Imamura et al., 2003). Rab5 associates with  dynein 
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and  KIF16B in a PI3P-responsive manner (Nielsen et al., 1999). The reruitment of 
KIF16B to the early endosome occurs indirectly via the Rab5 effector hVPS34. A C-
terminal PX domain in KIF16B binds to PI3P generated locally by hVPS34 (Hoepfner
et al., 2005).  
 Regulation of recycling endosome motility occurs via another myosin motor-
interacting Rab protein, Rab11. Recycling endosome movement is powered by 
myosin Vb, but whether this occurs by direct binding of the motor to Rab11 or 
indirectly via optineurin is unclear (Hales et al., 2001; Lapierre et al., 2001).    

3.5 The small GTPase Rab7 

Rab7 is found associated with late endosomes and lysosomes (Chavrier et al., 1990; 
Meresse et al., 1995). Introduction of mutations in Rab7 analogous to the oncogenic 
form of p21-Ras with reduced GTPase activity or altered affinity for guanine 
nucleotides have revealed transport steps that are controlled by this particular Rab 
protein. When threonine 22 is mutated to asparagine, it results in a dominant negative 
mutant that stays in the GDP bound form, rendering the protein constitutively inactive. 
When glutamine 67 is mutated to leucine, it results in a constitutively active GTP-Rab7 
(Valencia et al., 1991; Dumas et al., 1999). Based on studies with these mutants it was 
shown that Rab7 controls transport from early to late endosomes, and from late 
endosomes to lysosomes (Feng et al., 1995; Meresse et al., 1995; Press et al., 1998). 
Overexpression of the constitutively active Rab7Q67L mutant, resulted in enlarged 
vesicles and extensive colocalization with the late endosomal/lysosomal membrane 
glycoprotein, Lamp-1, while overexpression of the dominant negative T22N mutant 
scattered lysosomal compartments in the cell periphery, preventing them from 
functioning normally in endocytosis. Overexpression of wild type Rab7 or Rab7Q67L 
accelerated the degradative pathway, while Rab7T22N had the opposite effect 
(Carlsson et al., 1988; Meresse et al., 1995; Vitelli et al., 1997; Bucci et al., 2000).  
 It is evident that Rab7 plays a central role in the degradative pathway and in 
other processes requiring late endosomal trafficking. Active Rab7 is necessary for 
maturation of phagosomes into phagolysosomes, lipid transport, nutrient transporter 
downregulation and the trafficking of ligand-receptor complexes involved in cell 
signaling (Choudhury et al., 2002; Edinger et al., 2003; Harrison et al., 2003; 
Gutierrez et al., 2004; Saxena et al., 2005; Ceresa and Bahr, 2006). Missense 
mutations in Rab7 cause Charcot-Marie-Tooth Type 2B neuropathy characterized by 
sensory loss, severe infections, arthropathy and marked distal muscle weakness 
(Verhoeven et al., 2003; Houlden et al., 2004). Intracellular pathogens such as 
Salmonella typhimurium and Helicobacter pylori that exploit the endocytic route for 
propagation are dependent on active Rab7 (Papini et al., 1997; Meresse et al., 1999). 
The identification of effectors for Rab7 have given some insight into the mechanism 
of Rab7 function in these processes.   
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 RILP is recruited to late endosomes/lysosomes by binding directly to active 
Rab7, prolonging the GTP bound state. Overexpression of RILP results in perinuclear 
aggregation of Lamp-1 positive compartments associated with components of the 
dynein-dynactin machinery. This phenotype is lost when an N-terminal part of the 
protein that does not bind Rab7 is removed. This part of RILP has therefore been 
referred to as the 'motor recruiting domain', although direct interaction with the 
dynein-dynactin complex has not been demonstrated (Cantalupo et al., 2001; Jordens
et al., 2001).  
 The structure of RILP bound to Rab7 has been resolved at high resolution. 
Full-length Rab7Q67L was crystallized with the C-terminal Rab7-binding residues of 
RILP. The overall structure of Rab7Q67L in complex with RILP is similar to 
uncomplexed GTP Rab7, containing six  strands and five  helices, but substantial 
conformational changes are seen in the N- and C-terminal regions. RILP is folded into 
two alpha helices, 1 and 2, which are connected by a tight loop. Two RILP 
molecules form a homodimer by coiled-coil interactions of two identical 1 helices. 
The RILP dimer binds to two separate Rab7 molecules on opposite sides in a Rab7-
RILP2-Rab7 configuration with two symmetric binding surfaces. Each Rab7-binding 
interface is contributed by two different RILP molecules. The contact areas involve 
switch and interswitch regions of Rab7 and the hypervariable regions referred to as 
RabSF1 and RabSF4, synonymous to Rab CDRs (Wu et al., 2005). It has become 
clear that the variety of late endosomal trafficking events that involve active Rab7 in 
fact are dependent on motor recruitment by RILP (Harrison et al., 2003; Harrison et 
al., 2004; Marsman et al., 2004).  
 Rabring7 is a Rab7-interacting protein containing a RING finger motif, a 
motif found in proteins that participate in assembly of large macromolecular 
complexes. Rabring7 is mainly cytosolic, but is recruited by active Rab7 to late 
endosomes (Mizuno et al., 2003). The proteasome alpha subunit XAPC7 binds Rab7. 
XAPC7 overexpression caused decreased late endocytic transport of membrane 
proteins, which was partially rescued by overexpression of Rab7. Rab7 itself was not 
a substrate for proteosomal degradation (Dong et al., 2004). Active hVPS34 is 
necessary for transport from early to late endosomes. Rab7,  hVPS34 and its adapter 
protein p150 colocalize and form a complex on endosomal membranes. Interaction 
with Rab7 increases the kinase activity of hVPS34, presumably resulting in a local 
increase of  PI3P, and formation of a Rab7-microdomain, analogous to the Rab5 
microdomain. Interaction with inactive Rab7 mutants decreased kinase activity (Stein
et al., 2003).  
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4. Oxysterol binding protein homologues 

The initial observation that oxysterols are potent inhibitors of the commited step-
catalyzing enzyme in cholesterol biosynthesis, 3-hydroxy-3-methylglutaryl coenzyme 
A reductase, prompted investigators to identify a protein mediating the oxysterol 
signal. Subsequently, isolation of a sterol-protein complex lead to the identification of 
the oxysterol binding protein (OSBP) that bound a variety of oxygenated cholesterol 
derivatives via its C-terminal domain (Taylor and Kandutsch, 1985). Since then, 
families of  OSBP homologues have emerged in organisms ranging from yeast to 
humans. The OSBP homologues therefore represent an evolutionary conserved family 
of proteins (Alphey et al., 1998; Anniss et al., 2002; Lehto and Olkkonen, 2003). The 
human family consists of twelve OSBP-related proteins (ORP) (Fig 5). Seven OSBP-
related protein encoding genes (OSH) are found in the yeast genome . The structurally 
similar OSBP homologues have been implicated in a wide range of intracellular 
processes, but the molecular machineries underlying these functions are largely 
uncharacterized. The extensive splice variation of OSBP-homologues adds on to the 
challenge of deciphering the functional mechanisms of these proteins (Lehto and 
Olkkonen, 2003).          

