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 Endocytic trafficking is a key mechanism for regulating receptor availability on 
the plasma membrane as well as receptor degradation.  Clathrin-dependent endocytosis 
involves receptor internalization into early endosomes.  Here internalized receptors are 
sorted for degradation in lysosomes, direct recycling back to the cell surface or indirect 
recycling via a second recycling compartment called the pericentriolar recycling 
endosome.  Rab GTPases regulate specific membrane trafficking steps including vesicle 
budding, vesicle transport and fusion with downstream target compartments.  Rab 
function is mediated by the cyclical binding and hydrolysis of GTP, which in turn 
regulates the recruitment of downstream effector molecules directly involved in 
membrane transport steps.  This dissertation focuses on the endocytic GTPase Rab15.  
Rab15 localizes to early and pericentriolar recycling endosomes, and differentially 
regulates receptor transport at these distinct organelles.  For example, over expression of 
GTP-bound Rab15 inhibits internalization of the Transferrin Receptor and inhibits 
homotypic endosome fusion in vitro.  Conversely, over expression of Rab15-GDP 
differentially stimulates Transferrin receptor recycling from the early endosome and 
pericentriolar recycling endosome respectively.  Rab15 may differentially regulate 
receptor trafficking through these distinct endocytic compartments by binding 
compartment specific effectors.  To test this hypothesis, I performed yeast two-hybrid 
screens to identify and characterize Rab15 binding partners.  This dissertation is the 
functional characterization of three Rab15 binding proteins; Mammalian Suppressor of 
Sec4, Rab15 Effector Protein and Rab15 Binding Protein.  Using molecular, biochemical 
and imaging approaches, I demonstrated that interactions between Rab15 and Mss4 
modulate the inhibitory effect of Rab15-GTP on receptor entry into early endosomes.  
The second binding partner, Rab15 Effector Protein, localized specifically to the 
pericentriolar recycling endosome where it regulated Transferrin receptor recycling back 
to the cell surface.  Finally, Rab15 Binding Protein is a neural specific protein of 
unknown function, suggesting an important regulatory function for Rab15 in neural 
receptor trafficking.  These results confirm that Rab15 is a bi-functional GTPase, which 
differentially regulates receptor trafficking through early and pericentriolar recycling 
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endosomes, by binding specific effector proteins.  Moreover, identification of putative 
Rab15 effector molecules further defines the endocytic pathway, thus providing valuable 
information for the characterization of trafficking-related diseases and potential drug 
targets in the future. 
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CHAPTER 1:  THE MOLECULAR REGULATION OF 
RECEPTOR ENDOCYTOSIS

Endocytic trafficking is a crucial cellular process for nutrient internalization, cell 
to cell communication, plasma membrane maintenance, embryogenesis and learning and 
memory (Olkkonen and Stenmark, 1997; Somsel and Wandinger-Ness, 2000; Segev, 2001a; 
Segev, 2001b; Park et al., 2004).  The endosomal membrane system also provides additional 
area and scaffolding for glycosylation, proteolytic processing, protein degradation and 
cellular signaling (Di Fiore and Gill, 1999; Ceresa and Schmid, 2000; Di Fiore and De 
Camilli, 2001; Owen et al., 2004; Owen, 2004).  Endocytosis regulates the internalization 
and recycling of two major types of receptors.  Cargo receptors, such as the Transferrin 
receptor (TfR) and LDL receptor (LDL-R), facilitate internalization of iron and cholesterol, 
respectively, and have no measurable effect on cellular signaling (Li and Qian, 2002).  
Conversely, signaling receptors such as the Epidermal Growth Factor receptor (EGF-R) 
and the Transforming Growth Factor-β receptor (TGFβ-R), control complex mitogenic 
signaling mechanisms, cell motility and apoptosis (Di Fiore and De Camilli, 2001; 
Hayes et al., 2001; Hayes et al., 2002; Gonzalez-Gaitan and Stenmark, 2003).  Endocytic 
mechanisms that control receptor internalization allow both spatial and temporal control 
over receptor-mediated/induced cellular signaling events.  This chapter is an overview of 
the molecular machinery regulating receptor trafficking, including the mechanisms for 
internalizing and sorting of different receptors for recycling and degradation, and how 
mutations in the machinery regulating these processes are linked to human diseases.

THE ENDOCYTIC PATHWAY

The molecular machinery that regulates endocytic trafficking is bound by three major 
criteria.  First, the proteins involved in this system are generally multimodular – interacting 
with other molecules through a series of low affinity molecular interactions, permitting 
a vast web of protein:protein interactions that function to regulate endocytic trafficking 
(Watson et al., 2004).  The complexity of the endocytic machinery was best shown by Zerial 
and colleagues (Christoforidis and Zerial, 2000).  Using an affinity purification scheme, 
the authors identified 23 potential binding partners for Rab5, a GTPase that regulates 
membrane trafficking through Early Sorting Endosomes (EEs) (Christoforidis and Zerial, 
2000).  Second, the proteins in the endocytic network are compartmentalized into distinct 



2

domains on membrane-bound organelles.  The Rab GTPase subfamily, which regulate 
membrane trafficking through interactions with compartment specific effectors, localize 
to distinct microdomains with their downstream effectors on EEs (Zerial and McBride, 
2001; Segev, 2001a; De Renzis et al., 2002; Watson et al., 2004).  Finally, the endocytic 
machinery and organelles are linked to the cytoskeleton, allowing the organelles/vesicles 
to be transported within the cell (Nielsen et al., 1999; Lanzetti et al., 2001; Lanzetti et al., 
2004; Watson et al., 2004).  

 Endocytosis consists of at least three internalization pathways:  Clathrin-dependent 
endocytosis, caveolae-mediated endocytosis and macropinocytosis (Pelkmans and 
Helenius, 2003).  In clathrin-dependent endocytosis, receptors are sorted into a clathrin-
coated pit by binding specific adaptor molecules that link the endocytic machinery to its 
cargo.  After internalization the nascent vesicle merges with other vesicles to form an early 
sorting endosome (Fig. 1).  Usually a signaling receptor is marked for degradation upon 
internalization, and transported from the EE to the inner luminal body of the multi-vesicular 
body (MVB) and is degraded in the lysosome (Stahl and Barbieri, 2002).  Alternatively, 
cargo receptors and signaling receptors are recycled from the endocytic compartments 
back to the plasma membrane to be used for further rounds of cargo transport or cellular 
signaling (Sorkin et al., 1989; Maxfield and McGraw, 2004).  Clathrin-mediated endocytosis 
is the best characterized form of endocytic trafficking and the following section will focus 
on detailed mechanisms of clathrin-mediated endocytosis, while other internalization 
pathways will be briefly discussed.

Clathrin-Coated Vesicle Endocytosis and the Classical Pathway

Clathrin forms a triskelia lattice that resembles a basket like structure on the 
cytoplasmic surface of the plasma membrane (Kirchhausen and Harrison, 1981; Ungewickell 
and Branton, 1981; Kirchhausen et al., 1983; Ungewickell, 1983).  Receptors destined for 
clathrin-mediated endocytosis contain intracellular sorting domains that bind to clathrin 
adaptor molecules thus linking the “cargo” to the coat, and facilitating receptor sorting 
into clathrin-coated pits on the plasma membrane (Mousavi et al., 2004; Owen et al., 2004; 
Owen, 2004; Sorkin, 2004).  Perhaps the most characterized clathrin adaptor is the clathrin 
associated protein complex-2 (AP-2 complex), which is a stable heterotetramer recruited to 
membranes by binding Phosphoinositide 4,5 bis-Phosphate and is crucial for “pit formation” 
by promoting clathrin polymerization (Owen et al., 2004; Owen, 2004).  Multiple clathrin 
adaptors bind to specific receptor sub-types, regulating receptor sequestration into clathrin-
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coated pits (Lafer, 2002).  For instance, Eps15 and Grb2 bind to, and regulate, EGF-R 
sorting into clathrin-coated pits (Benmerah et al., 1998; Torrisi et al., 1999; Yamazaki et 
al., 2002; Jiang and Sorkin, 2003; Huang and Sorkin, 2005).  Once the receptor is sorted 
to the clathrin-coated pit, Endophilin associates with the clathrin-coated pit, bending the 
plasma membrane to facilitate invagination of the vesicle (Ringstad et al., 1999).  Once the 
coated-pit invaginates, Amphiphysin binds to the neck of the clathrin-coated vesicle and 
recruits Dynamin.  Dynamin then promotes a scission event that pinches off the vesicle 
(Warnock and Schmid, 1996).  Dynamin mutants (Dynamin K44A) and the shibire mutation 
(Dynamin knockout) in Drosophila block both clathrin-dependent and caveolae-mediated 
forms of endocytosis, demonstrating that Dynamin is an essential molecule in multiple 
endocytic pathways (Chen et al., 1991; van der Bliek and Meyerowitz, 1991; van der Bliek 
et al., 1993; Damke et al., 1995; Warnock and Schmid, 1996; Sever et al., 2000).  After 
scission, the clathrin-coated vesicle is uncoated by interactions with Auxillin and Hsc70 in 
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Figure 1:  Clathrin-mediated receptor endocytosis of the TfR.  1.  Receptors aggregate 
in clathrin coated pits by binding to specific adaptors that link clathrin to the receptor.  2.  
The clathrin coated pit invaginates and Dynamin promotes a scission event to cleave the 
membrane forming a nascent clathrin coated vesicle.  3.  The  clathrin-coat is shed and the 
vesicle merges with the early endosome.
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an ATP-dependent process (Chang et al., 2002).  The uncoated vesicle is available to fuse 
with other endocytic vesicles, forming the EE (Fig. 1). 

Fusion and Sorting of Receptors within the Early Sorting Endosome

The fusion of clathrin-derived vesicles to form classical, early sorting endosomes 
(EE) is regulated by the small GTPase, Rab5 (Gorvel et al., 1991; Stenmark et al., 1994a; 
Barbieri et al., 1996).  Rab5 functions by recruiting specific effectors that promote 
attachment and fusion of the vesicle with the EE membrane (Olkkonen and Stenmark, 
1997; Somsel and Wandinger-Ness, 2000; Segev, 2001a).  The EE is a key sorting 
organelle for internalized receptors in the endocytic pathway.  Here receptors can be sorted 
for transport to three possible destinations:  1) the receptor could be directly recycled 
back to the cell surface; 2) the receptor could be sorted to the pericentriolar recycling 
endosome (RE) for indirect recycling to the cell surface, or 3) the receptor could be marked 
for lysosomal degradation in a process referred to as “receptor downregulation.”  Upon 
binding exogenous ligand, signaling receptors are usually down regulated and marked for 
degradation.  Receptors marked for degradation are ubiquitinated by the E3 ubiquitin ligase 
Cbl which attaches a single ubiquitin molecule to lysine residues on the cytoplasmic tail of 
the receptor (Levkowitz et al., 1998; de Melker et al., 2004; Grovdal et al., 2004).  Once 
the ubiquitinated receptors are recognized by the sorting machinery they are transported to 
the limiting membrane of the MVBs en route to the lysosomes.  The MVBs are proposed 
to be broken down by lipases once they reach the lysosomes and the contents are degraded 
(Stahl and Barbieri, 2002).

Recently, Harald Stenmark’s laboratory determined that Phosphotidyl-Inositol 3-
kinase (PI3K) is required for generating distinct microdomains on EEs, that serve as docking 
or recruitment sites for proteins directly involved in receptor sorting for the degradation 
pathway (Petiot et al., 2003).  PI3K phosphorylates phosphoinositides on the EE surface, 
facilitating the recruitment of hepatocyte growth factor-regulated tyrosine kinase substrate 
(Hrs) through its phosphoinositide binding FYVE domain (Raiborg et al., 2001c).  In 
addition, Hrs is phosphorylated after ligand binding to receptor tyrosine kinases. Phospho-
Hrs binds to multiple proteins on the EE surface including Sorting Nexin 1 (SNX1), Eps15, 
clathrin, the mammalian ESCRT complex as well as ubiquitinated proteins (Raiborg et al., 
2001a; Raiborg et al., 2001b; Bache et al., 2002; Bache et al., 2003).  Treatment of cells 
with the PI3K inhibitor wortmannin results in loss of Hrs and clathrin from EEs, as well 
as abnormal MVBs which are devoid of internal vesicular membranes leading to defective 
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EGF-R degradation (Fernandez-Borja et al., 1999; Raiborg et al., 2001b).  Similarly, 
treatment of cells with Hrs siRNA causes a reduction in the degradation of the EGF-R 
(Bache et al., 2003).  Furthermore, Drosophila Hrs knockouts have impaired membrane 
invagination in MVBs, also resulting in defective receptor degradation and enhanced receptor 
tyrosine kinase signaling (Lloyd et al., 2002; Jekely and Rorth, 2003).  Recent work has 
also demonstrated that the Sorting Nexin 1 (SNX1) protein is involved in early endosomal 
sorting of receptors toward the degradative pathway (Zhong et al., 2002).  SNX1 localizes 
to endosomal membranes through interactions with its PX domain with phosphoinositides, 
interactions with Hrs and interactions with the EGF-R directly (Chin et al., 2001; Zhong et 
al., 2002).  Over expression of SNX1 increases the degradation of the EGF-R (Zhong et al., 
2002).  Based on this data, a model emerges in which internalized EGF-Rs are targeted for 
degradation by ubiquitination by the E3 ubiquitin ligase Cbl.  The ubiquitinated receptor is 
recognized by Hrs, SNX1 and the mammalian ESCRT complex residing on PI3P enriched 
domains on EEs.  We are just beginning to understand the complex sorting machinery in 
the EE that regulates down-regulation of receptors; however we still do not understand 
what regulates the level of receptor ubiquitination.  

Receptor Recycling

Receptors that are not targeted for degradation are usually recycled back to the cell 
surface.  Receptor recycling pathways play an important role in maintaining the proper 
composition of various organelles, and for returning receptors to the cell surface (Maxfield 
and McGraw, 2004).  Furthermore, trafficking rates may be altered in response to cellular 
signaling responses to outside stimuli.  A key example is an increase in Glucose transporter 
recycling to the cell surface in response to insulin, thus increasing the internalization 
of glucose (Aledo et al., 1995; Dransfeld et al., 2000).  Another example is muscarinic 
acetylcholine receptor recycling.  Upon agonist activation large amounts of the receptor are 
internalized into EEs.  Continual agonist stimulation resulted in the cell surface receptor 
levels only reaching 65% maximum of the control after 45 min which is most likely a 
result of a receptor reserve contained in EEs.  Most likely receptor recycling regulates the 
reinsertion of receptor into plasma membrane from this reserve.  Fast receptor recycling 
enables the cell to bring the signaling response up to control levels within 14 min after 
continued agonist stimulation (Szekeres et al., 1998a; Szekeres et al., 1998b).  The molecular 
mechanisms that regulate sorting of receptors into membrane domains for recycling from 
the EE or for transport to the RE remain unclear.  
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Two distinct recycling pathways exist in cells:  Direct (fast) recycling from the 
EE and a slower indirect recycling route from the RE (Stein and Sussman, 1986; Schmid 
et al., 1988; Maxfield and McGraw, 2004).  The EE and the RE are biochemically and 
mechanistically distinct compartments.  EEs are identified by Rab4 and Rab5, while the 
RE is enriched in Rab11 (van der Sluijs et al., 1992; Bottger et al., 1996; Daro et al., 1996; 
Ullrich et al., 1996; Trischler et al., 1999).  Consistent with their subcellular localization, 
Rab4 has been shown to function in regulating the direct recycling pathway from the EE, 
while Rab11 regulates trafficking from the RE (indirect pathway) (van der Sluijs et al., 
1991; van der Sluijs et al., 1992; Bottger et al., 1996; Daro et al., 1996; Ullrich et al., 1996; 
Green et al., 1997).  Furthermore, the cellular location of the RE is cell type specific.  For 
example, in CHO cells most of the RE is organized around the microtubule organizing 
center while in HeLa cells the RE is distributed throughout the cytoplasm (Maxfield and 
McGraw, 2004).  

The mechanisms that govern sorting of receptors in the RE versus the EE are 
relatively unclear.  Cargo receptors such as the TfR and LDL-R are internalized and recycled 
constitutively, while signaling receptors are recycled under a regulated mechanism.  Eighty 
percent of the TfR recycles using the direct pathway while only 20% of the receptor recycles 
indirectly through the RE (Sheff et al., 1999; Sheff et al., 2002).  In CHO cells EE’s recycle 
the TfR with a T1/2 of 2 min, while the TfR recycles through the RE with a T1/2 of 12 min, 
thus providing a mechanism for temporal regulation of receptor availability in response to 
cellular signals (Maxfield and McGraw, 2004).  Furthermore, work by Ira Mellman’s group 
has demonstrated that cells in which the RE is removed using surgical laser micro ablation 
are still able to recycle TfR from the EE.  Eventually, the cell uses existing early endocytic 
membranes to form a new RE, demonstrating that the cell requires a RE for “optimal” 
receptor trafficking (Sheff et al., 2002). 

Recent reports have characterized roles for CAML and Rab11 FIP2 as adaptors/
regulators of EGF-R sorting to the recycling pathway (Cullis et al., 2002; Tran et al., 2003).  
CAML is a regulatory protein involved in the direct recycling of EGF-R from the EE.  It 
binds the non-ubiquitinated receptor kinase domain much in the same way as the mammalian 
ESCRT complex associates with the protein (Tran et al., 2003).  CAML may serve as the 
opposite of the ESCRT-Hrs-Snx1 degradation complex, providing a targeting signal used 
by the recycling machinery to sort the receptor for recycling back to the plasma membrane 
(Tran et al., 2003).  Recent studies have also implicated that Reps1 and the Rab11 effector 
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FIP2 as regulatory molecules in EGF-R recycling.  Reps1 is a substrate for the EGF-R and 
also binds to Ral1bp, a binding protein for the Ral1 GTPase (Cullis et al., 2002).  In these 
studies, Reps1 binds to FIP2 and together they bind and mediate sorting of the EGF-R 
to the RE and subsequent recycling to the plasma membrane (Cullis et al., 2002).  These 
results demonstrate that the endosomal system contains both regulatory molecules that 
mediate sorting of receptors toward the degradative pathway, and regulatory molecules that 
regulate the sorting of receptors toward the recycling pathways.

 Clathrin-Independent Pathways and Internalization

While clathrin-coated vesicle endocytosis is the most characterized pathway in 
terms of coated-vesicle internalization, we cannot discount the importance of studies on 
the clathrin-independent pathways.  Several receptors and bacterial toxins are internalized 
via clathrin-independent mechanisms (Nichols and Lippincott-Schwartz, 2001).  First, 
macropinocytosis is the uptake of nutrients and is synonymous with bulk, fluid phase 
internalization.  Membrane ruffling leads to the formation of large vesicular structures 
0.5 to 2 um in diameter called macropinosomes (Johannes and Lamaze, 2002).  ADP-
ribosylation factor 6 (Arf6), a small GTPase localized to the clathrin-independent pathway, 
has been implicated in macropinocytosis and phagocytosis because its activation leads to 
downstream Rac activation and membrane ruffling (Radhakrishna and Donaldson, 1996; 
Zhang et al., 1999; Donaldson, 2003).  However, no known receptors have been shown 
to internalize via this pathway, rendering the molecular characterization of this pathway 
extremely difficult.  

The second form of clathrin-independent endocytosis occurs through caveolae.  
Caveolae are flask like structures around 70 nm in diameter that were described structurally 
by George Palade in the 1950’s.  Despite their description prior to clathrin-coated vesicles, 
relatively little is known about receptor internalization via caveolae.  Caveolae are coated 
with caveolins (caveolin-1 and caveolin-2), which are integral membrane proteins that 
bind to cholesterol (Nichols and Lippincott-Schwartz, 2001; Johannes and Lamaze, 2002).  
Cholesterol is an essential component of caveolae, and cholesterol-chelating drugs are 
potent inhibitors of caveolae-mediated endocytosis (Smart and Anderson, 2002).  While 
caveolin-1 and 2 are accepted coat proteins for caveolae invaginations, their exact role 
in caveolae-mediated internalization is unknown.  Caveolae are abundant in certain cell 
types, usually occurring in endothelial cells such as blood vessels and in smooth muscle 
(Couet et al., 2001).  Knockout mice for caveolin-1 have a disrupted the cell structure and 
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are depleted of caveolae.  Surprisingly, the lack of caveolae was not a lethal phenotype; 
however, the caveolin-1 null mice had limited pulmonary defects and decreased endurance 
during extreme physical task (Drab et al., 2001).  These results indicate that caveolae are 
unique membrane domains that could function in the endocytosis of specialized receptors.  

Recent work by the Donaldson group demonstrated that clathrin-independent and 
clathrin-dependent cargo are internalized via different endosomal populations (Naslavsky 
et al., 2003).  The Interleukin-2 (TAC) and Major Histo-Compatibility I Complex (MHCI) 
receptors are internalized via non-clathrin entry (Radhakrishna and Donaldson, 1997).  
However, shortly after internalization these vesicles fuse into a non-clathrin derived 
endosome which then fuses with the classical clathrin-derived endosome (Naslavsky 
et al., 2003).  Internalization of TAC and MHCI via this clathrin-independent pathway 
requires Arf6.  Over expression of Arf6 Q67L (GTP-bound) causes the formation of a 
pool of PIP2-positive vesicles containing MHCI and TAC.  These vesicles are unable to 
fuse into a clathrin-independent endosome and hence are unavailable to fuse with clathrin-
derived EEs.  Furthermore, over expression of Arf6 T22N (GDP-bound) tubulates the 
MHCI-positive recycling compartment.  Moreover recycling of the MHCI receptor to the 
plasma membrane is blocked in cells over expressing Arf6 T22N (Naslavsky et al., 2003; 
Naslavsky et al., 2004b).  These results demonstrate that the endocytic system is composed 
of multiple pathways that are dynamic and intersect at distinct points and thus comprise a 
web of complex, intersecting compartments.  

ENDOCYTIC TRAFFICKING AND DISEASE

Endocytosis is a necessary mechanism for the transport of ions and molecules into 
the cell.  For instance the key metabolic effect of insulin is to increase glucose internalization 
into fat and muscle cells.  The two main glucose transporter proteins in mammalian cells 
are GLUT1 and GLUT4.  GLUT1 is ubiquitously localized to the plasma membrane while 
GLUT4 has been shown to be transported to GLUT4-containing vesicles and ultimately 
to the cell surface upon insulin stimulation (Uphues et al., 1994; Aledo et al., 1995).  In 
these studies, over expression of Rab4, a GTPase that regulates direct recycling from the 
EE, inhibited glucose transport and increased the amount of GLUT4 on the cell surface.  
Furthermore, Rab4 colocalized with GLUT4 containing vesicles, and insulin stimulation 
increases the guanine nucleotide exchange of Rab4 resulting in a net increase in activated 
GTP-bound Rab4 (Aledo et al., 1995; Mora et al., 1997).  Another example of a receptor 
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required for nutrient transport is the TfR.   The TfR is necessary for the internalization of 
iron into cells.  More than half a billion individuals have iron-related diseases that result 
in iron deficiency anemia or hemochromatosis (iron over-load) which may be in part due 
to defective internalization of the TfR (Li and Qian, 2002).  Furthermore, recent advances 
have demonstrated that the TfR can be used to couple chemotherapy drugs as well as 
for potential gene therapy delivery mechanisms, making understanding of the regulatory 
mechanisms for TfR endocytosis and recycling extremely valuable (Li and Qian, 2002).

Recently as will be discussed below, several vesicle trafficking proteins have been 
directly linked to disease and pathogenesis.  First, several microorganisms (bacteria and 
viruses) internalize via existing host cell internalization pathways. The internalization 
pathways provide a quick route to structures nearby the nucleus and provide an environment 
that favors virus maturation.  Second, several groups have detailed findings that certain 
vesicle trafficking proteins are mutated or are up-regulated in a variety of cancers.  Third, 
genetic diseases such as X-linked mental retardation and choroideremia have been linked 
to mutations in key regulatory molecules involved in endocytosis.  Finally, endocytic 
trafficking has been linked to regulating AMPA receptor stores necessary for long term 
potentiation and ultimately learning and memory.  This section will provide a detailed 
review of how endocytic trafficking plays a role in pathogen invasion, cancer, genetic 
disease and neurological disease.  Understanding the molecular mechanisms of endocytic 
trafficking will play a role in identifying future disease processes regulated by endocytosis, 
as well as define future treatments to known diseases.

Pathogen Invasion

Several pathogens have evolved mechanisms to “hijack” cell surface receptors to 
use for internalization.  Listeria Monocytogenes infected individuals are prone to fever, 
muscle aches, gastrointestinal symptoms, meningitis or encephalitis.  Listeria uses the 
cells own regulatory systems to internalize into the endocytic compartment.  Internalin A 
(InlA) and Internalin B (InlB) proteins on its cell surface mimic ligands for the E-Cadherin 
and cMet receptor, respectively (Alvarez-Dominguez et al., 1996; Alvarez-Dominguez 
and Stahl, 1999; Lecuit et al., 1999; Braun and Cossart, 2000; Bierne and Cossart, 2002).  
Internalin B protein binding to the cMet receptor results in increased receptor signaling and 
internalization, thus increasing the internalization of the bacterium (Bierne and Cossart, 
2002).  Conversely, Salmonella inject the host cell with effectors that induce a host 
response that stimulates macropinocytosis.  The bacteria become trapped in a membrane 
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bound compartment called the Salmonella containing vacuole (Meresse et al., 1999).  RILP 
is a novel Rab7 effector that regulates lysosomal transport from the LE by linking vesicles 
to the actin cytoskeleton (Jordens et al., 2001).  Salmonella effector proteins bind to and 
impair RILP recruitment to Rab7, a GTPase that regulates trafficking between the EE 
and LE. This impairment of late endosome trafficking allows the Salmonella containing 
vacuole to avoid the degradative pathway (Meresse et al., 1999; Mukherjee et al., 2002; 
Harrison et al., 2004).  Several bacterial toxins also enter cells using clathrin-independent 
endocytic pathways.  These include cholera toxin, shiga toxin, diphtheria toxin and vero 
toxin (Nichols and Lippincott-Schwartz, 2001).  However recently anthrax toxin was also 
found to trigger endocytosis of the type 1 membrane protein (anthrax toxin receptor) using 
a clathrin-dependent process (Abrami et al., 2003).

Virus particles also use endocytic trafficking mechanisms to gain entry into cells 
and the nucleus, allowing them to mature and replicate.  For example, parvovirus, a virus 
that infects animals of the canine and feline family, has evolutionarily developed to mimic 
transferrin and thereby use the transferrin receptor to internalize to cells (Hueffer and Parrish, 
2001).  Furthermore, the potency of infection of adenovirus is lower in cells expressing 
the dominant negative Dynamin K44A (Duan et al., 1999) or expressing the dominant 
negative Rab5 S25N (GDP-Rab5) (Rauma et al. 1999).  These studies demonstrate that 
adenovirus internalizes using the clathrin-dependent pathway and this internalization to the 
EE is required for infectivity and possibly maturation of the virus.  Interestingly influenza 
virus infectivity is lowered by over expression of GDP-bound mutants of Rab5 (S25N) 
and Rab7 (T22N) which are markers for the EE and LE respectively (Sieczkarski et al. 
2003).  Pertubation of trafficking between these compartments inhibits virus maturation 
by not allowing the enveloped virus to reach the acidic environment of the EE and LE and 
therefore inhibits viral structural changes required for the virus coat formation (Sieczkarski 
et al. 2003).  These examples illustrate how bacterial pathogens are able to invade their 
respective host cell by hijacking known receptors and regulating components of the 
endocytic host cell machinery.

Cancer

Current studies have described cellular signaling and endocytic trafficking as a 
“marriage of convenience” (Polo et al., 2004).  Faulty regulatory mechanisms have been 
described for over 30 different signaling receptors in human cancers (Bache et al., 2004).  
Signaling complexes that form on the EE allow both a temporal and spatial regulation of 
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cellular signaling.  Endosomes most likely serve as scaffolding for the assembly of receptor 
tyrosine kinase adaptor complexes on the EE allowing propagation of mitogenic signals.  
Recent data have demonstrated that several EGF-R adaptor molecules are localized with the 
EGF-R on the EE (Polo et al., 2004).  Furthermore, EGF-R is continually phosphorylated on 
the EE and downstream signaling molecules are continually active in response to signaling 
from the EE, even when signaling is inhibited from receptor at the plasma membrane (Di 
Fiore and Gill, 1999; Carpenter, 2000).  

Monoubiquitination of endocytic proteins and cell surface receptors is a key 
signal for the receptor to be internalized and degraded.  The E3-ubiquitin ligase Cbl is 
a key regulatory enzyme that ubiquitinates signaling receptors, which targets them to 
the degradative pathway.  Cbl itself could be affected in a variety of cancers (Polo et al., 
2004).  Studies have detailed how Cbl mutations affect the degradation of receptor tyrosine 
kinases, and therefore turn the cell into a pro-oncogenic form (Polo et al., 2004).  Src, a 
non-receptor tyrosine kinase, is phosphorylated in response to EGF and contributes to the 
tyrosine phosphorylation of Cbl which increases degradation of Cbl and subsequently up-
regulates EGF-R. (Bao et al., 2003; Polo et al., 2004).  An alternative pathway includes the 
GTP-bound CDC42, which binds to β-Pix and Cbl, thus sequestering Cbl from functioning 
as an E3-ubiquitin ligase for the EGF-R and thus decreases degradation of the EGF-R 
(Flanders et al., 2003; Wu et al., 2003; Polo et al., 2004).  

Direct evidence that impaired trafficking is involved in cancer is that several 
endocytic proteins are up-regulated or found to be genetically altered in tumor cells.  
Rabex-5, a known guanine nucleotide exchange factor for Rab5, is up-regulated in colon 
carcinomas in a number of patients (Nimmrich et al., 2000).  Similarly, Mss4, a known 
guanine nucleotide chaperone for multiple Rabs is up-regulated in pancreatic cancer 
(Muller-Pillasch et al., 1997).  Rabaptin-5, a binding partner for Rab5 and Rabex-5 is found 
as a fusion protein with the PDGF receptor in chronic myelogenous leukemia (Magnusson 
et al., 2001).  Several other leukemias are affected by clathrin adaptor molecules in genetic 
fusions with other proteins.  For instance Eps15 is in fusion with ALLI/HRX protein as a 
result of a chromosomal translocation in myeloid leukemias (Rogaia et al., 1997).  Moreover, 
Huntington interacting protein 1 is expressed as a genetic fusion with the PDGF receptor 
in chronic myelomonocytic leukemia (Ross and Gilliland, 1999).  Recently, Rab11a was 
found to be up-regulated in squamous cell carcinoma of the esophagus (Ray et al., 1997; 
Goldenring et al., 1999).  Up-regulation of Rab11a is thought to play a role in integrin 
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remodeling, thus affecting cell motility and metastasis (Powelka et al., 2004).  

Trafficking and Genetic Disease

Choroideremia 

Choroideremia is a form of X-linked recessive retinal degeneration characterized 
by the progressive degeneration of choroids, retinal pigment epithelium, and retina 
resulting in noticeable vision loss at the time of adolescence and complete vision loss by 
30 to 40 years of age (van den Hurk et al., 1997a; van den Hurk et al., 1997b; Anand et 
al., 2003).  Patients suffering with Choroideremia could have a number of chromosomal 
translocation, deletions and/or point mutations that could affect the transcription of the 
Choroideremia gene product.  Accordingly, this gene corresponds to the REP1, a protein 
responsible for the prenylation and localization of nascent rabs to their respective target 
membranes (Alory and Balch, 2001).  Seabra and coworkers identified that Rab27a is 
involved in Choroideremia and that faulty prenylation of Rab27a might be the cause of the 
disease (Ramalho et al., 1999; Seabra et al., 2002).  Recent structural studies showed that 
in the absence of REP1, REP2 can bind to Rab27a and facilitate prenylation of the protein.  
However, REP2 has a higher affinity to Rab7 (and other rabs) than Rab27a. Therefore, 
defective Rab27a prenylation and defective delivery of Rab27a to donor membranes is a 
result of competition of Rab27a with other Rab GTPases for REP2.  The end result is a pool 
of unprenylated Rab27a that cannot be delivered to its donor membrane making the protein 
essentially useless (Rak et al., 2004).  Mutations in REP1 protein are also responsible for 
genetic deafness type 3.  Recently, REP1 zebrafish knockouts have developmental defects 
in hair cells thus conferring hearing loss (Starr et al., 2004).

Familial Hypercholestoremia

The LDL-R binds to low density lipoprotein in the extra cellular space and internalizes 
the lipid into the cell to be used for cellular architecture (Kurten, 2003).  The LDL-R is 
constitutively endocytosed and recycled back to the plasma membrane for multiple rounds 
of use.  Initially defective internalization of LDL-R was observed in fibroblasts isolated 
from a patient with familial hypercholesterolemia, a condition characterized by extremely 
high cholesterol counts and secondary heart disease.  This patient had a fifty amino acid 
deletion in the cytoplasmic domain of the LDL-R (Lehrman et al., 1985).  Subsequent 
genetic analysis determined that amino acid 807 resulted in decreased internalization of 
the receptor.  Amino acid 807 is a key residue in defining the first clathrin adaptor binding 
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domain (Davis et al., 1986).  The receptor is unable to be detected by the sorting machinery 
in clathrin-coated pits and therefore is unable to be internalized, thus demonstrating the 
importance of the clathrin coated pit sorting mechanism.