4.1 Structural elements and sequence motifs in OSBP homologues 

4.1.1 OSBP-related domain  

All OSBP homologues studied to date have in common the presence of an OSBP-
related domain (ORD) with a conserved EQVSHHPP sequence motif (Lehto and 
Olkkonen, 2003). The structure of this domain was recently solved. Nineteen 
strands make a near-complete -barrel with a hydrophobic interior. The most N-
terminal part of the domain forms a lid for the barrel, while two  strands and three 
helices complete the barrel wall and form a plug at the distal end. C-terminal  helices 
and  strands form a large subdomain outside the barrel. Six conserved basic residues 
are found at the exterior surface close to the lid and are essential for sterol binding. 
The barrel accommodates a sterol molecule by extensive water-mediated interactions. 
Unlike the 3 -hydroxyl group of cholesterol, the side chains of oxysterols do not 
interact with barrel residues, suggesting that oxysterols may not be  the physiological 
ligand for this domain. Residues in the EQVSHHPP signature motif do not participate 
in binding of sterol, while mutations within the tunnel and the lid region abolish 
binding and result in loss of function. Conformational changes in the lid accompany 
binding and release of sterol ligand. Access to the tunnel may be regulated by 
interaction with charged head groups on membranes (Im et al., 2005).               
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Figure 5. Schematic representation of the human ORP family. The proteins are organized
into six subfamilies according to amino acid homology. The ORD is shown in red, with
the fully conserved OSBP fingerprint (OF) EQVSHHPP motif highlighted in yellow. PH 
domains are shown in blue, ankyrin repeats (ANK) in orange and the FFAT motif is 
indicated by a black line. Putative transmembrane domains (TM) are shown in green.  
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4.1.2 Pleckstrin homology domain 

Pleckstrin homology (PH) domains are found in over 250 different proteins involved 
in a variety of functions including signaling, cytoskeletal organization, and membrane 
trafficking. All except one human ORP, ORP2, contain a PH domain, and it is also 
present in three of the seven yeast Osh proteins. The PH domain is a module of seven 

 strands that form a -sheet sandwich with a C-terminal -helix. Three variable loops 
linking the  strands form the ligand binding site. The variable loops contain 
positively charged residues which interact with phosphoinositides (PIPs) by 
recognition of negatively charged headgroups (Lemmon and Ferguson, 2001).  
 PIPs can be synthesized and degraded at certain membrane locations by 
enzymes that associate with receptors, rapidly changing the local concentration of so-
called second messenger lipids by the action of kinases and phosphatases. This 
enables signal-dependent recruitment of proteins that interact with the locally 
produced PIPs (Lemmon and Ferguson, 2000; Payrastre et al., 2001; Simonsen et al.,
2001). Only a fraction of PH domains have proven highly specific for binding PIPs. 
The physiological relevance of the unspecific PH domains is not clear, but may be 
explained by an avidity mechanism of PH domains, involving multiple low-affinity 
domains coming together for cooperative binding (Lemmon and Ferguson, 2000).  

4.1.3 Ankyrin repeats 

The ankyrin repeat is a structure of high thermodynamic stability, which may explain 
its presence in over 400 proteins. Ankyrin repeat proteins have diverse functions such 
as transcriptional regulation, cytoskeletal organization and developmental regulation. 
The ankyrin repeat is a small 33 amino acid module for protein-protein interactions 
with many unrelated target proteins. The number of repeats varies between 2 and 20 
in different proteins. The repeat consists of pairs of antiparallell  helices stacked side 
by side intervened by  hairpin motifs, forming a -hairpin-helix-loop-helix structure. 
The contact area in the ankyrin repeat for binding to a target protein is undefined, but 
commonly involves hypervariable residues in the  loops that protrude from the 
helical scaffold. The precise architecture of ankyrin repeat domains varies among 
proteins, some have helical or  strand insertions in the repeats, while others have 
shortened helical elements in the core structure (Sedgwick and Smerdon, 1999; Kohl
et al., 2003). Ankyrin repeats are an unique feature of ORP1Long (ORP1L) in the 
human family. ORP1L contains three N-terminal ankyrin repeats (See Results section 
1.2). The yeast Osh2 and Osh3 proteins also have three ankyrin repeats at their N-
termini (Levine and Munro, 2001).  
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4.1.4 Two phenylalanines in an acidic tract motif 

Two phenylalanines in an acidic tract  (FFAT) is a highly conserved ER targeting 
determinant with the consensus sequence EFFDAxE upstream of which is an acidic tract. 
Motifs matching the exact consensus sequence are present in 17 otherwise structurally 
unrelated proteins. Sequences closely related to the consensus are found in an additional 
13 proteins. This motif is found in yeast Osh1, Osh2 and Osh3, and in the human 
homologues ORP1L, ORP2, ORP3, ORP4, ORP6, ORP7 and ORP9. The FFAT motifs 
targets proteins to the cytosolic surface of the ER by interaction with vesicle associated 
membrane protein (VAMP) -associated protein (VAP) homologues, which are tethered to 
the ER membrane by a transmembrane domain. The conserved mechanism by which 
VAP and FFAT interact involves binding of the aromatic phenylalanine ring in a 
hydrophobic pocket of VAP (Loewen et al., 2003; Kaiser et al., 2005).  

4.1.5 Golgi dynamics domain  

Golgi dynamics domains (GOLD) were originally identified in members of the p24 
family of proteins involved in ER to Golgi transport. The GOLD domain is present in 
at least 28 proteins, including the yeast OSBP homologue Osh3. Like the name 
implies the GOLD domain is found in proteins involved in Golgi maintenance and 
transport. This  strand-domain is predicted to be a protein-protein interaction motif. 
In all studied proteins except the p24 family members, the GOLD domain was present 
in combination with lipid binding domains. This lead authors to suggest that this 
motif could mediate the assembly of Golgi membrane complexes by dual interaction 
with both lipid and protein ligands (Anantharaman and Aravind, 2002).  

4.2 Subcellular targeting of OSBP homologues 

A common feature of OSBP homologues is their association with specific subcellular 
compartments, largely determined by the structure- and sequence elements in the 
proteins. These modules interact with ligands that target the proteins either directly or 
indirectly to a membrane. Targeting to the correct location is essential for function 
(Lagace et al., 1997; Li et al., 2002; Loewen et al., 2003). The targeting of the ORP 
family founder, OSBP, exemplifies how OSBP homologues may be targeted. When 
oxysterol ligand is bound, OSBP is translocated from a cytosolic location to the Golgi 
apparatus (Ridgway et al., 1992).  The targeting of OSBP requires 
phosphatidylinositol 4-kinase (PI 4-kinase) activity, resulting in local 
phosphatidylinositol 4-phosphate (PI4P) production, recognized by the PH domain 
(Levine and Munro, 1998, , 2002). Targeting also requires the presence of functional 
Arf-1, a small GTPase that recruits proteins to the Golgi, including PI 4-kinase itself 
(Godi et al., 1999; Levine and Munro, 2002). The presence of a FFAT motif also 
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localizes OSBP to the ER, by direct binding to VAP-A. The distribution of OSBP 
between these compartments exhibits some codependency between the PH domain 
and the FFAT motif, since deletion of the PH domain results in diffuse cytoplasmic 
localization of the protein (Lagace et al., 1997; Wyles et al., 2002).  
 Other examples of dual targeting are found in the ORP family. The presence 
of both a PH domain and FFAT motif in ORP3, ORP6 and ORP7 targets these 
proteins to the plasma membrane and ER (Lehto et al., 2004; Lehto et al., 2005). 
VAP-binding and the PH domain target ORP9 to both the ER and the Golgi (Wyles 
and Ridgway, 2004).  
The yeast Osh1 protein comprises three ankyrin repeats, a PH domain and a FFAT 
motif, and is targeted to the Golgi and nucleus (Levine and Munro, 2001). The PH 
domain specifies Golgi localization, while the ankyrin repeats target the protein to a 
specialized junction called the nucleus-vacuole junction. The nucleus-vacuole 
junction is formed by direct binding of vacuolar Vac8p to Nvj1p on the nuclear 
membrane, forming an interorganelle junction (Pan et al., 2000). Osh1p is targeted to 
this junction by interaction with Nvj1p (Kvam and Goldfarb, 2004).  
 The presence of several targeting motifs may also result in one dominating 
over the other(s). Osh2 also contains three ankyrin repeats and a PH domain, like 
Osh1p, but is targeted to the plasma membrane (Levine and Munro, 2001).  
OSBP homologues lacking apparent targeting determinants may still be localized to 
certain membranes. ORP2 localizes to the Golgi, despite the absence of a PH domain 
and the presence of FFAT motif (Xu et al., 2001). A PH domain-like domain which 
binds PIPs has been described in Osh4/Kes1, a short OSBP homologue containing the 
ORD only. Targeting to the Golgi is mediated by interaction of the PH domain-like 
domain with PI4P as well as another determinant present in the ORD (Li et al., 2002).  
 Domains of the ER are in close contact with a number of organelles, including 
the plasma membrane, endosomes, lysosomes and the Golgi. The localization of 
OSBP homologues to multiple membranes lead to the suggestion that these proteins 
may function as lipid transfer proteins at membrane contact sites. (Olkkonen and 
Levine, 2004). 

4.3 Functions of OSBP homologues 

The OSBP homologues have been attributed a number of functions, including 
regulation of vesicle trafficking, lipid metabolism and cell signaling, but so far only a 
few interacting protein partners have been identified that mediate the OSBP 
homologues' influence on these processes. Several OSBP homologues are expressed 
in a tissue-specific manner, and are upregulated during differentiation, indicating cell 
type-restricted functions (Laitinen et al., 1999; Gregorio-King et al., 2001; Moreira et 
al., 2001; Wang et al., 2002). Overexpression of ORP and Osh proteins commonly 
perturb the morphology of the membrane compartment they associate with, 
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suggesting that they regulate the dynamics of that organelle (Levine and Munro, 
1998; Wyles and Ridgway, 2004; Lehto et al., 2005). 

4.3.1 OSBP homologues in lipid metabolism and vesicle trafficking  

Genetic analysis of the seven yeast Osh proteins, showed that elimination of the entire 
Osh family is lethal, indicating that all members share an essential function that can 
be carried out by any Osh. When all Osh proteins are depleted, the cellular sterol 
composition was seen to change, and many of the viable Osh deletion combinations 
had sterol and membrane defects, as observed in other studies (Jiang et al., 1994; Beh
et al., 2001; Wang et al., 2005a). Involvement of human ORPs in sterol metabolism 
has also been demonstrated (Lagace et al., 1999; Laitinen et al., 2002; Hynynen et al.,
2005; Wang et al., 2005a). OSBP has been shown to regulate ceramide transport and 
sphingomyelin synthesis in an oxysterol-dependent manner. OSBP was also shown to 
inhibit cholesterol  biosynthesis, suggesting that OSBP plays a role in cholesterol 
homeostasis (Lagace et al., 1997, , 1999; Perry and Ridgway, 2005). The inhibitory 
effect on cholesterol synthesis in the presence of oxysterols was, however, shown to 
be independent of OSBP (Nishimura et al., 2005). 
 When six Osh members are depleted, and the seventh is placed under 
exogenous control, allowing its expression to be turned off, budding is impaired, 
vesicles and lipid droplets accumulate, and vacuoles become fragmented. Exocytosis 
is unaffected, while endocytosis is inhibited. This inhibition could be a result of 
altered plasma membrane lipid composition due to changes in sterol distribution (Beh 
and Rine, 2004). SEC14 encodes a phospholipid transfer protein required for 
biogenesis of Golgi-derived transport vesicles and is essential for viability (Bankaitis
et al., 1990). Deletion of Osh4/Kes1 bypassed the sec14 phenotype,  allowing the 
cells to survive. Osh4 therefore seems to be a negative regulator of Golgi-derived 
transport (Fang et al., 1996). Several human ORP proteins affecting the secretory 
pathway have been described. These include ORP1Short (ORP1S), ORP2, and ORP9 
(Xu et al., 2001; Wyles and Ridgway, 2004; Fairn and McMaster, 2005).  

4.3.2 OSBP homologues in cellular signaling 

A link between OSBP homologues and receptor-mediated signaling was established 
when a bone morphogenetic factor (BMP) receptor associated protein (BRAM) 
binding protein (BIP) with an ORD was identified. BMP belongs to the transforming 
growth factor (TGF)  superfamily, and has a central role in development. Inhibition 
of translation of this protein by ribonucleic acid interference (RNAi) resulted in a 
shortened bodylength in Caennorhabditis elegans (Sugawara et al., 2001).  
 A novel function for OSBP in extracellular signal-regulated kinase (ERK) 
signaling was recently reported. ERK belongs to the family of mitogen-activated 
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protein (MAP) kinases. ERK itself is activated through a phosphorylation cascade as a 
result of  activation of the small GTPase Ras by ligand-bound cell surface receptors. 
ERK in turn phosphorylates a large number of substrates, including nuclear 
transcription factors, other signaling proteins and cytoskeletal proteins, which affect  
cell proliferation, survival, differentiation and apoptosis. Phosphatases inactivate the 
components of the signaling cascade (Johnson and Lapadat, 2002; Kolch, 2005). 
OSBP drives the assembly of a phosphatase complex that reduces active ERK levels. 
The phosphatase complex is a hetero-oligomer containing two codependent 
phosphatases, which dissociate when cholesterol is depleted. The oligomer is held 
together by OSBP that forms a cholesterol-binding scaffold coordinating the activity 
of the two phosphatases (Wang et al., 2005b). 
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II. AIMS OF THE STUDY 

The existence of families of oxysterol-binding protein homologues that have been 
conserved throughout evolution raises the question of what fundamental function is 
carried out by these proteins in such diverse organisms. The aim of this study was to 
characterize a recently described member of the human oxysterol-related protein 
(ORP) family, ORP1.  

The specific aims of the study were: 

I To study the intracellular localization and tissue-specific expression of ORP1 

 variants 

II To identify molecular interactions of ORP1L on late endosomes 

III  To investigate the functional role of ORP1L in the context of the late 

 endosomal trafficking machinery  
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III. METHODS 

The methods used in this study are summarized in the table below. Detailed 
descriptions are found in the publications indicated by roman numerals.  

Method Publication 
    

Recombinant DNA techniques I, II, III, IV, V 

Cell culture and transfection II, III, IV, V 

Expression and purification of recombinant proteins II, IV, V 

Production and purification of polyclonal antibodies II, IV 

Western blotting II, III 

Bioinformatic techniques I 

Real-time polymerase chain reaction II 

Immunoprecipitation III, IV, V 

In vitro translation III, IV, V 

In vitro pull-down of proteins III, IV, V 

Membrane association of ORP1  II 

Liposome pull-down  IV 

Liver X receptor transactivation  II 

Two-hybrid assay III, IV 

Immunofluorescence microscopy II, III, IV, V 

Electron microscopy II 

Tetramethyl-rhodamine iso-thiocyanate -dextran uptake and transport IV 

Fluorescence recovery after photobleaching  IV 

Fluorescence lifetime imaging microscopy  V 

Fluorescence resonance energy transfer  V 

VacA-induced cell vacuolation IV 
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IV. RESULTS AND DISCUSSION 

1. Description of a family of oxysterol binding protein homologues in humans 

1.1 Oxysterol binding protein-related DNA sequences 

A search for Expressed Sequence Tags (EST) in the National Center for 
Biotechnology Information (NCBI) database homologous to the sterol binding region 
in OSBP lead to the discovery of a family of human OSBP-related proteins (ORP) 
(Laitinen et al. 1999). This finding was further pursued by bioinformatic and cloning 
approaches to determine full-length cDNA sequences and genomic organization of the 
human ORP genes. In addition to the previously identified six members, database 
searching identified five additional ORP genes, extending the family to twelve 
members including OSBP, in humans.  
 Full-length cDNA sequences were constructed by combining sequence 
information from cDNA database sequences and from fragments obtained by 5'-rapid 
amplification of cDNA ends (RACE) and reverse transcription polymerase chain 
reaction (RT-PCR). The exon-intron organization of the ORP genes was determined 
by comparing the cDNA sequences with genomic nucleotide sequences in the 
nonredundant (NR) and the high throughput genome sequence (HTGS) GenBank 
databases. The similarity of genomic organization in different ORP family members 
was evident in the regions encoding structural elements (I, Fig. 5). The human ORP 
family can be divided into six subfamilies based on genomic structure.