Griscelli Syndrome

Griscelli syndrome is a rare autosomal recessive disorder characterized by pigment 
dilution of the skin and hair because of impaired trafficking in melanocytes (Sheela et al., 
2004).  Furthermore, patients have cellular immunodeficiency and acute T-lymphocyte and 
macrophage activation leading to fatal hemophagocytic syndrome.  Currently 60 cases 
have been reported in the world (Sheela et al., 2004).  Several mouse models have been 
used to study Griscelli syndrome including dilute, ashen and leaden mice.  These mice all 
have an identical phenotype in which they have normal pigment synthesis but the pigment 
transport is abnormal.  Dilute mice have been found to have a genetic mutation in the gene 
that encodes a defective MyosinVa protein while ashen mice have a defect in the gene 
that encodes Rab27a (Seabra et al., 2002).  There are two types of Griscelli syndrome 
(I and II) characterized by distinct symptoms due to mutations in Rab27a or Myosin5b 
respectively.  The majority of Griscelli syndrome patients have a mutation in Rab27a and 
are characterized by diluted pigments in the hair and reduced T-cell cytotoxicity (Menasche 
et al., 2000; Wilson et al., 2000; Haddad et al., 2001).  Patients with Griscelli syndrome type 
2 have a defect in the MyosinVa gene.  Type 2 patients have primary neurological defects 
stemming from leukocyte infiltration into the brain but have normal immune function 
(Anikster et al., 2002; Hume et al., 2002; Seabra et al., 2002; Menasche et al., 2003).  
Melanosome transport occurs from the tip of the melanocyte “dendrite” to the keratinocyte 
for normal skin and hair pigmentation to occur.  Genetic studies have linked both Rab27a 
and MyosinVa to this disease.  Rab27a binds to MyosinVa, thus linking melanosome 
transport to the microtubule motor machinery.  These data suggests that Rab27a recruits 
the microtubule motor MyosinVa to melanosomes, linking the transport machinery directly 
to the organelle.

Endocytosis and Neuronal Function

Charcot-Marie-Tooth Disease

Charcot-Marie-Tooth Disease is characterized by impaired detection of pain 
stimuli due to demyelination of axons in the nervous system (Stein et al., 2003).   This 
is a sensory motor-neuron impairment, distal muscle weakness and atrophy followed 
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by severe ulcerations requiring the amputation of limbs (Stein et al., 2003).  Genetic 
analysis demonstrated a missense mutation in exons 3 and 4 of the gene encoding Rab7.  
This mutation disrupts the GTP/GDP bound state of the protein and further disrupts late 
endosomal trafficking and degradation of receptors – resulting in an impaired detection of 
pain stimuli (Verhoeven et al., 2003).

X-Linked Mental Retardation

Mental retardation is a chronic condition affecting about 3% of the general population.  
In some cases, mental retardation is part of a complex syndrome such as Downs syndrome, 
however, in many cases mental retardation is the only symptom, resulting in non-specific 
mental retardation.  Mutations were found in patients with X-linked non-specific mental 
retardation from two families at locus Xq28 which encodes Rab GDIα, a GDI expressed 
specifically in brain (D'Adamo et al., 1998; D'Adamo et al., 2002; D'Adamo et al., 2004)).  
Rab GDI is a chaperone molecule that recognizes GDP-bound forms of “spent” rabs on the 
target membrane, extracts them from the membrane, and through interactions with PRA1, 
returns the rab to the donor membrane (Seabra and Wasmeier, 2004).  Further examination 
of the protein demonstrated that a missense mutation altered the ability for Rab3a to bind 
this protein.  Developmental studies determined that Rab3a and Rab GDIα are highly 
expressed during brain development, and mutations in GDIα cause abnormal brain 
development because of not being able to interact with Rab3a and regulate neurotransmitter 
release (D'Adamo et al., 2002; D'Adamo et al., 2004).  Furthermore, loss of Rab GDIα in 
mice leads to changes in behavior and memory similar to mental retardation (D'Adamo 
et al., 2002).  These data suggest that mutations in Rab GDIα lead to non-specific mental 
retardation.

Parkinson’s Disease

Disturbances in dopaminergic signaling play a role in numerous neuropsychiatric 
disorders, including Parkinson’s disease.  Dopamine or synthetic agonist binding induces 
rapid receptor endocytosis via clathrin coated vesicles (Ariano et al., 1997; Dumartin et 
al., 1998; Vickery and Von Zastrow, 1999).  Receptors have been shown to recycle to the 
plasma membrane and truncation of the C-terminal cytoplasmic domain inhibits recycling 
of the receptor (Vargas and Von Zastrow, 2004).  Furthermore fusion of the cytoplasmic 
tail of the D1 dopaminergic receptor and the delta opioid receptor, a receptor that does 
not recycle, resulted in recycling of the delta opioid receptor indicating that the carboxyl 
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terminal cytoplasmic domain is important in recycling of the dopamine receptor to the cell 
surface (Vargas and Von Zastrow, 2004).  

Role of Recycling in Long Term Potentiation and Synaptic Plasticity

AMPA receptors localize to postsynaptic membranes in the CA3-CA1 synapses 
and control excitatory synaptic transmission in the mammalian brain.  AMPA receptor 
localization to these synaptic membranes leads to long term potentiation (LTP) whereas 
removal leads to long term depression (Lin et al., 2000; Lee et al., 2001; Sheng and Lee, 
2001).  The AMPA receptor is a heteromeric complex composed of GluR subunits.  GluR1 
– GluR3 subunits are expressed in the normal adult brain while GluR4 is only expressed 
during development (Sheng and Lee, 2001).  GluR1 drives AMPA receptors to cell surface 
in response to activation of NMDA receptors and CAMKII while GluR2 is delivered 
constantly to synapses with no difference in synaptic strength.  In the hippocampus, 
GluR1/R2 is delivered to synapses during activation dependent synaptic potentiation thus 
activating LTP while GluR2/R3 is recycled continuously (Lee et al., 2004).

After endocytosis, AMPA receptors undergo endosomal sorting and may be sorted 
to lysosomes for degradation or recycled back to the plasma membrane (Ehlers 2000; 
Lin 2000; Gruenberg 2001).  Recently, Sheng and colleagues determined that subunit 
composition regulates the internalization and recycling of the AMPA receptor.  In particular 
the GluR2 subunit regulates the distribution of the AMPA receptor to internal membranes.  
Furthermore, the GluR2 recycles back to the cell surface more than the GluR1 and GluR3 
subunits (Lee et al., 2004).  These results indicate that the GluR2 subunit may be involved 
in long term depression because of its dominant localization to the plasma membrane.  
Ehlers and colleagues recently detailed how alterations in AMPA receptor recycling 
from the RE control LTP (Park et al., 2004).  They determined that AMPA receptors are 
stored intracellularly in the RE and are reinserted into the plasma membrane surface upon 
NMDA receptor stimulation.  Furthermore, inhibition of recycling from the RE results in 
decreased LTP in hippocampal brain slices indicating that receptor recycling is important 
for modulating responses that affect learning and memory (Park et al., 2004). 

RAB GTPASES - REGULATORS OF MEMBRANE TRAFFICKING EVENTS

The previous sections have given a brief overview of clathrin-dependent endocytosis 
of cell surface receptors.  Upon internalization, endocytic vesicles containing these receptors 
fuse with the EE and are sorted toward the degradative pathway or recycled back to the 
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cell surface.  Diseases such as cancer, choroideremia and X-linked mental retardation can 
result from defects in endocytic regulatory molecules.  The next section will detail the 
major group of endocytic regulatory proteins, the rab GTPases.  I will provide a general 
overview of general regulatory mechanisms for these GTPases as well as an overview of 
each GTPase’s specific downstream effectors.  Moreover, this section will lead into the next 
section which describes the function of Rab15 and the overall goal of this dissertation.

Rab GTPases – General Information

The Ras superfamily of small (21-25 kDa) Ras related GTPases consist of three 
major subgroups:  Ras, Rho, and Rab proteins.  These proteins share around 30% sequence 
identity between subgroups with the highest amount of sequence homology in areas 
necessary for guanine nucleotide binding and hydrolysis (Olkkonen and Stenmark, 1997; 
Somsel and Wandinger-Ness, 2000).  The  human Rab protein subfamily consist of 63 
members, some of which are cell type specific and responsible for regulating specialized 
vesicle trafficking events in these cell (Bock et al., 2001).

The rab protein domain structure consists of three guanine nucleotide binding 
motifs, a specific region termed the effector domain and two domains called the switch 
1 and switch 2 regions (Olkkonen and Stenmark, 1997) (Fig. 2A).  The switch 1 and 2 
domains undergo drastic changes in conformation, depending on the guanine nucleotide 
state of the protein (Stroupe and Brunger, 2000). The effector domain, which is highly 
conserved among rabs, consists of a TIG(I/V/A)(D/E)F(K/G/L) motif that physically 
interacts with GTPase regulatory molecules such as GTPase activating proteins (GAPs) 
and guanine nucleotide exchange factors (GEFs) (Becker et al., 1991).  Furthermore, rabs 
contain a carboxyl terminal, hypervariable domain; a carboxyl terminal, prenylation motif 
(CXC, CWC for Rab15) for linkage to a membrane bound compartment; and a carboxyl 
methylation site (Fig. 2A) (Khosravi-Far et al., 1992; Peter et al., 1992; Olkkonen and 
Stenmark, 1997).

Rabs associate with specific membrane bound organelles, thus conferring a unique 
spatial level of specificity to membrane trafficking steps (Somsel and Wandinger-Ness, 
2000; Takai et al., 2001).  For instance, rabs 1, 2 and 3 associate with the secretory pathway 
and regulate secretion while rabs 4, 5, 7, 11 and 15 associate with the endosomal membrane 
system and regulate endocytic trafficking (Olkkonen and Stenmark, 1997; Somsel and 
Wandinger-Ness, 2000).  Recent work by Zerial and colleagues has shown that the endocytic 
rabs 4, 5 and 11 localize to distinct microdomains on the EE, thus sub-dividing the EE into 
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Figure 2:  A, Rab protein domain structure and localization.  Rabs contain an effector 
domain, 3 guanine nucleotide binding pockets and a carboxyl terminal prenylation motif.  
B, Subcellular localization of several Rab GTPases.
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specific functional microdomains, competent for internalization as well as recycling from 
the EE (Sonnichsen et al., 2000; Zerial and McBride, 2001).  Moreover, Rab9 stabilizes a 
domain enriched in mannose-6 phosphate receptor and TIP47 (a Rab9 binding protein that 
may function as a GEF) on the LE thus providing a distinct microdomain for the trafficking 
of the mannose-6-phosphate receptor (Pfeffer, 2001; Ganley et al., 2004) (Fig. 2B).

Rab proteins cycle between an active GTP-bound and an inactive GDP-bound 
conformation. Until recently, the central dogma of rab function was that the GTP/GDP 
cycle is the key mechanism for regulating membrane trafficking events.  However, because 
Rabs are prenylated and linked to membranes, recent theories have indicated that the 
“membrane on/membrane off” cycle is also important for the regulatory control of Rab 
GTPases (Dirac-Svejstrup et al., 1997; Seabra and Wasmeier, 2004).  For example a non-
prenylated rab GTPase is non-functional (Seabra, 1998).  Thus, the GTPase cycle coupled 
with the “membrane on/membrane off” cycle allows both spatial and temporal control of 
rab activity (Seabra and Wasmeier, 2004).  

Rab binding proteins can be divided into two distinct subclasses.  The first class 
consists of Rab regulatory factors which includes Rab Escort Protein (REP), Rab Guanine 
Dissociation Inhibitor (Rab GDI) and rab GTPase Activating Protein (GAPs).  The second 
class of binding proteins consists of “Effector Proteins” which usually bind to the GTP-
bound rab.  Rab Effectors may bind to and regulate vesicle fusion, mediate interactions with 
the cytoskeleton and may function to regulate receptor sorting (Olkkonen and Stenmark, 
1997; Somsel and Wandinger-Ness, 2000; Segev, 2001a; Segev, 2001b; Stein et al., 2003).  
Initially, I will describe in detail how rab regulatory factors regulate the GTP/GDP state 
and the membrane association of rab proteins in general.  I will then specifically describe 
functions for the endosomal rab GTPases and their putative downstream effectors 

The Rab GTPase Cycle

Newly synthesized rabs bind to Rab Escort Protein (either REP1 or REP2) which 
present the rab to geranyl-geranyl transferase, that in turn adds two geranyl groups to the 
carboxyl terminus of the target rab (Seabra et al., 1992; Alexandrov et al., 1994).  REP1/2 
then delivers the prenylated rab to the specific donor membrane where it associates with 
cytosolic GTP (Alexandrov et al., 1994).  Upon movement from the donor membrane to 
the acceptor membrane, the active GTP-bound rab interacts with a variety of downstream 
effectors to regulate a specific membrane trafficking step (Somsel and Wandinger-Ness, 
2000; Segev, 2001a) (Fig. 3).  After the trafficking step is completed, GTP is hydrolyzed 
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Figure 3:  The Rab GTPase Cycle.  Rab-GTP is localized to an early endocytic vesicle 
budding from the donor membrane.  Upon fusion with the Acceptor membrane Rab-GTP 
interacts with a GTPase activating protein that promotes GTP hydrolysis.  Rab-GDP is 
extracted from the Acceptor membrane by Rab-GDI and escorted back to the Donor Mem-
brane and presented to a “Prenylated Rab Acceptor” (PRA).  PRA shuffles the hydrophobic 
prenyl group from Rab GDI to the lipid bilayer of the donor membrane.  Rab-GDP inter-
acts with a Guanine nucleotide exchange factor which removes the GDP and stabilizes the 
nucleotide free conformation for GTP to reassociate.
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to GDP by interactions with a specific GTPase Activating protein (GAP). Over expression 
or up-regulation of a GAP such as RN-Tre for Rab5, results in a net cellular increase 
in inactive GDP-bound Rab5 (Lanzetti et al., 2000; Somsel and Wandinger-Ness, 2000; 
Segev, 2001a).  The GDP-bound rab is removed from the acceptor membrane by cytosolic 
Rab GDI and is returned to the initial donor membrane (Soldati et al., 1993; Takai et al., 
1993; Dirac-Svejstrup et al., 1994). Upon return to the donor membrane, the Rab GDI/
Rab-GDP complex interacts with a “prenylated rab acceptor” protein which extracts the 
hydrophobic prenyl group from Rab GDI and shuffles the rab back into the lipid bilayer 
(Dirac-Svejstrup et al., 1997; Hutt et al., 2000; Sivars et al., 2003; Pfeffer and Aivazian, 
2004).  Upon return GDP-bound rabs bind to a guanine nucleotide exchange factor (GEF), 
which binds to the rab and catalyzes the release of GDP, allowing free cytosolic GTP to 
bind and reactivate the rab (Horiuchi et al., 1997; Tall et al., 2001). 

The mechanism of how a rab localizes to a distinct membrane-bound organelle 
is not well understood.  Earlier work in Harald Stenmark’s laboratory demonstrated that 
replacement of the Rab5 hypervariable domain with the corresponding domain of Rab6 (a 
rab that localizes to the cis-Golgi), results in relocalization of Rab5 to the Golgi apparatus and 
relocalization of Rab6 to the early endosomal network (Stenmark et al., 1994a).  However, 
Miguel Seabra’s group recently demonstrated that the once thought hypervariable domain 
is not responsible for the localization of the rab, but rather the rab “family specific” and 
Rab “sub-family specific” sequences are responsible for the proper localization of Rabs to 
their target membrane (Ali et al., 2004).  It is currently unclear why differences in these 
studies exist.  One proposal is that Stenmark’s use of rabs that are “endocytic in nature” 
may have influenced the localization of the Rab5/Rab6 chimeras (Ali et al., 2004).  Further 
studies will have to be performed to determine the exact mechanism of Rab localization.

Endosomal Rab GTPases

Six main GTPases to date have shown that localize to and regulate trafficking steps 
in the endocytic pathway.  Rabs 4 and 5 localize to the EE and regulate receptor recycling 
and homotypic endosome fusion respectively (Gorvel et al., 1991; van der Sluijs et al., 
1991; Bucci et al., 1992; van der Sluijs et al., 1992; Stenmark et al., 1994a; Barbieri et 
al., 1996).  Rab11 is enriched on the RE and regulates the recycling of receptors from 
the RE to the plasma membrane (Ullrich et al., 1996; Green et al., 1997).  Rabs 7 and 9 
are localized to the LE and regulate trafficking to and from the LE (Soldati et al., 1995).  
Rab15 localizes to EEs and the RE and differentially regulates TfR internalization and 
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recycling through these compartments (Zuk and Elferink, 1999; Zuk and Elferink, 2000).  
This section will summarize the functional roles for each of these GTPases as well as their 
regulatory proteins and downstream effector molecules (Table 1). 