1.2 ORP gene products 

The ORP genes encode protein products with predicted molecular weights ranging 
between 55 - 108 kDa (I, Table 2). Comparison of data on the human ORP mRNA 
tissue expression obtained by experimental and bioinformatic methods revealed that 
the proteins are expressed in a tissue-specific manner (I, Table 3.) A conspicuous 
feature of the ORP family members is the presence of a conserved C-terminal domain, 
the OSBP-related domain (ORD), that corresponds to the sterol-binding region in 
OSBP. This domain contains the OSBP signature sequence EQVSHHPP, which is 
fully conserved in all ORPs (Fig. 5; I, Fig. 2). The ORD was recently shown to be a 
barrel structure that binds sterols in its interior. Structural data showed that the sterol 
3 -hydroxyl group is involved in binding, while sterol side chains do not bind to 
barrel residues (Im et al. 2005). This raises the question of how this domain can have 
specific interactions with oxysterols and whether oxysterols represent the actual 
physiological ligands for this domain. A PH domain is present in all members except 
ORP2. This motif is a -sheet sandwich structure with three variable loops that form a 
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binding site for PIPs. Synthesis of PIPs in response to signals results in  membrane 
recruitment of PH domain proteins that interact with the locally produced PIPs 
(Lemmon and Ferguson, 2001; Simonsen et al., 2001). At the primary amino acid 
level, the PH domain in ORP4 had the highest homology with the PH domain in 
OSBP, while only 10% of the amino acids in ORP8 PH domain were identical to 
those in the OSBP PH domain (I, Fig. 3). The division of human ORPs into 
subfamilies based on amino acid similarities gives the same subfamily division as the 
division based on genomic structure.   
 The presence of three ankyrin repeats in the N-terminal region is a unique 
feature of the family member ORP1 (Fig. 5; I, Fig. 2; III, Fig. 1). The ankyrin repeat 
is a protein-protein interacting motif with no specified class of target proteins 
(Sedgwick and Smerdon, 1999; Kohl et al., 2003). Other structural motifs in the ORP 
family members include regions predicted to form coiled-coils found in all members, 
and putative transmembrane segments found in ORP5 and ORP8. A conserved FFAT 
motif is present in ORP1, ORP2, ORP3, ORP4, ORP6, ORP7 and ORP9. The FFAT 
motif targets proteins to the ER by binding to VAP homologues (Loewen et al., 2003; 
Kaiser et al., 2005).  

1.3 ORP1Long and ORP1Short   

The ORP1 gene contains 28 exons (I, Fig. 5). This gene can produce two different 
transcripts. The shorter transcript contains 13 exons and encodes a 50 kDa protein, 
ORP1Short (ORP1S), containing the signature ORD only. The longer transcript 
includes 15 additional 5' exons and encodes a 108 kDa protein, ORP1Long (ORP1L), 
comprising the PH domain and three ankyrin repeats in addition to the ORD. The two 
variants presumably arise by use of different exons for start of transcription. In the 
longer variant, the first transcribed exon of the shorter variant is skipped. Promoters 
are presumed to be present upstream of both alternative first exons (Jaworski et al.,
2001); II, Fig. 1).  

1.4 OSBP homologues in other species 

In addition to humans, OSBP homologues are found in practically all eukaryotic 
organisms for which sequence information is available, such as Saccaromyches 
cerevisiae, Drosophila melanogaster, Caennorhabditis elegans, Arabidopsis thaliana 
and Mus musculus (I, Fig 4.; (Jaworski et al., 2001; Anniss et al., 2002). This 
suggests that the proteins have a fundamental function in the eukaryotic cell. 
Depletion of the whole OSBP homologue family in yeast, the Osh proteins, is lethal, 
but viability can be restored by any of the seven Osh proteins, indicating that Osh 
proteins share an essential function (Beh et al., 2001). The phylogenetic tree of OSBP 
homologues consists of three major branches, two of which contain human ORPs (I, 
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Fig. 4.). Lower eukaryote proteins are also found in the same branches with human 
ORPs, but the number of genes in these species is lower than in humans, implying 
that higher eukaryotes have evolved more diverse functions for this protein family.    

2. Characterization of ORP1S and ORP1L 

2.1 Expression patterns of ORP1S and ORP1L 

The expression of the two ORP1 variants was examined in RNA samples from seven 
different human tissues: brain, liver, kidney, skeletal muscle, heart, colon and lung. 
The choice of mRNA source was based on previous Northern blot data, where high 
ORP1 expression was detected in certain tissues (Laitinen et al., 1999). Samples were 
analyzed by real-time PCR using primer pairs for specific detection of ORP1L and 
ORP1S transcripts. The expression of the two variants differed markedly in the tissues 
examined. While ORP1S was predominant in skeletal muscle and heart, ORP1L was 
more abundant in brain and lung. The expression levels were approximately the same 
for both variants in the other tissue samples (II, Fig. 2).  
 Messenger-RNA levels of ORP1L and ORP1S were also measured in primary 
monocytes and differentiated macrophages. The results revealed a striking 
upregulation of the ORP1L message upon monocyte-macrophage differentiation. The 
difference was over 100-fold for ORP1L, while the ORP1S message level only 
showed a 3-5 -fold change. Analysis of other human ORP family members showed 
that the very high upregulation was specific for ORP1L. Of the other ORPs only 
ORP3, ORP9 and ORP10 showed a mild, but consistent, 2-4  -fold upregulation (II, 
Fig. 2 and 3). The upregulation of ORP1L could also be seen at the protein level by 
Western blotting (II, Fig. 4). The differences in expression indicate that the two 
variants carry out tissue-restricted functions and that ORP1L is central for a 
macrophage-specific process.      

2.2 Intracellular localization of ORP1S and ORP1L  

The intracellular localization of ORP1S and ORP1L was studied by transiently 
transfecting CHO-K1 cells with plasmids encoding full-length proteins.  The distribution 
of the proteins was visualized by indirect immunofluorescence staining and images were 
obtained by laser scanning confocal microscopy. The expressed proteins had a very 
different intracellular staining pattern. While ORP1S was evenly distributed in the cell, 
indicating a primarily cytosolic location, ORP1L was seen on perinuclear vesicle-like 
structures in most cells (II, Fig. 5). The identity of the ORP1L-positive structures was 
investigated by cotransfection of organellar markers (II, Fig. 5, 8 and data not shown). 
This revealed extensive colocalization with the small GTPase Rab7, a late endosomal 
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Rab, while hardly any Rab5, an early endosomal Rab, was found on the ORP1L-positive 
structures. Saponin treatment of cells prior to fixation revealed bright staining of the 
nucleus in the ORP1S-expressing cells (II, Fig. 5), while ORP1L nuclear staining was 
weaker. The presence of ORP1 variants in the nucleus may be attributed to the presence 
of putative nuclear targeting signals in the ORD primary sequence, 531KKHR534 and 
893KKRLEEKQRAARKNRSK909. The less efficient nuclear localization of ORP1L 
suggests that other targeting information in the N-terminal elements absent in ORP1S 
overrides the nuclear targeting motifs in the C-terminal region.  
 Using the same techniques, ORP1L localization was studied in HeLa cells. 
ORP1L colocalized extensively with Rab7 and to some extent with Rab9, a Rab also 
found on late endosomes (II, Fig. 3). No colocalization with Rab5 or Rab6, a Golgi-
associated Rab, was observed. Affinity purification of antibodies raised against amino 
acids 428-553 in ORP1L allowed for detection of endogenous ORP1L protein. 
Endogenous Lamp-1, a late endosomal/lysosomal glycoprotein and endogenous Rab7 
colocalized extensively with endogenous ORP1L in HeLa cells (II, Fig. 2 and 3).    

3. ORP1L and late endosomes

3.1 Targeting of ORP1L to late endosomes 

The differences in intracellular staining patterns of ORP1L and ORP1S suggested that 
the N-terminal parts of ORP1L contain the late-endosomal targeting determinants. 
ORP1L contains a PH domain and three ankyrin repeats in addition to the ORD, 
which is the only domain present in ORP1S. To decipher the region of ORP1L that 
targets it to late endosomes, a series of Xpress-epitope tagged cDNA constructs were 
generated encoding different combinations of ORP1L domains (II, Fig. 7; IV, Fig. 1). 
The constructs were expressed by transient transfection and protein localization was 
observed by immunofluorescence microscopy. As expected, ORP1S showed a 
cytosolic staining while ORP1L was located to organellar structures in the perinuclear 
area. The fragment encompassing the C-terminal ORD (also termed the ligand 
binding domain, LBD) and the PH domain (LBD+PHD) showed a similar staining 
pattern as ORP1S. The PH domain (PHD) on its own also displayed a cytosolic 
staining and was seen at the plasma membrane and within the nucleus. The N-
terminal ankyrin repeat (ANK) containing fragments had a distribution similar to 
ORP1L and were found on large organellar-like structures in the perinuclear area, 
extensively colocalizing with Rab7 (II, Fig. 8). The results suggested that the ORP1L 
late endosomal targeting determinant resides in the N-terminal ankyrin repeat region.  
 The ability for each fragment to promote membrane association was assessed 
by sucrose gradient ultracentrifugation of post-nuclear supernatants from transfected 
cells. The N-terminal ANK+PH domain region was seen to promote membrane 
association (II, Fig. 9). ORP1S was recovered from cytosolic fractions, in line with 
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the morphological findings. Taken together, the immunofluorescence microscopy and  
membrane association assay results show that the N-terminal ankyrin repeat region is 
responsible for targeting of ORP1L to late endosomal membranes. The C-terminal 
ORD may negatively regulate membrane association of ORP1L, since less full-length 
protein was recovered in the membrane fractions compared to the N-terminal ANK+PH 
domain fragment that did not encompass the ORD. Conformational changes triggered 
by ligand binding in the ORD could expose N-terminal targeting determinants. This 
type of targeting regulation has been shown for OSBP, which upon ligand binding 
translocates from a cytosolic location to the Golgi (Ridgway et al. 1992).  
 The PH domain is a PIP-binding module which targets proteins to cellular 
membranes. Most PH domains studied bind PIPs non-specifically (Lemmon et al. 
2000). When ORP1L PH domain PIP binding was assessed using a liposome pull-
down assay, it was shown to bind to a variety of PIPs with low affinity (IV, Fig. 8). 
The apparent lack of specific targeting information of the ORP1L PH domain could 
be explained by promiscuous PIP binding and/or by the relatively low affinity for the 
ligands. The findings support the view that this domain does not specify the 
localization of ORP1L, but it may strengthen membrane association by interacting 
with local PIPs at the target membrane. The results therefore suggested that targeting 
is primarily achieved by protein-protein interactions rather than protein-lipid 
interactions.  

3.2 Effects on late endosomal morphology by ORP1L 

While studying targeting and intracellular localization of ORP1L, it became evident 
that overexpressed ORP1L and its N-terminal fragments were found on Rab7- and 
Lamp-1 -positive structures in the perinuclear area and were almost completely absent 
in the peripheral regions of the cells. In fact, overexpression of  ORP1L and ORP1L 
N-terminal fragments was seen to induce clustering of late endosomal compartments 
in the perinuclear region (II, Fig.  8;  III, Fig. 6, IV, Fig. 2 and Fig. 9). In the ORP1L-
expressing cells, an enlargement of the Lamp-1-positive compartments with a 
vacuolar-like appearance was frequently seen (II, Fig. 5; IV, Fig. 2). Aberrant late 
endosomal morphology was also observed in electron micrographs of CHO-K1 cells 
stably expressing ORP1L. The abundant endosomes in these cells were filled with 
electron dense internal membranes (II, Fig. 6). The clustering phenotype was most 
pronounced with the ANK+PH domain fragment, the fragment that had the strongest 
membrane association in the ultracentrifugation assay. Overexpression of the ANK 
fragment without the PH domain was, however, sufficient to induce the clustering 
phenotype (II, Fig. 8; IV Fig. 9).     
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3.3 Interaction of ORP1L with Rab7  

The concentration and clustering of late endosomes in the vicinity of the nucleus 
observed when ORP1L and its N-terminal parts were overpexpressed implied that 
there could be a connection between ORP1L and the endosomal transport machinery. 
The phenotype could be a result of changes in organelle motility, tethering, docking 
and/or fusion. Since small Rab GTPases are the main regulators of these transport 
processes, we carried out immunoprecipitation with overexpressed Rab7, Rab9 and 
Rab6. Rab7 was known to colocalize extensively, Rab9 partially, and Rab6 not at all, 
with ORP1L in HeLa cells (IV, Fig. 3). ORP1L was found to coimmunoprecipitate 
with Rab7. No coimmunoprecipitation was detected for Rab9 or Rab6. The result 
prompted an attempt to also precipitate endogenous proteins. Endogenous ORP1L 
was successfully coimmunoprecipitated with endogenous Rab7 (IV, Fig. 4). A 
different approach to show interaction between the two proteins was taken by carrying 
out two-hybrid experiments. A two-hybrid luciferase reporter system was applied for 
detection of interaction between Rab7 and ORP1L. The two-hybrid assay could 
potentially answer two questions: Can ORP1L interact with Rab7 directly? If so, is 
there a preference for interaction with the GTP- or GDP bound form of Rab7? The 
answer to the first question was clearly positive as seen from the resulting luciferase 
activity (IV, Fig. 5; III, Fig. 4). Constructs encoding the constitutively active 
Rab7Q67L mutant and the dominant negative Rab7T22N mutant were combined with 
the ORP1L plasmid. The luciferase activity revealed a clear preference for interaction 
with the active Rab7Q67L mutant (IV, Fig. 5; III, Fig. 4). Direct binding of ORP1L to 
active Rab7 was verified by pull-down of purified glutathione S-transferase (GST) -
ORP1L by His6-Rab7Q67L immobilized on a matrix (V, Fig. 6; III, Fig. 4).  
 The interacting part of ORP1L was mapped by pull-down of in vitro translated 
35S-labeled ORP1L fragments with beads coupled with GTP S-loaded wtRab7. 
ORP1L, and the N-terminal ANK+PHD and ANK fragments were pulled down, while 
the C-terminal fragments did not bind Rab7 (IV, Fig. 6). Therefore, ORP1L binding 
to Rab7 is mediated by the ankyrin repeat region. Further evidence for direct 
interaction between Rab7 and the ankyrin repeat region of ORP1L was obtained by 
pull-down of purified proteins. In this pull-down setup, the ankyrin repeat region 
fragment was immobilized on a matrix and purified His6-Rab7Q67L protein was 
added, resulting in specific pull-down of the Rab7 mutant protein (V, Fig. 6). The 
involvement of the ankyrin repeat motifs themselves in the interaction with Rab7 
could not be concluded based on these methods.   
 Overexpression of the dominant inhibitory Rab7T22N scatters late endosomes 
in the cell periphery (Bucci et al., 2000). When dominant negative Rab7T22N was 
coexpressed with N-terminal ANK+PHD or ANK ORP1L fragments, the ANK+PHD 
and ANK perinuclear clusters partially dissolved and became dispersed in the cell 
periphery (IV, Fig. 9; III, Fig. 6). This showed that the clustering phenotypes of 
overexpressed ANK+PHD and ANK are dependent on active Rab7, and that there 
seemingly is a functional link between ORP1L and Rab7.   
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3.4 ORP1L and the Rab7 GTP cycle 