Rab5- Regulator of Endosome Fusion

Rab5 is perhaps the most characterized GTPase in the early endocytic pathway.  
Identified in 1990, Zerial and colleagues demonstrated using immuno-electron microscopy 
that Rab5 localized to small discrete vesicles around 100 – 200 nm in size, surrounding the 
nucleus.  Further studies showed that Rab5 functions to regulate trafficking from the plasma 
membrane to the EE (Ullrich et al., 1994; Stenmark et al., 1994a; Rybin et al., 1996).  Over 
expression of a guanine nucleotide binding deficient mutant (Rab5 N133I) or the GDP-
bound mutant (S34N) resulted in a decrease in endocytosis of the TfR and the appearance 
of small disrupted endosomes.  Conversely, over expression of GTP-bound Rab5 Q79L 
resulted in accelerated internalization of the TfR as well as increased endosome-endosome 
fusion resulting in enlarged donut shaped endosomes (Bucci et al., 1992; Barbieri et al., 
1994; Stenmark et al., 1994a; Stenmark et al., 1994b; Stenmark et al., 1995; Barbieri et 
al., 1996; Barbieri et al., 1998). Furthermore, Stahl and colleagues demonstrated that 
immuno-depleting cytosol of Rab5 inhibited endosome-endosome fusion demonstrating a 
requirement for Rab5 in the homotypic fusion of endosomes (Barbieri et al., 1996).

Rab5 interacts with a variety of downstream effectors – many of which control 
endosome fusion.  For instance Rab5ip is a transmembrane domain protein that interacts 
with GDP-bound Rab5.  Depletion of Rab5ip using antibody blocking results in decreased 
homotypic endosome fusion (Hoffenberg et al., 2000).  Rab5 also interacts with several 
proteins that contain a phosphoinositide binding FYVE domain.  The FYVE domain is 
perhaps the most common domain found in EE effector proteins (Gaullier et al., 1998).  
Rab5 mediates the recruitment of PI3K to the endosomal membrane which catalyzes the 
local production of PI3P.  FYVE domain proteins localize to phosphinositides thus forming 
stable protein domains for membrane trafficking events (Gaullier et al., 1998; Gaullier et 
al., 1999).   An endosomal FYVE domain protein, Early Endosomal Antigen 1 (EEA1) is 
a 180 kDa protein that dimerizes and can bind to GTP-bound Rab5 at both the amino and 
carboxyl terminus (Simonsen et al., 1998; Callaghan et al., 1999; Christoforidis and Zerial, 
2001; Lawe et al., 2002).  Over expression of EEA1 increases endosome fusion in cells 
(Simonsen et al., 1998; Gaullier et al., 1999; Gaullier et al., 2000).  EEA1 is considered 
a “linking” protein that couples Rab5 on the vesicle membrane to the endosomal fusion 
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Table 1:  Endosomal Rab Effectors
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machinery (Callaghan et al., 1999; Simonsen et al., 1999; McBride et al., 1999; Lawe 
et al., 2000; Lawe et al., 2002; Merithew et al., 2003).  Another FYVE domain protein 
Rabenosyn-5, binds to Rab4 and Rab5.  Consistent with these binding properties, 
Rabenosyn-5 regulates both endosome fusion and the endocytic recycling of proteins, and 
could function to link these processes in EEs (Nielsen et al., 2000; De Renzis et al., 2002; 
Naslavsky et al., 2004a).  Depletion of Rabenosyn-5 using siRNA delayed the recycling 
of TfR to the plasma membrane, indicating that Rabenosyn-5 may also mediate a sorting 
event between the EE and the RE, possibly targeting receptors to the indirect recycling 
route versus the direct route (Naslavsky et al., 2004a).  SARA (Smad anchor for receptor 
activation), is another FYVE domain protein that binds to Rab5.  Over expression of SARA 
did not alter TfR internalization, but did decrease TfR recycling from the EE.  Furthermore, 
over expression results in enlarged endosomes is reminiscent of GTP-bound Rab5 over 
expression  (Hu et al., 2002).  SARA has been directly linked to the endosomal localization 
of Smad proteins in response to TGFβ-R activation, thus functioning directly in TGFβ-
mediated signaling events (Hayes et al., 2002).  

Rab5 also interacts with a variety of regulatory proteins including Rin1 as well 
as the Rabaptin-5/Rabex-5 complex (Horiuchi et al., 1997; Tall et al., 2001).  Cells over 
expressing Rabaptin-5 also have enlarged endosomes (Stenmark et al., 1995).  Rabaptin-5 
is considered a “velcro” molecule, localizing to both the EE membrane and the endocytic 
vesicle membranes.  By coupling these membranes, Rabaptin-5 makes its binding partner 
Rabex-5 available to Rab5, which in turn maintains Rab5 in an active GTP-bound state 
(Horiuchi et al., 1997; Xiao et al., 1997).  Recent studies have also identified that Rabaptin-
5 binds to the GAP Tuberin.   Rabaptin-5 binding to either the GAP Tuberin or the GEF 
Rabex-5 and may serve to regulate a balance between the GDP-bound and GTP-bound state 
of Rab5 (Xiao et al., 1997).  Recent structural studies using X-ray crystallography data of 
the Rabaptin-5:Rab5 complex identified residues in Rab5 necessary for the Rabaptin-5/
Rab5 interaction.  Over expression of Rab5 mutants unable to bind to Rabaptin-5 decreases 
endosome fusion in cells, thus demonstrating the importance of these protein-protein 
interactions (Zhu et al., 2004).  Rabaptin-5 has also been shown to bind to γ-adaptin, a 
subunit of the AP-1 complex.  Recent reports indicate the AP-1 complex binds to Rabaptin-
5 and Rab4, recruiting clathrin to the EE membrane for the formation of recycling vesicles.  
These data functionally link Rabaptin-5 to receptor recycling (Pagano et al., 2004)

Rin1, a Rab5 GEF, binds to GDP-bound Rab5. Over expression of Rin1 stimulates 
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EGF-R internalization and EE fusion by increasing the intracellular pool of Rab5-GTP (Tall 
et al., 2001).  Furthermore, coexpression of dominant negative Rab5 (Rab5 S34N) and full-
length Rin1 result in decreased EGF-R activation of the Erk1/2 kinase pathway indicating 
that Rab5 GDP/GTP exchange is essential for EGFR internalization and signaling (Tall 
et al., 2001).  Rab5 also interacts with GAPs such as RN-Tre (Liu and Li, 1998; Lanzetti 
et al., 2000).  When over expressed in cells, these GAPs increase the GDP-bound pool of 
Rab5 thus inhibiting Rab5 activity and Rab5-mediated endocytic events.  Furthermore, 
RN-Tre binds directly to Eps8, linking Rab5 function directly to EGF-R internalization 
in response to EGF (Lanzetti et al., 2000).  A recent study has demonstrated that Rab5 
binding is required by APPL1 and APPL2, proteins that translocate to the nucleus and bind 
to nucleosome remodeling proteins and histone deacetylases (Miaczynska et al., 2004).  
These data have identified regulatory roles for Rab5 not only in constitutive endocytosis 
but the regulated internalization of signaling receptors, suggesting that Rab5 likely controls 
mitogenic signaling via receptor trafficking.  The recent identification of the APPL1 and 
APPL2 proteins, indicate that Rab5 may play a direct role in activating proteins that can 
translocate directly to the nucleus and affect gene expression.

Rab4 – Regulator of Endocytic Recycling 

Rab4 was identified by Mellman and colleagues in 1991 as a GTPase that regulates 
endosomal recycling of the TfR from the EE.  Over expression of Rab4 redistributes the 
TfR from intracellular stores to the plasma membrane (van der Sluijs et al., 1991; van 
der Sluijs et al., 1992).  Rab4 reduces the steady state levels of TfR in the EE and also 
reduces the intracellular release of iron from Tfn (Daro et al., 1996).  Furthermore, fluid 
phase internalization of the fluid phase marker HRP is inhibited in cells over expressing 
Rab4.  Recent studies have also indicated that over expression of Rab4 results in increased 
degradation of LDL-R and TfR in addition to increasing receptor recycling.  These results 
indicate that Rab4 is not only involved in the recycling of GLUT4 and TfR but also 
controls the degradation of the TfR and the LDL-R possibly by regulating receptor sorting 
(McCaffrey et al., 2001).  Consistent with this idea, a study using Rab4-siRNA-mediated 
knockdown demonstrated that knockdown of Rab4 increased TfR recycling from the EE, 
indicating that Rab4 may function to sort proteins toward the recycling or degradative 
pathways (Deneka et al., 2003).  

Several Rab4 effectors have been isolated and characterized.  Rabip4 is a FYVE 
domain, RUN domain (Ras family interaction domain) containing protein that regulates 
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the trafficking and stability of EEs (Cormont et al., 2001a).  Rabip4 binds simultaneously 
to both Rab4 and Rab5 and forms a high molecular weight complex in cells.  Deletion 
mutants of Rabip4 lacking the RUN domain block TfR recycling in cells (Cormont et al., 
2001a).  Rabaptin4 (aka Rabaptin 5α) is ubiquitously expressed and inhibits the intrinsic 
GTPase ability of Rab4.  Rabaptin4 also interacts with both Rab4 and Rab5 and delays 
TfR receptor recycling from the EE (van der Sluijs et al., 2001; Deneka et al., 2003).  
Rabenosyn-5 also interacts with both Rab4 and Rab5 and when over expressed delays 
TfR recycling (De Renzis et al., 2002; Naslavsky et al., 2004a).  Recently CD2AP/CMS 
(ubiquitously expressed protein named CMS for Cas) links Cbl to Rab4 (Cormont et al., 
2003).  These data demonstrate that Rab4 may not regulate in the assembly of recycling 
complexes directly, but the assembly of functional Rab4 domains important for sorting 
receptors for recycling or degradation.

Rab11 –Functions in Recycling from the Recycling Endosome

In 1993, Parton and Zerial identified Rab11, a ubiquitously expressed protein, 
which is expressed at higher levels in tissues with high levels of secretion.  Using sucrose 
flotation gradients, this group determined that Rab11 was associated with the TGN (Urbe 
et al., 1993).  Later, Rab11a was reported to distribute between the TGN and internalized 
FITC-labeled Tfn, in a perinuclear distribution following a 30 min chase (Ullrich et al., 
1996; Green et al., 1997).  They reported differential effects of constitutively GTP-bound 
Rab11 (Q70L) and GDP-bound Rab11 (S25N) on Tfn trafficking in BHK cells.  Expression 
of Rab11 wt, Q70L, and S25N had little effect on the initial internalization of 125I-Tfn into 
the EE (Ullrich et al., 1996).  BHK cells expressing either Rab11 wt or Rab11 Q70L (GTP-
bound forms of Rab11) showed a decrease in recycling of 125I-Tfn from the RE, while Rab11 
S25N (GDP-bound) showed a marked inhibition of 125I-Tfn recycling from the RE, thus 
demonstrating that Rab11 controls recycling from the RE (Ullrich et al., 1996).  The actual 
effects of Rab11 in secretion may be due to antibody recognition of both Rab11a and the 
uncharacterized Rab11b protein which colocalizes with Rab11a on the TGN (Khvotchev 
et al., 2003; Lapierre et al., 2003).  These data indicate that Rab11a affects recycling of 
receptors from the RE to the plasma membrane.  

Rab11 binding proteins have been identified and characterized, and are generally 
refered to the Rab11 Family of Interacting Proteins or FIPs.  The FIPs all contain a Rab11 
binding domain, composed of 20 amino acid carboxyl terminal alpha helical domain, 
containing highly conserved hydrophobic residues (Prekeris et al., 2001; Prekeris, 2003; 
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Junutula et al., 2004b).    Based on sequence homology, the FIPs are divided into three 
classes:  Class I, II, or III.  Class I proteins contain the RBD as well as an N-terminal C2 
domain that binds to PI3P.  Members of this class include Rip11b/Gaf1b, Rip11a/Gaf1a, 
FIP2/nRip11 and RCP and these classes have been shown to form strong complexes with 
GTP-bound Rab11a or Rab11b (Prekeris, 2003; Junutula et al., 2004b).  Class II FIPs are 
FIP3 and FIP4 and are characterized by the presence of the RBD and two EF hand domains 
which are putative calcium binding proteins (Prekeris, 2003)  Class III contains only one 
described protein, FIP1.  FIP1 contains the RBD and no other putative domains (Prekeris, 
2003).  

Class I FIP proteins are poorly understood.  Perhaps the best characterized protein 
is Rab11 FIP2 (Lindsay et al., 2002).  McCaffrey and others demonstrated that FIP2 binds 
to GTP-bound Rab11 specifically and when over expressed in cells results in tubulation 
of the Tfn containing compartment as well Tfn accumulation in the RE (Lindsay et al., 
2002).  Recently, data demonstrate that FIP2 binds to Reps1, a known EGF-R substrate 
and may regulate sorting of the EGF-R towards the recycling pathway through interactions 
with Rab11 on the RE (Cullis et al., 2002).  Moreover, FIP2 also binds to Rab8, a GTPase 
involved in the secretory pathway and may also be an effector for the GTPase Rab11b 
(Hattula and Peranen, 2000).  These data indicate that FIP2 may be a key regulator in 
sorting of receptors from either the RE or the TGN to the recycling pathway through the 
RE.

The class II FIP protein consists of FIP3 and FIP4 which minimally affect TfR 
recycling (Wallace et al., 2002; Horgan et al., 2004).  Recently, the FIP3 and FIP4 
proteins have also been identified as Arf5 and Arf6 binding proteins and are also known as 
Arfophilin-1 and Arfophilin-2 (Hickson et al., 2003).  Arfophilins 1 and 2 have been shown 
to regulated cell motility, cytokinesis, and phagocytosis (Hickson et al., 2003).  These 
cellular functions require large amounts of membrane reshuffling as well as cytoskeletal 
rearrangements.  Drosophila knockouts of Rab11 and the homolog of Rab11 FIP4 (Nuf), 
have severe defects in cytokinesis and cleavage furrow formation resulting in an embryonic 
lethal phenotype (Riggs et al., 2003).  Furthermore, Rab11 FIP3 is localized with Rab11 
in a pericentrosomal organelle during interphase however, during cytokinesis Rab11 and 
FIP3 localize to the cleavage furrow (Horgan et al., 2004).  This data indicate that the 
Rab11 effectors FIP3 and FIP4 play a role in cytokinesis during development and cell 
division, thus uncovering a whole new role for the Rab11 positive RE as a membrane store 
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for cleavage furrow formation and cellurization (Hickson et al., 2003; Riggs et al., 2003; 
Horgan et al., 2004)  

Rab7 and Rab9 – regulators of the late endosome and degradation

Rab7 and Rab9 were characterized by Suzanne Pfeffer’s group by using a cell-free 
assay that reconstitutes the transport of cation independent – mannose phosphate receptor 
(CI-MPRfrom the LE to the TGN (Lombardi et al., 1993; Meresse et al., 1995; Soldati et 
al., 1995; Bottger et al., 1996; Vitelli et al., 1997).  Furthermore, the GDP-bound mutant 
Rab9 S19N inhibited recycling of the CI-MPR from the LE to the TGN whereas fluid 
phase endocytosis was unaffected (Lombardi et al., 1993; Shapiro et al., 1993).  Pfeffer 
and colleagues also demonstrated that Rab9 and Rab7 define distinct domains on the LE.  
Quantitative analysis of Rab7 and Rab9 colocalization demonstrated that there is only a 
15% overlap between Rab7 and Rab9 .  Furthermore MPRs are only on Rab9 enriched 
domains and that a Rab9 effector TIP47 binds specifically to the cytoplasmic domains of 
the CI-MPRs and that Rab9 binds to TIP47 via physically distinct domains thus linking 
Rab9 directly to the cargo (Krise et al., 2000; Carroll et al., 2001; Hanna et al., 2002; 
Ganley et al., 2004).  There is currently no evidence that Rab7 regulates membrane traffic 
between the LE and TGN and it appears to regulate traffic between the EE and the LE as 
well as homotypic fusion of the LE (Feng et al., 1995; Bucci et al., 2000).  Over expression 
of Rab7 T22N traps internalized Vesicular Stomatitis Virus-G in the EE thus inhibiting 
transport between these endosomes (Feng et al., 1995).  RILP was identified as a Rab7 
effector using a yeast two-hybrid screen.  RILP interacts with Rab7 and not Rab9 and is 
localized to lysosomal membranes (Cantalupo et al., 2001; Jordens et al., 2001).  Over 
expression of the carboxyl terminal portion of RILP inhibits EGF and LDL degradation 
(Cantalupo et al., 2001).  RILP is thought to organize the LE and lysosomal vesicles around 
the microtubule organizing center by linking the organelle to the dynein/dynactin complex 
(Jordens et al., 2001).