The Rab proteins cycle between GDP- and GTP -binding states. At the target 
membrane, a GEF mediates the exchange of GDP for GTP, which activates the Rab. 
Subsequently, GAP converts the Rab into its inactive GDP bound form by inducing 
hydrolysis of the bound GTP. The GDP form of the Rab protein is retrieved to the 
cytosol by a Rab guanine nucleotide dissociation inhibitor (GDI) (Seabra et al., 2002). 
The effect of ORP1L on the functional cycle of Rab7 was studied by fluorescence 
recovery after photobleaching (FRAP) analysis. In the experimental setup, wild type 
Rab7 was fused to GFP and transfected together with non-tagged ORP1L into HeLa 
cells. A small area of the virtually immobile green fluorescent late 
endosome/lysosome clusters was bleached by applying maximum argon laser power 
at 488 nm for 2.4 s. The return of green fluorescence was monitored in the bleached 
area. Recovery of green fluorescence can only occur if the GFP-Rab7 on the 
membrane is replaced by another GFP-Rab7 from the cytosol. This requires 
dissociation of the membrane-associated Rab7 by hydrolysis of its bound GTP. The 
recovery of fluorescence in cells expressing ORP1L was significantly slower than in 
the cells transfected with empty vector (IV, Fig. 7). Thus, ORP1L not only interacted 
with Rab7 but also stabilized Rab7 in its active, membrane-associated state.        

4. ORP1L and the dynein-dynactin complex 

4.1 N-terminal ORP1L fragments and minus end-directed transport  

Another Rab7 effector, RILP was identified (Cantalupo et al., 2001; Jordens et al.,
2001). The 'motor recruiting domain' of RILP brings components of the dynein-
dynactin motor complex onto endosomal/lysosomal membranes, although a direct 
interaction between RILP and dynein-dynactin subunits has not been shown. The 
clustering of late endosomes/lysosomes seen in cells overexpressing ORP1L or its N-
terminal ANK+PHD or ANK fragments suggested that the observed phenotype 
involved transport of late endocytic compartments in the minus end direction of 
microtubules. The minus end-directed dynein-dynactin complex transports cargo 
along microtubule tracks (Schroer et al. 1989). Disruption of the dynamic microtubule 
network by addition of nocodazole in cells expressing ANK+PHD resulted in 
dispersal of the Lamp-1 -positive smaller structures in the cell periphery (IV, Fig. 10). 
The clustering phenotype was dependent on an intact microtubule network, 
supporting the notion that the clustering of endosomes/lysosomes involves movement 
along microtubules. The dynactin subunit p50 dynamitin is present in four copies 
which tether the p150Glued subunit to the Arp1 backbone. Overexpression of dynamitin 
disrupts the dynactin complex at this junction. (Echeverri et al., 1996; Burkhardt et 
al., 1997; Eckley et al., 1999; Valetti et al., 1999). Expression of  ANK+PHD 
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together with p50 dynamitin resulted in dispersal of Lamp-1 and ANK+PHD positive 
endosome clusters, resulting in a phenotype similar to the nocodazole treated cells 
(IV, Fig. 10). The p150Glued subunit of dynactin functions as a processivity factor for 
dynein (King and Schroer, 2000). p150Glued was heavily concentrated on clusters of 
late endosomes/lysosomes in ANK+PHD-expressing cells (IV, Fig. 10). The 
phenotypic effects of nocodazole treatment, and  overexpression of p50 dynamitin, as 
well as enrichment of  p150Glued on clustered late endosomes/lysosomes was also seen 
in cells overexpressing the ANK fragment (not shown). Endogenous p150Glued from 
HeLa lysate was pulled down by purified ANK protein coupled to a matrix (V, Fig. 
10). Taken together, it is evident that clustering of late endosomes/lysosomes by ANK 
or ANK+PHD is linked to dynein-dynactin driven motility along microtubules and 
that dynactin interacts with the ankyrin repeat region of ORP1L.   

4.2.  Interaction of ORP1L and RILP 

ORP1L and RILP both induce late endosomal/lysosomal clustering, they both bind 
directly to active Rab7 and interact with dynein-dynactin. The similarities prompted 
us to investigate the relationship between ORP1L and RILP in the context of the 
dynein-dynactin transport machinery.  
 Immunofluorescence microscopy showed that overexpressed ORP1L and 
RILP colocalized extensively on aggregated late endosomes/lysosomes in the 
perinuclear area (V, Fig. 2). Similarly, ANK+PHD (not shown) and ANK fragments 
displayed extensive colocalization with RILP (V, Fig. 2). Overexpression of a RILP 
fragment, N-RILP, lacking the 'motor recruiting domain' resulted in dispersal of late 
endosomes/lysosomes, also in the presence of overexpressed ANK+PHD (not shown) 
or ANK (V, Fig. 2). Under these conditions ANK colocalized with N-RILP on the 
scattered vesicles (V, Fig. 2). Thus, the N-terminal motor recruiting part of RILP is 
necessary for ANK-induced clustering of endosomes. Coimmunoprecipitation of 
ORP1L and RILP provided further evidence that both proteins are part of the same 
molecular complex on late endosomes (V, Fig. 3). 
 To study the physical relationship of ORP1L and RILP in terms of distance we 
measured fluorescence resonance energy transfer (FRET) by fluorescence lifetime 
imaging (FLIM). When FRET occurs between two molecules, the fluorescence 
lifetime of the donor fluorophore decreases, which allows calculation of FRET 
efficiency. FRET can only take place if the distance between donor and acceptor is 
short enough for energy transfer, maximally 10 nm. Wild type Rab7 served as a 
positive control in the experiments, since Rab7 binds directly to both RILP and 
ORP1L. A decrease in  fluorophore lifetime was measured when GFP-ORP1L and 
monomeric red fluorescent protein (mRFP)-RILP were coexpressed, indicating that 
the proteins are closely spaced on late endosomes/lysosomes (V, Fig. 4). Depletion of 
Rab7 by short hairpin RNA (shRNA) resulted in redistribution of the previously 
almost exclusively late endosomal ORP1L to a cytosolic location. RILP was 
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distributed between the cytosol and endosomal membranes even in the absence of the 
shRNA. In the cytosol, no FRET occurred between the two proteins (V, Fig. 5). 
Energy transfer between GFP-ORP1L and mRFP-RILP is therefore coupled to 
complex formation on late endosomes, mediated by active Rab7.  