HOW DOES RAB15 AFFECT ENDOCYTIC TRAFFICKING? 

Identifcation and Characterization

Rab15 is a monomeric GTPase originally isolated from a rat brain cDNA library 
(Elferink et al. 1993).   The Rab15 protein contains three domains corresponding to the 
GTP binding pockets, an effector domain, switch 1 and 2 regions and a carboxyl terminal 
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prenylation motif.  Rab15 is expressed at high levels in brain tissue, specifically in the 
cortex, hippocampus, thalamus, hypothalamus, midbrain and striatum while at lower levels 
in the cerebellum, brainstem, and spinal cord (Elferink et al., 1992).  Detailed expression 
analysis using RT-PCR demonstrated that Rab15 is ubiquitously expressed at low levels in 
all major tissues and cell types, while being expressed at 10-fold higher levels in nervous 
tissue (Zuk and Elferink, 1999).

Rab15 – A novel Inhibitory GTPase localized to the Endocytic Pathway

Studies by Zuk and Elferink demonstrated that Rab15 localized to the early endocytic 
compartments and participates in early endocytic trafficking (Zuk and Elferink, 1999; Zuk 
and Elferink, 2000).  First, membrane binding studies demonstrate that Rab15 localized to 
membrane fractions via the carboxyl terminal (CWC) prenylation motif (Zuk and Elferink, 
1999).  Second, when over expressed in cells, Rab15 colocalized with Rab4 and Rab5 
on EEs as well as with Rab11 on the RE (Zuk and Elferink, 1999).  Third, functional 
studies using TfR as a model system, demonstrated that Rab15 differentially regulated the 
trafficking of TfR through EEs and the RE (Zuk and Elferink, 2000).  Together these data 
demonstrated that Rab15 is a small GTPase important for the trafficking of the TfR through 
EEs and the RE.

Using mutant Rab15 proteins that were constitutively bound to GTP or GDP, 
functional studies revealed that Rab15 functioned as a novel inhibitory GTPase, which 
inhibits trafficking of the TfR (Zuk and Elferink, 2000).  For example the Q67L mutation 
abolishes the endogenous GTPase ability of Rab15, thus locking the protein in a GTP-bound 
state.  Conversely, the mutant T22N locked the protein in a conformation that preferentially 
binds GDP.  Finally, the mutation N121I locks Rab15 in a nucleotide-free state.  These 
mutations did not interfere with the ability of Rab15 to bind endocytic membranes 
in TRVB-1 cells (CHO cells expressing human TfR), but rather affected the guanine 
nucleotide bound state of the protein (Zuk and Elferink, 2000).  GTP-bound Rab15 (wt 
and Q67L) inhibits TfR internalization at the level of endosomal fusion.  Conversely, over 
expression of the inactive Rab15 mutants (T22N and N121I) stimulate TfR internalization 
(Zuk and Elferink, 1999; Zuk and Elferink, 2000).  Furthermore, Rab15 T22N stimulates 
the recycling of the receptor from both the EE and the RE while Rab15 N121I stimulates 
TfR recycling from the RE only.  These results indicate that Rab15 is a novel inhibitory 
Rab GTPase that functions to inhibit TfR internalization and differentially affect recycling 
from the EE and the RE.
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Experimental Rationale and Hypothesis

The inhibitory phenotype on TfR endocytosis in the over expression studies of 
Rab15 mutants is opposite to similar studies using Rab5 mutants (Gorvel et al., 1991; Bucci 
et al., 1992; Stenmark et al., 1994a; Barbieri et al., 1998).  In these studies, GTP-bound 
Rab5 increased TfR endocytosis whereas GDP-bound Rab5 blocked receptor trafficking.  
Given these results, Rab15 could inhibit endocytic trafficking of the TfR by two possible 
mechanisms.  First, Rab15 may inhibit Rab5-mediated TfR internalization by binding 
and sequestering Rab5 effector molecules, thereby inhibiting Rab5 activity and inhibiting 
endocytosis of the TfR.  Second, Rab15 inhibits Rab5-mediated endocytic trafficking by 
using a unique set of effector interactions.  Furthermore, because Rab15 may differentially 
regulate internalization and recycling at the EE and the RE, Rab15 may interact with 
binding proteins that are compartment specific.  Given these possibilities, the goal of my 
dissertation is to further elucidate a role for Rab15 by identifying and characterizing specific 
Rab15 effectors/binding proteins.  I demonstrate that GDP-bound Rab15 interacts with 
Mammalian Suppressor of Sec4, and that these interactions functionally regulate Rab15 
activity on early endocytic trafficking (Chapter 2).  Furthermore, I have identified REP15, 
a novel protein that specifically localizes to and regulates TfR recycling from the RE 
(Chapter 3).  Finally, I have identified RBP15, a novel neuron-specific binding partner for 
Rab15 (Chapter 4).  Together, these data indicate that Rab15 regulates TfR internalization 
and recycling by binding to unique effectors that localize to these functionally distinct 
compartments.
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CHAPTER 2:  MAMMALIAN SUPPRESSOR OF SEC4 
MODULATES THE INHIBITORY EFFECT OF RAB15 

DURING EARLY ENDOCYTOSIS1

INTRODUCTION

As previously stated in Chapter 1, endocytosis of cell surface receptors regulates 
both the intensity and duration of receptor signaling by controlling the location of signaling 
interactions and the desensitization and recycling of activated receptors (Ceresa and Schmid, 
2000; Leof, 2000). Accordingly, endocytic compartments are highly specialized both in 
terms of their organization and function. The early/sorting endosome is a major trafficking 
compartment from which several trafficking pathways emerge.  Rab GTPases have emerged 
as potent regulators of membrane trafficking through early/sorting endosomes. Rabs do not 
regulate membrane trafficking per se, but function as regulatory throttles impacting the 
kinetics of membrane transport steps through the recruitment of specific effectors which in 
turn mediate membrane transport (Zerial and McBride, 2001; Deneka and van der Sluijs, 
2002; Pfeffer and Aivazian, 2004). For example, Rab5 mediates the internalization and 
fusion of incoming endocytic vesicles in vivo (Bucci et al., 1992; Li and Stahl, 1993; 
Stenmark et al., 1994a) and the homotypic fusion of endosomes in vitro (Gorvel et al., 1991; 
Barbieri et al., 1994; Stenmark et al., 1994a; Barbieri et al., 1996; Barbieri et al., 1998). 
Over expression of the constitutively active GTP-bound mutant Rab5 Q79L in BHK cells 
results in a dramatic increase in fluid phase and receptor mediated endocytosis and leads 
to formation of enlarged early/sorting endosomes. Conversely, over expression of GDP-
bound Rab5 (S34N), reduces endocytic uptake and results in the formation of a diffuse 
network of small endocytic vesicles (Bucci et al., 1992; Li and Stahl, 1993; Stenmark et 
al., 1994b). 

Following activation on endosome membranes, Rab5-GTP drives the organization 
of a specialized membrane domain with distinct functional characteristics (McBride et al., 
1999; Sonnichsen et al., 2000; Zerial and McBride, 2001).  Rab5-GTP forms this domain by 
recruiting the phosphatidylinositol3 kinase hVPs34, which catalyzes the local production 
of PI3P (Li et al., 1995; Simonsen et al., 1998; Christoforidis et al., 1999b). Rab5-GTP 

1 Strick, D.J., Francescutti, D.M., Zhao, Y., and Elferink, L.A. (2002) J. Biol. Chem. 277(36):  32722-
32729.  Reprinted by permission of the American Society of Biochemistry.  All Rights Reserved.
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and hVPs34 activity are essential for the subsequent recruitment of Rabenosyn-5 and 
the docking protein, Early Endosome Antigen (EEA1) to early endosomal membranes 
through PI3P (Simonsen et al., 1998; Christoforidis et al., 1999a; Christoforidis et al., 
1999b; Nielsen et al., 2000). EEA1 also interacts directly with Syntaxin 13, a SNARE 
implicated in the fusion of early endosomes (Prekeris et al., 1998; McBride et al., 1999). 
Thus a model is emerging in which Rab5-GTP functions as a regulatory protein, driving 
assembly of specific effector complexes on endosomal membranes leading to membrane 
fusion. Consistent with this model, the early endocytic GTPases, Rabs 4 and 11 have 
also been shown to organize into distinct domains on early endosomes through the local 
recruitment of effectors (Sonnichsen et al., 2000; De Renzis et al., 2002). Moreover, Rab4 
and Rab5 function are linked through the shared effectors Rabaptin-5 (Vitale et al., 1998) 
and Rabenosyn-5 (De Renzis et al., 2002). Thus rab specific domains appear to coordinate 
endosomal trafficking directly by communicating via shared effector complexes.  

The early endocytic GTPase Rab15 exhibits distinct endocytic localization and 
activity. Rab15 distributes between two early endosomal compartments, colocalizing 
with Rabs 4 and 5 on early/sorting endosomes and with Rab11 on pericentriolar recycling 
endosomes (Zuk and Elferink, 1999).  Over expression of activated Rab15 (Rab15-GTP) 
inhibits both fluid phase and receptor-mediated endocytosis in vivo and the homotypic 
fusion of early endosomes in vitro.  Conversely, mutations that constitutively inactivate 
Rab15 (Rab15-GDP) stimulate early endocytosis and fusion of homotypic endosomes 
in vitro (Zuk and Elferink, 2000).  These data suggest that Rab15 functions to reduce 
endocytic trafficking, primarily at the level of early/sorting endosomes.  Consistent with an 
inhibitory role, over expression of Rab15-GTP reverses the stimulatory effect of Rab5-GTP 
on early endocytosis, whereas coexpression of Rab15-GDP with activated Rab5 increased 
internalization of the fluid phase marker HRP relative to cells expressing activated Rab5 
alone (Zuk and Elferink, 2000).  

Given the opposing effects of Rab15 and Rab5 on early endocytosis, the transport 
steps regulated by these GTPases likely intersect at some point within the endocytic 
network, presumably through the action of a shared effector or accessory protein. Rab15 
may interfere with Rab5 function directly by sequestering Rab5 effectors or, indirectly 
through a unique set of effector interactions. To distinguish between these possibilities, we 
examined the effector binding properties of Rab15. Using a yeast two-hybrid binding assay 
we demonstrate that Rab15 does not directly interact with the Rab5 effectors Rabaptin-5 
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or Rabex-5.  Rather, Mammalian Suppressor of Sec4 (Mss4) was identified as a binding 
partner for Rab15.  Mss4 specifically binds GDP-bound Rab15 (T22N) and the nucleotide-
free mutant N121I, consistent with the proposed role of Mss4 as a chaperone mediating 
GDP removal, stabilizing its target rab in a nucleotide-free state (Burton et al., 1994; Collins 
et al., 1997; Nuoffer et al., 1997).  Our functional analyses indicate that interactions with 
Mss4 are required for the inhibitory effect of Rab15 in early endocytosis, suggesting a 
novel role for Mss4-mediated interactions in early endocytic trafficking.

MATERIALS AND METHODS

Reagents and Plasmids

General cell culture reagents and chemicals were obtained from Invitrogen 
Life Technologies and Fisher Chemical, respectively, unless specified otherwise.  All 
restriction enzymes were purchased from New England Biolabs and Na125I was purchased 
from Amersham Pharmacia Biotechnology.  The following antibodies were obtained as 
indicated: anti-HA monoclonal antibody, 12CA5 (Boehringer Mannheim); anti-human 
transferrin receptor monoclonal antibody, H68.4 (Zymed). pET15b expressing rat Mss4 
and an anti-rat Mss4 polyclonal antibody (Burton et al., 1997) were kindly provided by 
Pietro De Camilli (Yale). Plasmids encoding Rab5 (Bucci et al., 1994; Stenmark et al., 
1994a), Rabex-5 (Horiuchi et al., 1997) Rabaptin-5 (Stenmark et al., 1995), and Rabenosyn-
5 (Nielsen et al., 2000) were generous gifts from Marino Zerial (Max Planck Institute for 
Molecular Cell Biology and Genetics, Germany) and Harold Stenmark (Norwegian Radium 
Hospital, Norway).  A HeLa cell cDNA library pre-transformed into EGY187 (MATα) was 
kindly provided by Russell Finley Jr. (Wayne State University).  The cDNAs for wild type 
and mutant Rab15 (Q67L, N121I and T22N) containing an amino terminal HA epitope 
have been described elsewhere (Zuk and Elferink, 2000), and were cloned directly into 
pCINeo (Invitrogen).  Site-directed mutagenesis was performed using the QuikChange™ 
Mutagenesis Kit (Stratagene) according to the manufacturer’s instructions and verified by 

DNA sequencing (ABI). 

Yeast Two-Hybrid Binding Assays 

Bait strains were prepared by cloning wild type Rab15 and its respective mutants 
into pLexA (Clontech); GTP-bound Rab15 (Q67L), nucleotide–free Rab15 (N121I), GDP-
bound Rab15 (T22N), Rab15 T22N containing the single mutations K46L or K48Q, and 
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Rab15 T22N in which the motifs DN (residues 30-31), DFKMK (residues 44-48) and 
TITK (residues 72-75) were substituted with the corresponding Rab5a sequences KG, 
AFLTQ and SLAP respectively.  

cDNAs encoding Rabaptin-5, Rabex-5, and Rabenosyn-5 were cloned into pB42AD 
(Clontech).  Bait and prey constructs were transformed into RFY206 (MAT a) and EGY187 
(MAT α), respectively, using established techniques (Clontech). Expression of the indicated 
bait and prey constructs was confirmed by SDS PAGE and Western analysis.  

Yeast two-hybrid binding assays were performed by mating bait strains with prey 
strains (Kolonin et al., 2000) as specified in the text. Positive diploids were identified by 
growth on quadruple synthetic dropout media (Trp/His/Ura/Leu) and LacZ activation. For 
LacZ activation assays, the appropriate diploids were grown in 5 ml of triple synthetic 
dropout media (Trp/His/Ura) overnight at 30ºC and subcultured 1:10 in fresh dropout 
media for 7 hours at 30°C. Cells were pelleted at 1000 x g for 5 minutes at 4 ºC, washed 
once in 5 ml of Z Buffer (113 mM Na2HPO4•7H2O, 39 mM NaH2PO4•H2O, 10 mM KCl, 1 
mM MgSO4•7H2O, and 35mM ßmercaptoethanol) resuspended in 120-150 ul of Z-Buffer 
and subjected to 3 cycles of 1 minute freeze/thaws in liquid nitrogen. The lysates were 
centrifuged at 20,000 x g, 5 min, at 4 ºC and 15 ul of the clarified supernatant incubated with 
150 ul of CUG substrate (Molecular Probes) for 30 min at room temperature in darkness. 
The reactions were terminated with 75 ul of 0.2M Na2CO3 and the relative fluorescence 
measured according to the manufacturer’s specifications (Molecular Probes). Each assay 
was performed in triplicate and repeated at least twice. Relative fluorescence units were 
normalized to the amount of protein in each sample (Bradford, BioRad) and are reported as 
a measure of relative ß-Galactosidase activity. 

A HeLa cell library was screened by mating EGY187 cells with a RYF206 strain 
expressing Rab15 T22N as indicated above. Plasmid DNA prepared from positive diploids 
identified in the library screen, were isolated by transformation into E.Coli KC8 to isolate 
the library construct. Inserts from the resulting cDNAs were PCR amplified using the 
primers 5’CGTAGTGGAGATGCCTCC-3’ and 5’CTGGCAAGGTAGACAAGCCG-3’, 
and analyzed by HaeIII digestion and DNA sequence analysis (ABI). DNA and predicted 
protein sequences were further analyzed using BLAST searches.

Cell Culture and Transfections

All cells were cultured in DMEM supplemented with penicillin/streptomycin and 
maintained at 37 ºC with 5% CO2. HeLa media was supplemented with 10% Cosmic Calf 
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Sera (Hyclone) and penicillin/streptomycin. Over expression studies using T7 recombinant 
vaccinia virus (vTF73) were performed as previously described (Zuk and Elferink, 1999; 
Zuk and Elferink, 2000). Transient expression using LipofectAMINE” (Life Technologies) 
was performed as previously described (Zuk and Elferink, 1999; Zuk and Elferink, 2000).