4.3.  Interactions of ORP1L, Rab7 and RILP 

The FRET data demonstrated that ORP1L and RILP are close to each other on late 
endosomes. It was however unclear if the two proteins could interact directly. In light 
of the Rab7 shRNA FRET result it seemed plausible that the interaction would be 
mediated in some way by Rab7. In a biochemical pull-down of purified ORP1L by 
RILP coupled to a matrix no direct interaction between the two proteins was detected 
(V, Fig. 6). In another set of experiments, where ANK was immobilized onto 
sepharose beads, no binding of RILP to ANK, as expected, was observed. Rab7Q67L, 
used as a positive control, bound directly to ANK. When purified RILP was added 
together with Rab7Q67L, RILP was pulled down by the ANK-coupled beads (V, Fig. 
6). The result shows that Rab7 bridges RILP and ORP1L interaction and that ORP1L 
and RILP are likely to bind to different sites on Rab7.  
 The influence of RILP and ORP1L binding to Rab7 was further investigated by 
in vitro pull-down assays. Matrix-coupled Rab7 was used to pull-down 35S-labelled in
vitro-translated ORP1L in the presence of increasing amounts of purified RILP protein. 
ORP1L showed a clear RILP-dose dependent response in binding to Rab7. The more 
RILP protein was added, the more ORP1L bound to Rab7. In vitro-translated ANK (not 
shown) or ANK+PHD showed no such dose-dependency in binding to Rab7. ORP1S 
had no affinity for Rab7 in the presence or absence of RILP (not shown). Addition of 
truncated  N-RILP protein did not affect ORP1L binding to Rab7. In a reciprocal 
experiment where in vitro-translated RILP was incubated with increasing amounts of 
ORP1L, no effect on RILP binding to Rab7 was observed (V, Fig. 7). The ORP1L-
Rab7 interaction is stabilized by RILP, but ORP1L does not influence RILP binding to 
Rab7. The stabilization requires the presence of domains outside the region that directly 
binds Rab7 in both proteins. Binding of the C-terminal part of RILP to Rab7 is in itself 
insufficient to stabilize ORP1L-Rab7 interaction. The enhanced binding of ORP1L to 
Rab7 in the presence of RILP is mediated by ORP1L C-terminal regions. It is therefore 
possible that ORP1L and RILP bind to each other through their C-terminal and N-
terminal regions, respectively, when they are bridged by Rab7. 

4.4 ORP1L, Rab7, RILP and the dynein-dynactin complex 

How the interaction of Rab7 with RILP and ORP1L relates to attachment of dynactin 
to late endosomes is not known. Direct binding of ORP1L or RILP to dynactin has not 
been demonstrated. Minus-end moving acidic protein-free liposomes retain spectrin. 
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The idea that spectrin functions as a 'receptor' for dynactin was put forward based on 
such experiments (Muresan et al., 2001). The Arp1 subunit at the base of the dynactin 
complex was also shown to bind directly to spectrin (Holleran et al., 2001). HeLa 
cells overexpressing RILP or the truncated N-RILP were stained for spectrin or 
p150Glued and examined by immunofluorescence microscopy. Spectrin was seen 
associated with vesicles in the presence of both RILP and N-RILP, colocalizing with 
the proteins on clustered or dispersed endosomes, respectively. As expected, the 
dynactin p150Glued colocalized with RILP on clustered endosomes. This subunit was 
however lost from the vesicles in the N-RILP-expressing cells. Overexpressed GFP-
Arp1 colocalized extensively with RILP, but was dissociated from endosomes in the 
presence of  N-RILP (V,  Fig. 8 and 9). In line with the results by Muresan and 
coworkers (2001), spectrin apparently functions as a constitutive receptor for dynactin 
by interaction with acidic phosholipids on late endosomes. Recruitment of the 
dynactin complex to spectrin-associated endosomes in turn, depends on the presence 
of effector complexes assembled by active Rab7 (Fig. 6). 

5. Other aspects of ORP1L function

The functional role of ORP1L in the endocytic pathway was studied by monitoring 
the progression of internalized tetramethyl-rhodamine iso-thiocyanate (TRITC)-
dextran in cells expressing ORP1L or empty vector. For this purpose Lamp-1 was 
used a marker for progression into late compartments. After a two-hour chase period, 
a significant portion of internalized TRITC-dextran had reached Lamp-1 positive 
compartments in cells transfected with empty vector. However, the endocytosed 
TRITC-dextran had still not reached late endosomal/lysosomal compartments in cells 
expressing ORP1L (IV, Fig. 11). Based on the reported increase of lysosomal 
degradation of a marker by overexpressed active Rab7 (Vitelli et al., 1997; Bucci et 
al., 2000), one would expect the opposite result. Dominant negative mutants of Rab7 
prevent the formation of vacuoles induced by Helicobacter pylori VacA toxin, while 
active Rab7 synergizes with vacuole formation. ORP1L, and the N-terminal 
fragments in particular, inhibited vacuole formation induced by VacA toxin (IV, Fig. 
12). Again, one would expect the opposite result from a Rab7 effector that stabilizes 
the GTP bound state. How can these results be explained? So far, the only interacting 
protein reported for ORP1L is Rab7. The ORD has been reported to have a strong 
affinity for phosphatidic acid (Xu et al., 2001) and weak affinity for a number of PIPs 
(IV, Fig. 8). The presence of excess ORP1L on late endocytic structures could 
sequester components required for tethering, docking and fusion of incoming 
endosomes to late compartments. Alternatively, excess ORP1L binding to lipids could 
alter membrane properties in a way that inhibits fusion.  
 Several OSBP homologues have been implicated in lipid metabolism (Jiang et 
al., 1994; Lagace et al., 1999; Beh et al., 2001; Laitinen et al., 2002; Hynynen et al.,
2005; Wang et al., 2005a). The nuclear hormone liver X receptor (LXR)  regulates 
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Figure 6. A hypothetical model for the RILP-Rab7-ORP1L effector complex on 
late endosomes. RILP binds to active membrane-associated Rab7 and enhances 
ORP1L-Rab7 interaction. ORP1L and RILP may interact directly when they are 
bridged by Rab7. The effector complex subsequently recruits the dynein-
dynactin motor to spectrin, which functions as a receptor for dynactin. 
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expression of genes for cholesterol catabolism and efflux by binding to DNA 
elements called LXR response elements in the presence of oxysterol ligand (Edwards
et al., 2002). To test whether ORP1L might be involved in the regulation of LXR 
activity, we carried out a two-hybrid LXR transactivation assay in the presence of 
oxysterol ligand or a synthetic LXR agonist together with ORP1L or ORP1S. ORP1L 
potentiated both the oxysterol ligands' and agonists' positive effect on LXR 
transactivation, while ORP1S did not (II, Fig. 10). No direct interaction between 
ORP1L and LXR  was however detected (not shown). These observations, together 
with the finding that ORP1S, which contains the ORD that presumably binds sterol(s) 
did not enhance transactivation, argues for an indirect effect of ORP1L on LXR 
transactivation. Lipid starvation did not affect ORP1 expression, while loading of 
neuronal SHEP cells with acetylated low-density lipoprotein (LDL) or oxysterol 
resulted in 1.5-2 -fold upregulation of ORP1 mRNA (Laitinen et al., 1999). In 
macrophages, no effect on ORP1 mRNA expression was seen when cells were loaded 
with acetylated LDL (I, Fig. 6). CHO-K1 cells stably expressing ORP1L show no 
change in cholesterol esterification or cholesterol efflux to external acceptors (not 
shown). Therefore, direct evidence for a role of ORP1L in lipid metabolism remains 
to be demonstrated.  
 Phagocytosis is a process carried out by 'professional phagocytes' such as 
macrophages for elimination of pathogens and apoptic cells. Formation and 
maturation of a phagosome involves sequential fusion with endocytic compartments 
and requires active Rab7 (Harrison et al., 2003; Henry et al., 2004). RILP was also 
found to associate with phagosomes, and induce recruitment of the dynein-dynactin 
complex. In addition to mediating minus end-directed movement, the recruitment of 
dynein-dynactin also promoted formation of tubular extensions for fusion with 
lysosomes (Harrison et al., 2003). The findings that ORP1L is highly expressed in 
macrophages (II, Fig. 2), is a Rab7 effector (IV, Fig. 5) and recruits the dynein-
dynactin complex to late endosomes (IV, Fig. 10) indicate possible involvement of 
ORP1L in the context of phagolysosome maturation.  
 Autophagy is a regulated 'self-degradative' process taking place in all 
eukaryotic cells. An autophagic vacuole, or autophagosome, is formed by a portion of 
cytoplasm which becomes sequestered into a double-membrane vesicle. Subsequently 
the autophagosome fuses with a lysosome, forming a mature autophagolysosome 
within which the delivered cargo is degraded. The autophagocytic pathway converges 
with the endocytic pathway (Klionsky and Emr, 2000). Functional Rab7 was shown to 
be essential for normal progression of the autophagocytic pathway. The dominant 
inhibitory Rab7T22N mutant altered the morphology of autophagosomes and 
prevented  their fusion with lysosomes (Gutierrez et al., 2004). The vacuole-like 
structures frequently encountered in cells overexpressing ORP1L are in fact 
autophagosomes (not shown). Therefore, ORP1L may have a role in the 
autophagocytic pathway by its interaction with active Rab7.  
 To summarize, the present data connects ORP1L to several aspects of late 
endocytic function which involve the small GTPase Rab7.   