Biochemical Pull Down Assays

Recombinant rat Mss4 was expressed as a His6 fusion in BL21DE3 pLysS 
(Stratagene) and purified by NiNTA affinity chromatography (Qiagen). For pull down 
studies, HeLa cells were transfected with Rab5 or HA-tagged Rab15 using LipofectAMINE” 
(Life Technologies) as described elsewhere (Zuk and Elferink, 2000). Transfected cells 
were resuspended in 200 ul of ice cold lysis buffer (10 mM HEPES, pH 7.4, 1.5% IGEPAL 
(Sigma), 0.1 mM MgCl2, 150 mM NaCl, 10ug/ml each aprotinin, leupeptin and pepstatin 
A), and cell lysates were clarified at 16,000 x g for 5 min at 4°C. Supernatants were adjusted 
to 1.0 mM MgCl2, incubated with 1.0 mM GTPγS (Sigma) or 1.0 mM GDPβS (Sigma) for 
60 min at 4 °C and the extracts incubated for 2.0 hr at 4 °C with 5 µg of purified His6-Mss4.  
Mss4 and its associated proteins were isolated by binding to NiNTA beads in lysis buffer 
containing 10 mM Imidazole at 4°C for 60 min. Beads were washed three times in cell lysis 
buffer, three times in 150 mM NaCl, 10 mM HEPES-KOH pH 7.5, 0.1 mM MgCl2 and 
analyzed by SDS-PAGE followed by Western analysis by enhanced chemiluminescence 
(Amersham Pharmacia Biotech).

Functional Analysis of Rab15 and Mss4 interactions

125I-Tfn internalization studies, in vitro homotypic endosome fusion assays and 
guanine nucleotide binding studies were performed on transiently transfected HeLa cells 
as previously described (Zuk and Elferink, 2000).  Surface-bound Tfn was assessed as 
follows. Transiently transfected HeLa cells were depleted of endogenous Tfn for 1 hour 
at 37°C and chilled at 4°C for 30 min to stop endocytosis. The cells were incubated in IM 
(DMEM w/20 mM HEPES, pH 7.4 and 20 mg/ml BSA) containing 3 ug/ml 125I-Tfn for 1 
hour at 4°C to enable binding of the 125I-Tfn to cell surface associated TfR. The cells were 
washed in PBS containing 0.1% BSA at 4°C and the total amount of cell associated 125I-
Tfn measured with a gamma counter (Packard Instruments). 80-90% of the cell associated 
125I-Tfn was routinely removed with three successive acid washes as previously described 
(Zuk and Elferink, 2000) (Fig. 4A). Furthermore, 100-fold unlabeled Tfn blocked the 
internalization of 125I-Tfn indicating the specificity of 125I-Tfn for the TfR (Fig. 4B).  All 
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numerical results were subjected to an OneWay ANOVA with a Newman Keuls Post-Test 
to determine statistical significance between selected groups (Prism GraphPad).

RESULTS

Does Rab15 bind Rab5 effectors? 

Given the opposing effects of Rab15 and Rab5 on early endocytosis, it is highly 
likely that the transport steps regulated by these rabs overlap at some point within the 
endocytic network, possibly in terms of a common effector or target. We first examined 
the ability of Rab15 to interact with the Rab5 effectors Rabex-5 (Horiuchi et al., 1997), 
Rabaptin-5 (Stenmark et al., 1995) and Rabenosyn-5 (Nielsen et al., 2000). Rabex-5 is 
a guanine nucleotide exchange factor for Rab5 originally identified as a component in a 
complex with Rabaptin-5.  Rabaptin-5 increases the exchange activity of Rabex-5 on Rab5, 
promoting early endosome fusion in vitro (Lippe et al., 2001). Rabaptin-5 also interacts 
with Rab4 through a distinct binding site (Vitale et al., 1998) suggesting a role for this 
effector in recycling from early endosomes to the cell surface. Rabenosyn-5 preferentially 
interacts with GTP-bound Rab5 (Rab5 Q79L) and PI3P on early endosomes. Consistent 
with the stimulatory role of Rab5-GTP in endocytosis, Rabenosyn-5 promotes homotypic 
endosome and clathrin-coated vesicle fusion in vitro (Nielsen et al., 2000). In addition, 
Rabenosyn-5 interacts directly with Rab4-GTP and promotes transferrin (Tfn) recycling 
from early sorting endosomes when over expressed in HeLa cells (De Renzis et al., 2002). 
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Table 2:  Yeast two-hybrid Assay with Rab15 and selected Rab5 effectors
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Figure 4:  125I-Tfn  Internalization Controls.  A,  HeLa cells were incubated 125I-Tfn for 
1 hour at 4ºC and then washed with either PBS (pH 4.2) or PBS (0.1% BSA).  The cells 
were lysed and 125I-Tfn amounts were quantified using a gamma counter.  Values replicate 
the means of triplicate values ± SEM normalized to protein concentration.  These results 
demonstrate that 80 - 90% of the 125I-Tfn is removed by acid washing  B,  Cells were 
incubated in 125I-Tfn or 125I-Tfn with 100-fold unlabeled Tfn for 1 h at 4ºC.  The cells 
were washed and incubated at 37ºC for 15 min to internalize the labeled Tfn.  After which 
the cells were washed with PBS (pH 4.2) and lysates were quantified as described above.  
100-fold unlabeled Tfn blocks the internalization of 125I-Tfn demonstrating the specificity 
of 125I-Tfn.
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Rabaptin-5 is a cytosolic protein that was originally identified as an effector for Rab5-
GTP using a yeast two-hybrid approach (Stenmark et al., 1995). Thus interactions with 
shared effectors may functionally couple otherwise distinct rab mediated transport steps 
within early sorting endosomes (Vitale et al., 1998; De Renzis et al., 2002).  To determine 
if Rab15 binds Rab5 effectors, cDNAs encoding Rabex-5, Rabaptin-5 and Rabenosyn-5 
were cloned into the plasmid pB42AD, in frame with the activation domain of the bacterial 
transcription factor B42, and conditionally expressed from the Gal1 promoter in the 
presence of galactose. Wild type and mutant Rab15 were expressed in frame with the DNA 
binding domain of the bacterial transcription factor LexA, and protein-protein interactions 
were assayed using LacZ activation as the reporter gene.  Negligible binding was detected 
between Rabex-5 and wild type or mutant Rab15. Similarly, we detected no interaction 
between Rabaptin-5 and wild type or mutant Rab15 (Table 2). Western analysis indicates 
that the absence of any notable interaction between Rab15 and Rabex-5 or Rabaptin-5 
in this assay is not related to differences in the relative amounts of the expressed prey 
and bait proteins (Fig. 5A and B).  Moreover Rab5 strongly interacted with Rabex-5 and 
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Figure 5:  Bait and prey proteins are expressed in yeast  A,  Haploid yeast strains express-
ing Rab15 wt and mutants and Rab5 wt and mutants were lysed and were examined using 
Western analaysis.  M1, M2, M3 and M1/3 refer to Mss4 binding mutations (see later in 
text.).  B, Haploid prey strains were induced or non-induced by incubation in galactose 
containing media or glucose containing media respectively.  These strains were lysed and 
examined using Western analysis to verify prey expression.
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Rabaptin-5, indicating the specificity of the results. Specifically, Rabex-5 bound GDP-
bound (S34N) and the nucleotide deficient mutant Rab5 N133I. Conversely, Rabaptin-5 
interacted directly with Rab5-GTP (Q79L) and the nucleotide-free Rab5 mutant, N133I. 
Interestingly, a weak interaction was detected between Rabenosyn-5 and wild type Rab15 
as well as the GTP-bound and nucleotide free Rab15 mutants, Rab15 Q67L and Rab15 
N121I respectively.  Given the modest binding observed between Rab15 and Rabenosyn-5 
in the absence of any discernible nucleotide dependency, the physiological significance of 
this interaction remains uncertain. Taken together, these data indicate that Rab15 does not 
directly interact with the Rab5 effectors Rabex-5 and Rabaptin-5.

Mss4 (Mammlian Suppressor of Sec4) Binds to GDP-bound Rab15.

Since Rab15 does not interact with the Rab5 effectors Rabaptin-5 and Rabex-5, 
we reasoned that the inhibitory effect of Rab15 during early endocytosis is regulated by a 
unique set of effector molecules. Therefore, we screened a HeLa cell cDNA library using 
Rab15 T22N as “bait” in a yeast two hybrid system.  HeLa cells are known to express Rab15 
(Zuk and Elferink, 1999) supporting the premise that Rab15 effectors are represented in 
this library. Eleven out of the twelve strongly positive clones were identified as Mammalian 
Suppressor of Sec4 (Mss4). All Mss4 clones isolated from this screen encoded minimally 
residues 1 to 55. Mss4 and its yeast homologue Dss4p were originally identified in genetic 
screens for proteins that suppressed the secretory defect of sec4-8 mutants (Burton et al., 
1993; Moya et al., 1993).  Mss4 specifically binds to and promotes the release of GDP 
from a subset of rabs including sec4, rabs 1a, 3, 8 10, and 13. Mss4 does not bind rabs 
2, 4 or 7; moreover, no interaction is observed between Mss4 and Rab5 (Burton et al., 
1994; Burton et al., 1997). While Mss4 and Dss4p facilitate the release of GDP from their 
target rabs, they lack the ability to promote GTP binding (Collins et al., 1997; Esters et al., 
2001).  Therefore, Mss4 does not function as a bona fide GEF as previously reported (Yu 
and Schreiber, 1995), but rather stabilizes rabs in a nucleotide-free state (Nuoffer et al., 
1997; Esters et al., 2001).  Accordingly, we examined the nucleotide dependency of the 
interaction between Rab15 and full length Mss4. High levels of ß-Galactosidase activity 
were observed in strains expressing Mss4 and the inactive Rab15 mutants, Rab15 N121I 
and to a lesser extent, Rab15 T22N (Fig. 6A). Mss4 failed to bind wild type Rab15 and 
its GTP-bound mutant Q67L under these conditions. Mss4 did not interact with wild type 
Rab5 or its guanine nucleotide binding mutants Q79L, S34N and N133I as judged by 
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Figure 6:  Mss4 preferentially binds constitutively inactive Rab15 mutants, N121I and 
T22N. A, yeast strains expressing Mss4 fused to the activation domain of B42 (pB42AD:
Mss4) with wild type (wt) or the indicated Rab mutants expressed as fusions with the DNA 
binding domain of LexA (pLEXA) were mated on synthetic media lacking tryptophan 
and histidine but containing X-gal or synthetic media lacking tryptophan, histidine, and 
leucine (Leu). Blue colonies on X-gal and growth on Leu plates indicate specific interac-
tions between Mss4 and inactive Rab15 mutants. B, reporter ß-galactosidase activity was 
determined and represents the means ± S.E. of triplicate experiments and are normalized 
with respect to protein concentration. Significant differences were observed between ex-
perimental and control conditions (one-way ANOVA, p≤0.001) as described in the text.
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control levels of β-galactosidase (Fig. 6B) and lack of growth on Leu plates (Fig. 6A). 
No interaction was observed when the diploids were grown on plates containing glucose, 
indicating that galactose driven expression of Mss4 was essential for the interaction with 
Rab15 (Fig. 7A and B). The absence of ß-galactosidase activity in cells expressing Mss4, 
wild type or mutant Rab15 alone demonstrates that reporter expression was dependent 
on a two-hybrid protein-protein interaction (data not shown). These data indicate that 
Mss4 directly interacts with Rab15; preferentially nucleotide-free Rab15 N121I and the 
constitutively inactive GDP-bound mutant, Rab15 T22N. 

We confirmed the interaction between Rab15 and Mss4 using pulldown assays. 
Recombinant Mss4 was expressed as a His6tagged fusion in E. coli, purified by affinity 
chromatography on NiNTA agarose and the purified protein incubated with cell lysates 
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Figure 7:  Yeast Two-hybrid 
interaction controls.  A, Bait 
or prey strains were plated 
on galactose media to induce 
expression and then lysates 
were assayed for ß-Galacto-
sidase acitivy.  Values repre-
sent means of triplicate values 
± SEM.  Rab15 yeast strains 
do not activate the reporter 
genes in absence of Mss4.  B,  
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ing the specificity of the inter-
action.  Rab15 and Mss4 or 
CycD diploids were induced 
with Galactose to drive pro-
tein expression and then as-
sayed for ß-galactosidase Ac-
tivity.  Values represent means 
±SEM.
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prepared from HeLa cells over expressing wild type HARab15. The nucleotide dependence 
of this interaction was examined by first priming the cell lysates with GDPßS or the non-
hydrolyzable GTP analog, GTPγS. Mss4:Rab15 complexes were recovered by binding 
NiNTA agarose and analyzed by Western analysis. As shown in Fig. 5A, wild type 
HARab15 binds Mss4 in the absence and presence of GDPβS (Fig. 8A). Since wild type 
HARab15 binds and hydrolyzes GTP when transiently over expressed in Trvb1 (Zuk and 
Elferink, 2000) and HeLa cells (Fig. 8A) the interaction observed between Rab15 and 
Mss4 in the absence of GDPßS likely reflects binding to GDP-bound and nucleotide-free 
form of wild type Rab15. Consistent with this hypothesis, priming the lysates with GTPγS 
prior to the addition of recombinant Mss4, prevents the interaction between Mss4 and 
Rab15. Moreover a strong interaction occurs between Mss4 and the nucleotide-free Rab15 
mutant, N121I in the presence and absence of GTPγS and GDPβS (Fig. 8B). No HARab15 
immunoreactivity was detected using beads alone or cell lysates expressing wild type Rab5, 
confirming the specificity of these results (Fig. 8). Taken together, these data corroborate 
our yeast two-hybrid studies and indicate that Mss4 directly interacts with constitutively 
inactive Rab15 mutants, T22N and N121I.

Figure 8:  Mss4-Rab15 interactions are 
guanine nucleotide dependent. A, cell ly-
sates prepared from HeLa cells transiently 
over expressing wild type HArab15 or 
Rab5 were incubated with (+) or without 
(-) GTPγS or GDPβS, prior to incubation 
with purified, recombinant His6-tagged 
Mss4. Mss4-Rab complexes were im-
mobilized on NiNTA-agarose beads and 
analyzed by Western analysis (Wn) using 
antibodies (Ab) for HArab15, Rab5, and 
Mss4. Expression of the indicated proteins 
in cell lysates were confirmed by Western 
analysis (C). B, Mss4 binding studies us-
ing lysates prepared from cells over ex-
pressing constitutively inactive HArab15-
N121I indicate that Mss4 preferentially 
binds nucleotide-free HArab15.
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Identification of Mss4 binding sites on Rab15

Interpreting the effect of over expressing dominant Mss4 mutants on Rab15-mediated 
endocytosis is confounded by Mss4 binding multiple rabs (Burton et al., 1994). Therefore, 
we used a yeast two-hybrid approach to identify potential loss off function Rab15 mutants 
that do not bind Mss4. Comparison of the Rab15 peptide sequence with other Mss4 binding 
rabs (including rabs 1a, 3a, 8 and 10 and sec4p) reveals three  conserved signature motifs 
that may comprise Mss4 binding sites in these proteins (Lippe et al., 2001). In sec4p and 
Rab3a, these sites reside within or juxtaposed to the switch I and II regions; regions on the 
surface of these proteins that change conformation during guanine nucleotide binding and 
GTP hydrolysis (Yu and Schreiber, 1995; Stroupe and Brunger, 2000). Moreover, these 
two switch regions are major sites of interaction with regulator and effector molecules 
in general, including GEFs and GTPase activating proteins. In Rab15, the putative Mss4 
binding motifs include DN (m1), DFKMK (m2) and TITK (m3) (comprising amino acid 
residues 30-31, 44-48 and 72-75 respectively) (Burton et al., 1997) (Fig. 9A). To determine 
if these three regions contribute to the interaction between Rab15 and Mss4, we individually 
substituted these motifs in Rab15 T22N with the corresponding regions of Rab5, a GTPase 
known not to bind Mss4 (see Fig. 9B). The three Rab15-GDP mutants (m1, m2 and m3) 
were tested for their ability to bind Mss4 in a yeast two-hybrid binding assay. As shown in 
Figure 9, binding of Mss4 to Rab15 T22N was abolished by substitution of the DN (m1) 
and DFKMK (m2) motifs. The motif TITK (m3) is not required for binding Mss4 to Rab15, 
since comparable levels of β-galactosidase reporter activity were detected relative to strains 
expressing Rab15 T22N and Mss4 (Fig. 9C). β-galactosidase activity was reduced 60-70% 
in the double mutant m1/m3 relative to yeast lysates prepared from strains co-expressing 
Mss4 with Rab15-GDP (T22N) or the nucleotide-free form of Rab15 (N121I) confirming 
the importance of the m1 region for Rab15:Mss4 interactions. These data indicate that the 
DN (m1) and DFKMK (m2) motifs are required for Mss4 binding to Rab15.  Structural 
analysis of the corresponding m2 motifs in Rab3a and Sec4p suggests that the lysine residues 
at positions 46 and 48 of Rab15, probably reside on the surface of Rab15, consistent with 
a role in binding Mss4 (Zhu et al., 2001a). To test this experimentally, we generated two 
additional mutations in Rab15 T22N in which K46 and K48 were substituted with leucine 
and glutamine, respectively (i.e. the corresponding residues of Rab5) and assayed Mss4 
binding using a yeast two-hybrid assay.  β-galactosidase reporter activity was comparable 
in strains expressing Mss4 with Rab15 T22N or Rab15 K46L.  Conversely, binding is 
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Figure 9:  K48Q abolishes the interaction between HArab15 and Mss4. A, The relative 
positions of the T22N mutation in the first of four GTP-binding motifs (gray boxes) and 
putative Mss4-interacting motifs m1, m2, and m3 are shown. B, substitution of the indi-
cated Rab15 amino acid residues with the corresponding Rab5 peptide sequence generates 
the Rab15-T22N mutants m1, m2, and m3. Asterisks indicate the single mutations K46L 
and K48Q in m2. C, β-galactosidase reporter activity (means ± S.E. of triplicate experi-
ments) produced by interactions between Mss4, T22N, N121I, and the indicated single and 
double Rab15-T22N mutants. Significant differences were observed between experimental 
and control conditions (one-way ANOVA, p ≤0.001) as described in the text.
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disrupted between Mss4 and Rab15 K48Q indicating that lysine at position 48 is critical 
for the interaction between Rab15 and Mss4 (Fig. 9C).

K48Q counters the inhibitory effect of Rab15 on early endocytosis 

We previously demonstrated that wild type HARab15 binds and hydrolyses GTP, 
and reduces receptor mediated endocytosis when transiently expressed in Trvb1 and BHK 
cells (Zuk and Elferink, 2000). We suspect that Rab15 mutants may exert their effect 
on endocytic trafficking by sequestering effectors or by blocking essential rab effector 
interactions. If Mss4 functions as a chaperone stimulating GDP release and stabilizing 
Rab15 in a nucleotide-free state, over expression of Rab15 mutants which do not bind 
Mss4, would be predicted to suppress the inhibitory phenotype of wild type Rab15 on 
endosomal trafficking and endosome fusion (Zuk and Elferink, 2000). To test this, we 
compared the internalization of 125I-labeled transferrin (125I-Tfn) in HeLa cells transiently 
expressing HA epitope tagged forms of Rab15 (Zuk and Elferink, 1999), which bind 
Mss4 (wild type HARab15, HARab15 K46L and HARab15 m3), with cells expressing 
the mutant HARab15 K48Q, which does not bind Mss4 (Fig. 9). Internalization studies 
were not performed with HARab15 m1, due to technical limitations associated with poor 
expression of this mutant.  Transfected HeLa cells were depleted of endogenous transferrin 
(Tfn), incubated with 125I-Tfn for 1 h on ice followed by extensive washing to remove 
unbound 125I-Tfn. The cells were then incubated at 37°C for 15 min to allow internalization 
of 125I-Tfn (Fig. 10).  Expression of wild type HARab15 in HeLa cells results in a 44% 
reduction in the maximal level of internalized 125I-Tfn relative to mock-transfected cells, 
consistent with our previous studies (Zuk and Elferink, 2000). A comparable reduction in 
the level of internalized 125I-Tfn was observed in HeLa’s transiently expressing wild type 
HARab15 harboring the mutations K46L or m3 (38-42% respectively). However, cells 
transiently expressing HARab15 K48Q internalized significantly more 125I-Tfn (50%) than 
cells expressing wild type HARab15 or HARab15 m3.

Western analysis indicates that these differences are not a consequence of 
discernible differences in the relative amount of endogenous Tfn Receptor (TfR) or 
exogenously expressed wild type and mutant HARab15 (Fig. 10B). Similarly, Western 
analysis confirmed that endogenous levels of Mss4 were not affected by the expression of 
wild type and mutant forms of HARab15 (Fig. 11). Taken together, these data suggest that 
the mutation K48Q counters the inhibitory effect of wild type Rab15 on receptor-mediated 
endocytosis.  Mss4 has been reported to interact with a specific subset of rabs that regulate 
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Figure 10:  K48Q counters the inhibitory effect of wild type HArab15 on receptor-medi-
ated endocytosis. A, HeLa cells were transiently transfected with wild type (wt) HArab15 
and the indicated mutants, depleted of endogenous Tfn and incubated in medium containing 
125I-Tfn for 1 h at 4 °C. The cells were extensively washed to remove unbound ligand and 
incubated at 37 °C for 15 min to promote the internalization of bound 125I-Tfn. Following 
internalization, the cells were washed to remove residual surface associated 125I-Tfn and 
counted to quantitate total levels of internalized 125I-Tfn as described previously (Zuk and 
Elferink 2000). All values represent means of triplicate experiments and are expressed as a 
percent of mock-transfected cells. B, Western analysis (Wn) using antibodies (Ab) against 
HArab15 and TfR indicate negligible differences in the relative amounts of transiently ex-
pressed HArab15 and endogenous TfR. Con represents mock-transfected cells. Significant 
differences observed between experimental conditions described in the text were verified 
using a one-way ANOVA with a Newman-Keuls post hoc test (p≤0.05) and are indicated 
by an asterisk.
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distinct steps in exocytosis (Burton et 
al., 1994). To ensure that the observed 
increase in internalized 125I-Tfn in cells 
expressing HARab15 K48Q does not 
result from a corresponding increase 
in the trafficking of the TfR through 
exocytic compartments, we directly 
compared the effect of this mutant with 
wild type HARab15 on the relative 
amount of cell surface associated TfR. HeLa cells transiently over expressing wild type 
HARab15, HARab15 m3, HARab15 K46L or the mutant HARab15 K48Q (which does 
not bind Mss4), were depleted of endogenous Tfn and incubated on ice for 30 min to 
reduce endocytic trafficking of the TfR. The cells were subsequently incubated with 125I-
Tfn for 1 hour to allow binding of the ligand to surface associated TfR, washed with PBS 
and the level of cell associated 125I-Tfn determined. Comparable levels of surface bound 
125I-Tfn were detected in cells over expressing HARab15, HARab15 m3 and the non Mss4 
binding mutant HARab15 K48Q (Fig. 12). Interestingly, a two-fold increase in the amount 
of surface associated 125I-Tfn was observed in cells expressing HARab15 K46L relative 
to cells expressing wild type HARab15 or the mutants m3 and K48Q (Fig. 12). Taken 
together, these data indicate that interaction between Mss4 and Rab15 specifically affects 
early endocytosis rather than other aspects of membrane trafficking including exocytosis.  
We previously reported that wild type HARab15 reduces the level of homotypic early 
endosome fusion in vitro (Zuk and Elferink, 2000). To determine if interactions with 
Mss4 modulate Rab15 activity at the level of endosome fusion, we compared the effect of 
over expressing forms of HARab15 that bind Mss4 with the mutant HARab15 K48Q on 
homotypic early endosome fusion. Endosomal fractions labeled with either bHRP or avidin 
were mixed with cytosolic fractions prepared from HeLa cells over expressing wild type 
and mutant HARab15, under conditions that modulate membrane fusion of the labeled 
endosomal populations. Homotypic endosome fusion is monitored by the immunoisolation 
of bHRP-avidin complexes, which are assayed for avidin activity. Expression of wild type 
HARab15 results in 13.3 % reduction in endosome fusion relative to control untransfected 
cells (Fig. 13). Similarly, expression of HARab15 m3 and HARab15 K46L (Rab15 mutants 
which bind Mss4) results in a 17.0% and 24.9% reduction respectively in endosome fusion 

wt K48
Q

K46
L

M3 CON

Mss4 14 kDA

Figure 11:  Mss4 expression is unaltered in 
HeLa cells transfected with HArab15 wt and 
mutants.
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relative to control conditions. In contrast, expression of HARab15 K48Q reverses the 
inhibitory phenotype of wild type HARab15 resulting in a 5% increase in endosome fusion 
relative to control cells (Fig. 13). Thus, interactions with Mss4 modulate the inhibitory 
phenotype of wild type Rab15 on early endosome fusion in vitro, consistent with our 
observations on receptor-mediated endocytosis.

DISCUSSION

Early/sorting endosomes are the nexus for several membrane trafficking pathways 
(Ceresa and Schmid, 2000; Leof, 2000). Accordingly, trafficking through this compartment 
is tightly regulated and relies on a fine balance involving multiple rabs functioning to either 
facilitate or inhibit membrane trafficking at discrete membrane transport steps. Several 
recent studies indicate that rabs function largely by promoting the recruitment of effectors, 
which in turn regulate distinct trafficking events (Segev, 2001a).  Given the inhibitory 
phenotype of Rab15 on early endocytosis and the functional relationship between rab-
effector interactions, we examined the effector-binding properties of Rab15. Rabaptin-5 
and Rabenosyn-5 have been previously reported to bind Rab4 and Rab5 through distinct 
binding domains (Vitale et al., 1998; De Renzis et al., 2002). The multivalent binding 

Figure 12:  HArab15-K46L increases the relative amount of surface TfR. HeLa cells 
were ransiently transfected with wild type (wt) HArab15 and indicated mutants, deplet-
ed of endogenous transferrin for 1 h at 4 °C, incubated at 4 °C for 30 min to stop endoc-
tyosis, and subsequently incubated with 125I-Tfn for 1 h. Cells were washed with PBS 
and surface-associated radiolabeled Tfn was measured in a gamma counter. Con de-

    notes control, mock-transfected cells.  Significant  differences  were  observed  between 
    experimental and control conditions (one-way ANOVA, p≤0.001) as described in the
    text.
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properties of these Rab5 effectors and the opposing effects of Rab15 and Rab5 on early 
endocytic trafficking in cultured cells, are reconcilable with a model in which Rab15 and 
Rab5 compete for shared effectors (Zuk and Elferink, 2000).  No interaction was detected 
between Rab15 and Rabaptin-5 or Rabex-5 in a yeast two-hybrid binding assay. Although 
Rabaptin-5 and Rabex-5 do not bind Rab15 directly, we cannot disregard the possibility that 
they may functionally interact via additional, unidentified binding partners.  For example, 
the recruitment of Rabaptin-5 with Rab5-GTP on early endosomes is promoted by the 
guanine nucleotide exchange activity of Rabex-5 (Lippe et al., 2001). Recently however, 
Rabex-5 was also shown to bind early endosomes and clathrin-coated vesicle membranes 
independently of Rabaptin-5 and Rab5-GTP, indicating that additional binding partners for 
Rabex-5 exist (Lippe et al., 2001).  Using a yeast two-hybrid binding assay, we detected a 
potential interaction between Rab15 and Rabenosyn-5.  Although it is tempting to speculate 
on the impact of Rab15 interactions with Rabenosyn-5, the physiological significance of 
this interaction will require further verification.  

This study identified Mss4 as a direct binding partner for Rab15. Mutational 
analysis indicates that lysine at position 48 (K48Q) is important for the binding of Rab15 
to Mss4. Expression of HARab15 K48Q partially reverses the inhibitory phenotype of wild 
type HARab15 on receptor-mediated endocytosis and homotypic early endosome fusion 
in vitro without altering the relative amount of cell surface associated TfR, indicating 

Fig. 6, Strick et al.
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ry effect of HArab15 on early endosome 
fusion in vitro. Early/sorting endosomes 
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that interactions with Mss4 specifically modulate the inhibitory effect of Rab15 on early 
endocytosis. Functional analysis of Mss4 and its yeast homologue Dss4p previously 
demonstrated that these proteins promote GDP removal and stabilization of their target 
rabs in guanine nucleotide-free states (Burton et al., 1993). Accordingly, our binding 
studies confirm that Mss4 preferentially interacts with GDP-bound and nucleotide-free 
Rab15 mutants. In contrast to the GEF Rabex-5, Mss4 does not efficiently promote GTP 
recruitment (Esters et al., 2001). Therefore, Mss4 appears to function as a chaperone 
stabilizing its target rabs for subsequent interactions with additional factors that promote 
GTP binding and rab activation.  Indeed, our functional data demonstrating that expression 
of HARab15 K48Q cannot fully compensate for the inhibitory effect of wild type Rab15 
on receptor-mediated endocytosis, suggests that additional factors contribute to Rab15 
activation. In this context, Mss4 may facilitate these interactions and increase the relative 
rate of Rab15 activation. 

The three dimensional structure of Mss4 and two of its target GTPases (Rab3a and 
Sec4p) has been determined; however identification of the residues mediating binding of 
Mss4 and its yeast homolog Dss4p to their target rabs remains elusive (Zhu et al., 2001a; 
Zhu et al., 2001b). Structural analysis of Rab3a and Sec4p demonstrated that lysine residues 
at positions 46 and 48 reside on their surfaces accessible to effector molecules (Stroupe and 
Brunger, 2000; Zhu et al., 2001b). Our mutational analysis of Rab15 reveals that lysine 48 is 
essential for the interaction between Rab15 and Mss4. Conversely, mutation of the lysine at 
position 46 results in minimal loss of Mss4 binding to Rab15. This mirrors the observations 
in Rab3a where the corresponding mutation K60A did not impact Mss4’s ability to promote 
GDP release from Rab3a in vitro (Zhu et al., 2001b). Modeling of the K46L and K48Q 
mutations on the surface of Rab3a and sec4p does not impart significant conformational 
changes in the predicted structure of these proteins (unpublished observations, D. Strick 
and L. Elferink) supporting the premise that the absence of Mss4 binding to HARab15 
K48Q is not a result of major perturbations in the overall structure of Rab15. 

Interestingly, an increase in the relative amount of TfR was observed on the surface 
of cells expressing HARab15 K46L. Yet, over expression of HARab15 K46L did not 
counter the inhibitory effect of wild type Rab15 on receptor-mediated endocytosis or in 
vitro endosome fusion. We reconcile this observation with our earlier studies showing that 
over expression of constitutively inactive GDP-bound HARab15 T22N in cultured cells 
promotes recycling of the TfR directly from early/sorting endosomes (Zuk and Elferink, 
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2000). A similar mechanism may account for the relative increase in surface associated TfR 
observed in cells expressing HARab15 K46L reported in this study. 

Our observation that Mss4 binds Rab15 and regulates its activity during endocytosis 
is wholly consistent with the emerging concept that exocytosis and endocytic trafficking 
are functionally linked through shared components. For example the Rab5 effector EEA1 
has been shown to bind Syntaxin 6, a SNARE implicated in trafficking between the Trans 
Golgi Network and early endosomes (Simonsen et al., 1999). In addition to binding Rab5, 
Rabex-5 and Rabaptin-5 directly interact with Rab33b, a GTPase implicated in retrograde 
transport from the Golgi to the E.R. (Zheng et al., 1998; Valsdottir et al., 2001). Recently, 
Rabaptin-5 was reported to form a complex with Rabphilin-3, a protein implicated in the 
control of exocytosis and endocytosis in the nerve terminal (Burns et al., 1998; Ohya et 
al., 1998; Schluter et al., 1999; Coppola et al., 2001).  Mutational analysis of Rabphilin 
identified a point mutation (V61A) which disrupted binding to the exocytic GTPase Rab3a, 
but not Rabaptin-5. Moreover, expression of Rabphilin V61A in cultured cells promoted 
receptor-mediated endocytosis, implicating a role for rabphilin-Rabaptin-5 interactions 
in early endocytic events (Zheng et al., 1998). Similarly several genetic and molecular 
studies support a dual role for the synaptic vesicle protein Synaptotagmin 1 as a calcium 
responsive trigger that drives neurotransmitter release as well as synaptic vesicle recycling 
within the nerve terminal (Nonet et al., 1993; Geppert et al., 1994; Jorgensen et al., 1995; 
Littleton and Bellen, 1995; Reist et al., 1998). 

In conclusion, our observation that Mss4 binds Rab15 and modulates its function 
in vivo, is to the best of our knowledge, the first report of an interaction between Mss4 and 
an endocytic protein. Our studies are consistent with an emerging model in which exocytic 
and endocytic pathways are functionally linked, expanding the role of Mss4 as a chaperone 
in early endocytic trafficking.  Although our results indicate that Rab15 function involves 
at least one unique effector interaction, given the opposing effects of Rab15 and Rab5 on 
endocytic trafficking we anticipate that the transport steps regulated by these GTPases will 
likely intersect at some point in terms of a shared effector or accessory protein. However, 
the nature of these interactions remains to be determined and will require the functional 
analysis of additional interacting partners for Rab15.
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CHAPTER 3:  RAB15 EFFECTOR PROTEIN: A NOVEL 
PROTEIN FOR RECEPTOR RECYCLING FROM 
PERICENTRIOLAR RECYCLING ENDOSOMES2

INTRODUCTION

Early endosomes comprise two distinct compartments identified primarily through 
trafficking studies using the Transferrin Receptor (TfR).  Internalized TfR resides on Early/
Sorting Endosomes (EEs) and the Pericentriolar Recycling Endosome (RE). In EEs, the 
TfR is sorted for direct recycling back to the plasma membrane or transported to lysosomes 
via late endosomes for down regulation.  A slower route for receptor recycling occurs from 
the RE following receptor transit through EEs (Sheff et al., 1999; Maxfield and McGraw, 
2004). An emerging model suggests that in addition to sorting desensitized receptors for 
down-regulation, EEs (and possibly the RE) provide local stores of intracellular receptors 
for rapid delivery to the cell surface (Szekeres et al., 1998a; Lin et al., 2000). 