43



V. SUMMARY AND CONCLUSIONS 

Several OSBP homologues have been found in eukaryotic organisms ranging from 
yeast to humans. These evolutionary conserved proteins have in common the presence 
of an OSBP-related domain (ORD) with a fully conserved  EQVSHHPP sequence 
motif. Some OSBP homologues contain additional domains and sequence elements 
such as PH domains, ankyrin repeats and FFAT motifs, which target them to distinct 
subcellular compartments. So far, only a few ligands and protein interaction partners 
have been identfied for OSBP-homologues, thus little is known about the functional 
mechanisms of these proteins (Lehto and Olkkonen, 2003).  
 The human family of OSBP homologues consists of twelve OSBP-related 
proteins (ORP). The gene encoding ORP1 may be transcribed into two different 
transcripts. The proteins translated from these transcripts differ in domain 
architecture. The shorter variant, ORP1S, only contains the ORD, while the N-
terminally extended variant, ORP1L, comprises a PH domain and three ankyrin 
repeats in addition to the ORD. The two ORP1 variants are expressed in a tissue-
specific manner and differ in intracellular localization. The ankyrin repeat region of 
ORP1L governs its targeting to late endosomes. This part of ORP1L also has 
profound effects on late endosomal morphology, inducing perinuclear aggregation, or 
clustering, of late endosomes. The intracellular localization of ORP1S is cytosolic, 
organellar targeting is not observed for this variant. 
 The observed morphogical effects on late endosomes by overexpressed  
ORP1L  and ankyrin repeat region-containing fragments imply involvement of Rab 
proteins in generation of the phenotype. Coimmunoprecipitation, pull-down and two-
hybrid assays were applied to demonstrate direct interaction between ORP1L and the 
small GTPase Rab7. The interacting region was mapped to the ankyrin repeat region 
of ORP1L. ORP1L stabilizes the GTP bound form of Rab7, thereby prolonging the 
active state of the small GTPase.  
 The location of the clusters induced by N-terminal fragments of ORP1L 
suggests that minus end-directed movement is promoted by these parts of ORP1L. 
The Rab7 effector RILP was shown by Jordens et al. (2001) to recruit the minus end-
directed dynein-dynactin complex to late endosomes. We therefore set out to 
investigate the interactions between ORP1L, Rab7, RILP and the dynein-dynactin 
complex. The requirement for a functional dynein-dynactin complex for ANK or 
ANK+PH domain-induced clustering is evidenced by loss of phenotype when the 
microtubule network or the complex is disrupted. ANK-containing fragments 
concentrate the p150Glued subunit of dynactin on clustered endosomes. Interaction 
between ORP1L and dynactin is further supported by pull-down of endogenous 
p150Glued from cell lysate by ANK. Minus end-directed movement of ANK- or 
ANK+PH domain -positive endosomes is also dependent on intact RILP.  
 RILP, Rab7 and ORP1L are part of the same complex on late endosomes. 
Fluorescence resonance energy transfer occurs between RILP and Rab7, ORP1L and 
Rab7, and ORP1L and RILP, indicating close spacing between the proteins. The only 
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direct interactions taking place however, are between RILP and Rab7 and ORP1L and 
Rab7. ORP1L and RILP are bridged by Rab7 on late endosomes. The finding that 
both ORP1L and RILP are Rab7 effectors that do not exclude each other from the 
complex, suggests that they have different binding sites on Rab7.  
 Since RILP and ORP1L bind to the same protein, and seemingly to different 
sites, there is potential for regulation of binding interactions. This was tested in a 
series of pull-down assays of 35S-labeled fragments with purified proteins. The 
outcome of these experiments demonstrate that RILP stabilizes ORP1L-Rab7 
interaction while ORP1L does not stabilize RILP-Rab7 interaction. Interestingly, the 
stabilization of ORP1L-Rab7 interaction by RILP requires the presence of sequences 
outside the Rab7-binding regions in both ORP1L and RILP, implying that ORP1L 
and RILP could interact directly with each other when bridged by Rab7.  
 Taken together, the results presented in this study demonstrate a functional 
role for ORP1L in the endocytic pathway where it regulates motility and possibly 
fusion of late endosomes through interaction with active Rab7. But what is the 
physiological role of ORP1L? ORP1L is highly expressed in neurons and 
macrophages, where it may regulate cell-type specific functions. The axons of 
neurons form long slender extensions which may extend more than one meter in an 
animal cell. Membranous organelles in axons move bidirectionally along microtubule 
tracks by fast axonal transport powered by intracellular motors. The formation of a 
functional 'organelle translocation complex' in neurons could be regulated by ORP1L-
induced recruitment of the dynein-dynactin complex and perhaps additional accessory 
factors (Sheetz et al., 1989; Martin et al., 1999; Brown, 2003). Clearence of 
pathogens by macrophages through phagocytosis is central to innate immunity and for 
generation of an adaptive immune response. Degradation and killing of engulfed 
material requires phagosome maturation. The maturation process involves sequential 
fusion with compartments of the endocytic pathway, ending in fusion with a lysosome 
(Jutras and Desjardins, 2005). Active Rab7 and motor recruitment by RILP are 
necessary for phagosome maturation to proceed (Harrison et al., 2003; Harrison et al.,
2004). Thus, it is likely that also ORP1L regulates the maturation process.  
 One important aspect of ORP1L function to take into account is the presence 
of the C-terminal  ORD. No ORD ligand has been identified and the function of this 
domain in ORP1L remains unresolved. One could, however, speculate that the ORD 
contributes to regulation by functioning as a sterol sensor, regulating lipid- and/or 
protein interactions by changes in conformation upon ligand binding, analogous to 
OSBP, in which targeting determinants are exposed when oxysterol ligand is bound. 
The stabilization of ORP1L interaction with Rab7 by addition of RILP also requires 
the presence of C-terminal parts of ORP1L although they neither bind Rab7 nor RILP. 
The ORD may therefore contribute additional regulation by finetuning molecular  
interactions, even in the absence of ligand. The characterization of the ORD is likely 
to shed light on ORP1S function as well. 
 With the results of this study we have been able to place a member of the 
uncharacterized OSBP-family, ORP1L, in the endocytic pathway. Although 
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deciphering the molecular mechanisms of ORP1L function in endocytosis is central 
for understanding this fundamental process, the true physiological relevance of 
ORP1L awaits generation of animal models.   
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