Rab GTPases are small monomeric GTPases that cycle between a GTP-bound and 
GDP-bound state that is regulated through molecular interactions with Guanine Nucleotide 
Exchange Factors and GTPase Activating Proteins.  Furthermore, rabs are compartment 
specific, functioning to recruit effector molecules that regulate vesicle fusion, vesicle 
budding, receptor sorting and cytoskeletal interactions (Somsel and Wandinger-Ness, 2000; 
Segev, 2001a).  We have previously characterized Rab15 as a GTPase involved in early 
endocytic trafficking.  Unlike other endocytic rabs, Rab15 is novel in that it distributes 
between EEs and the RE and differentially regulates TfR recycling from these organelles 
(Zuk and Elferink, 1999; Zuk and Elferink, 2000).  Over expression of Rab15 N121I (a 
mutant deficient in guanine nucleotide binding) stimulates endocytic recycling of TfR from 
the RE while having no effect on EE recycling.  Conversely, Rab15 T22N (GDP-bound) 
stimulates both the fast and slow recycling of TfR from the EE and the RE respectively 
(Zuk and Elferink, 2000).  The differential effects observed with these Rab15 mutants 
suggested a role for compartment specific Rab15 effectors in these distinct organelles. 

In this chapter, I identified Rab15 Effector Protein (REP15) as a specific binding 
partner for Rab15.  When over expressed in HeLa cells, REP15 colocalized with Rab15 
2 Strick, D.J. and Elferink, L.A.  Submitted to Molecular and Cellular Biology as a Manuscript in 2005.  
Electron Microscopy was done in conjunction with Vsevold Popov (UTMB, Dept of Pathology)
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and Rab11 on the RE. Consistent with its localization, REP15 over expression and siRNA 
mediated depletion of REP15 attenuated the recycling of internalized TfR from the RE and 
not EEs.  Thus our data identify REP15 as a novel component for receptor recycling from 
the RE, further highlighting that EEs and the RE are mechanistically distinct endosomal 
compartments.

MATERIALS AND METHODS

Reagents and Plasmids 

Cell culture and general reagents were obtained from Invitrogen (Carlsbad, CA), 
Fisher Scientific (Hampton, NH) and Sigma-Aldrich St Louis, MO) unless specified 
otherwise.  Restriction enzymes were purchased from New England Biolabs (Beverly, 
MA). Plasmids encoding amino terminal HA-tagged wild type and mutant Rab15 in pCI-
Neo and pLexA, and a HeLa cell library pre-transformed into EGY187 (Mat α)  have 
been described elsewhere (Strick et al., 2002). Plasmids encoding Rab11 cDNAs were 
generous gifts from R. Prekeris (University of Colorado Health Sciences Center, Denver, 
CO).  For yeast two-hybrid analysis, Rab11 cDNA’s encoding Q70L and S25N mutations 
were amplified by PCR using specific primer sets described elsewhere and sub-cloned 
directly into the EcoR1 site of pLexA.  Human REP15 lacking an amino terminal tag 
was PCR amplified (upper primer: 5’-GAAATGGGGCAGAAAGCATCGCAA-3’, lower 
primer: 5’-GGCTCTAGATCAGAGAATGCTGATATAAAC-3’) and subcloned directly in 
PCR3.1 (Invitrogen, Carlsbad, CA).  Human REP15 containing an amino terminal cMyc 
(MEQKLISEEDL) or HA (MYPYDVPDYA) epitope were PCR amplified using the lower 
primer described above in combination with the following upper primers; cMyc: 5’GCTGT
AGAATGGAACAAAAATTAATCTCAGAAGAAGATCTGGGGCAGAAAGCATCGC
AAC-3’ and HA: 5’-GATATCATGTACCCTTATGATGTGCCAG-3’.  The resulting PCR 
products were subcloned into PCR3.1 (Invitrogen, Carlsbad, CA).   Cell lines - cMycREP15 
cells were generated by transfecting HeLa cells with pCR3.1 cMycREP15.  Following 
transfection, the cells were selected in HeLa cell medium containing 400 ug/mL of G418 
to generate cell lines expressing cMycREP15.

Cell Culture, Transfections and TfR trafficking Assays  

All cell culture, transfections and uptake studies have been described elsewhere 
(Zuk and Elferink, 1999; Strick et al., 2002).  Membrane fractions enriched in early or late 
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endosomes were prepared by sucrose flotation gradient fractionation as previously described 
(Prekeris et al., 2000; Zuk and Elferink, 2000; Yan et al., 2004). Cell surface biotinylation 
assays were performed as described (Schmidt et al., 1997). siRNA depletion experiments 
were performed using commercial control (D-001210-01-2) and REP15 (M-030132-00) 
siRNAs (Dharmacon, Lafayette CO) and transfected into cells using Lipofectamine™ 
2000 reagent (Invitrogen).

Immunoelectron Microscopy  

cMycREP15 cell monolayers were fixed in situ in 2.5% formaldehyde and 0.1% 
glutaraldehyde in 0.05 M cacodylate buffer pH 7.2 (Popov et al., 2000), stained in en bloc 
with 2% uranyl acetate and dehyrdrated in 50% and 75% ethanol and embedded in LR White 
Resin (Structure Probe).  Primary antibodies (9B11 and Rab11) were used at 1:500 and the 
grids were washed and stained with Goat Anti-Mouse IgG (10nm) (RPN431 Amersham 
Life Science, Arlington Hts IL) or Goat Anti Rabbit (15 nm) (RPN422, Amersham) and 
imaged as described (Popov et al., 2000). 

Cell Surface Biotinylation 

Transfected HeLa cells were rapidly cooled to 4°C, washed twice with ice-cold PBS 
supplemented with 1mM CaCl2 and 1mM MgCl2 (PBS++) followed by incubation in PBS++ 
containing 0.250 mg/mL of Sulfo-NHS-SS-Biotin (Pierce Biotechnology, Rockford, IL) 
for 30 min at 4°C.  Excess biotin was quenched with 3 ice-cold washes of PBS++ containing 
50 mM Glycine for 30 min each, followed by 3 washes in PBS++ only.  Cells were shifted 
to 37°C for the specified time in DMEM containing 2 mg/mL BSA (IM) (Sigma Aldrich) to 
promote TfR internalization.  Cells were cooled to 4°C to terminate endocytic trafficking, 
washed for 10 min once with ice-cold Washing Buffer (150 mM NaCl, 1 mM EDTA, 0.2% 
BSA, 20 mM Tris-HCL, pH 8.6). Cells were stripped for 1 hr at 4°C in freshly prepared 
MesNa-Wash (Washing buffer containing 20 mM MESNA) to remove residual cell surface 
biotin.  Cells were lyzed in Lysis Buffer (150 mM NaCl, 1 mM EDTA, 20 mM Tris pH 7.4, 
0.5% IGEPAL, 0.5% Triton-X-100) and 250 µg of protein (BCA Assay, Pierce) incubated 
with 30 ul of Streptavidin Agarose (Sigma Aldrich) overnight at 4°C.  Following incubation, 
the beads were washed three times with lysis buffer, once with 50 mM Tris-Cl pH 7.5 
and biotinylated protein examined by Western analysis.  Thirty µg of the cell lysate was 
routinely examined by Western Analysis to confirm expression of REP15 and to verify that 
Rab15 over expression did not alter the total amount of TfR. Resulting digitized blots were 
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quantified using AlphaEase FC v.3.1.2. (AlphaInnotech, San Leandro CA) and normalized 
to the band intensity of surface biotinylated cells at 4°C representing total surface TfR at 
the time of biotinylation.  The results represent means ± S.E. of triplicate experiments.  
Results were subjected to a One Way ANOVA with a Newman-Keuls test to determine 
statistical significance between experimental groups (Prism 3.0 GraphPad).

TfR Recycling Assays 

Surface biotinylated cells were incubated at 37°C for 10 min in DMEM with 2 
mg/mL BSA to promote TfR uptake into EEs.  Cells were placed at 4°C, washed for 1 hr 
in MESNa buffer (50 mM MESNa 150 mM NaCl, 1 mM EDTA, 0.2% BSA, 20 mM Tris, 
pH 8.6) and then multiple ice-cold washes in PBS++.  Cells were shifted to 37°C for 20 
min to promote TfR recycling from EEs and TfR transport to the RE. Cells were shifted to 
4°C and MesNa washed as described above to cleave biotin from recycled TfR.  One set 
of plates remained at 4°C as a measure of total TfR internalized into the RE. The second 
set was incubated at 37°C for 10-30 min to allow TfR recycling from the RE. Cell surface 
biotin was removed with a third MESNa wash and lysates were examined for internalized 
TfR as described above (Schmidt et al., 1997).  Values were expressed as % TfR recycled 
from the RE and represent means ± S.E. for quadruplicate experiments. 

Tfn-ELISA Assays 

Tfn-depleted cells were incubated in DMEM with 5 µg/mL of Biotinylated Tfn 
(B-Tfn, Pierce) for 1 hr at 16°C to load EEs.  Non internalized ligand was removed by 3 
alternating washes with PBS (pH 4.2) and PBS (2 mg/mL BSA).  The cells were incubated 
at 37°C for 0-10 min in DMEM with a 100-fold excess of unlabeled Tfn, to promote ligand 
recycling from the EEs.  In studies measuring Tfn recycling from the RE, the cells were 
subjected to a 10 min chase at 37°C followed washes with PBS (pH 4.2) and PBS (2 mg/
mL BSA).  The cells were incubated at 37°C for the indicated times to promote recycling 
from the RE.  Recycled B-Tfn in the chase media was bound to Tfn antibody coated plates 
(Bethyl Laboratories, Montgomery, TX). Bound B-Tfn was detected using Streptavidin 
HRP and Quantablue™ Fluorogenic Peroxidase Substrate (Pierce, Rockfield, IL) and 
measured in a Spectromax Gemini Fluorescent microplate reader (Molecular Devices).  
Values were normalized to protein concentration and expressed as relative fluorescent units 
(Rfu) ± S.E.
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Antibodies 

HA monoclonal antibody 12CA5 (Roche Molecular Biochemicals, Indianapolis, 
IN), monoclonal human TfR H68.4, polyclonal Rab11 antibodies (Zymed Laboratories, 
San Francisco, CA), cMyc monoclonal 9B11 antibody (Cell Signaling Technology, Beverly, 
MA) were purchased as indicated. Alexa594-labeled Transferrin, goat anti mouse and rabbit 
secondary antibodies coupled to Alexa488 or Alexa594 were purchased from Molecular 
Probes (Eugene, OR).  Rabbit polyclonal antiserum for Rab15 was generated against 
the synthetic peptide (NH2-CQAHRKELDGLRTC-COOH) (Covance, Denver, PA).  To 
prepare an antibody against REP15, Human REP15 (residues 3-236) was cloned directly into 
pGEX-4T (Clontech) expressed as a GST-fusion and purified by affinity chromatography 
using glutathione agarose beads (Sigma).  When thrombin cleaved, recombinant REP15 
devoid of GST was insoluble; therefore insoluble REP15 was used as an antigen to prepare 
a rabbit polyclonal antisera (Covance, Denver PA). The resulting REP15 anti-sera was 
purified by initial passage over GST immobilized on AminoLink Coupling Gel and the 
flow through subsequently purified against GST-REP15 immobilized to AminoLink 
Coupling Gel (Pierce,).  Antibody specificity was tested by demonstrating that REP15 
antibody specifically recognized GST-REP15 as well as REP15 transiently expressed in 
HeLa cells.  No Immunoreactivity was detected with GST nor with untransfected HeLa 
cells demonstrating the specificity of the antibody. 

Confocal Microscopy and Colocalization Studies 

For confocal analysis HeLa cells were seeded onto Matrigel (BD Biosciences) 
coated cover glasses (Fisher Scientific) and transfected with the appropriate plasmid DNA 
for 48 hr.  Cells were fixed in 4% paraformaldehyde (Ted Pella Inc. Redding, CA) in 
PBS for 10 min and blocked and permeabilized with 10% goat sera (Hyclone), 0.02% 
Saponin and 1% BSA in PBS and incubated subsequently the appropriate antibody in PBS 
supplemented with 1% BSA, 0.02% saponin overnight at 4˚C.  Cells were washed 3 times 
with PBS and incubated with the appropriate secondary antibody coupled to Alexa488 or 
Alexa594 in PBS containing 1% BSA, 0.02% saponin for 1 h at room temperature.  The 
cover glasses were mounted onto glass slides using Fluorsave Reagent (Calbiochem, San 
Diego, USA). Images were generated using an Olympus BX50 epifluorescent microscope 
equipped with an Olympus Leeds Confocal Microscopy system with Argon and Krypton 
lasers with excitations at 488 and 568 nm, respectively.  Image generation was done with 
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a Plan-Apo 100X/1.35 oil immersion objective and Fluoview 2.0 imaging Software.  To 
avoid unbiased selection, the two channels were imaged separately and not merged until 
acquisition was complete.  Before acquisition, PMT and the laser power adjustments 
were optimized for each channel to avoid saturation of a particular channel.  Images were 
processed using Adobe Photoshop 6.0 (Adobe) , were saved as TIFF files and imported 
into Metamorph 4.6 (Universal Imaging Corp., West Chester, PA) and analyzed using 
the Measure Colocalization Application.  The percentage of overlap was calculated as an 
area of overlap expressed and normalized to the total area of a given cell.   The final 
values represent the mean ± S.E. for 6 - 10 randomly selected cells from three independent 
experiments.

Membrane Fractionation Studies 

For membrane fractionation studies, Post Nuclear Supernatants (PNS) were prepared 
from cells transiently expressing HA or cMyc tagged REP15.  Cells were harvested in 10 
mM HEPES pH 7.4 and 1 mM EDTA supplemented with protease inhibitors and lyzed 
by 10 passes with a ball bearing homogenizer (0.1 um bore) followed by centrifugation at 
1000 x g, 4˚C for 10 min.  

RESULTS

REP15, a Novel Binding Partner for Rab15-GTP

To understand how Rab15 differentially regulates receptor trafficking through EEs 
and the RE, it is essential to identify functional binding partners for this novel GTPase. 
Using a yeast two-hybrid approach, I recently reported that Mammalian Suppressor of 
Sec4 (Mss4) directly interacted with GDP-bound and nucleotide-free mutants of Rab15.  
Moreover, interactions with Mss4 modulated the inhibitory effect of wild type Rab15 on 
TfR trafficking through early endosomes in HeLa cells and on EE fusion in vitro (Chapter 
2).  To identify potential downstream effectors for GTP-Rab15, I performed additional 
yeast two-hybrid screens of a HeLa cell library using GTP-bound, Rab15 Q67L as bait.  
I isolated two clones that shared identical sequences encoding an open reading frame 
of 233 amino acids (Fig. 14A).  BLAST searches of the human and mouse genomes 
indicated that it shared 100% and 73.8% identity respectively with amino acids 3-236 
of a hypothetical protein of unknown function (accession numbers XP_370686 and NP_
079896, respectively).  Detailed analyses of the predicted amino acid sequence using the 
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A.
ATGGGGCAGAAAGCATCGCAACAGTTGGCTCTGAAGGACAGCAAAGAGGTGCCCGTCGTC
 M  G  Q  K  A  S  Q  Q  L  A  L  K  D  S  K  E  V  P  V  V   20
TGTGAGGTGGTCAGTGAAGCTATAGTCCATGCAGCTCAGAAACTGAAGGAGTACCTTGGA
 C  E  V  V  S  E  A  I  V  H  A  A  Q  K  L  K  E  Y  L  G   40
TTTGAATATCCTCCAAGTAAACTCTGCCCAGCTGCAAATACTCTGAATGAGATCTTCTTA
 F  E  Y  P  P  S  K  L  C  P  A  A  N  T  L  N  E  I  F  L   60 
ATCCATTTCATCACTTTCTGCCAAGAAAAGGGAGTTGATGAGTGGCTGACCACCACCAAG
 I  H  F  I  T  F  C  Q  E  K  G  V  D  E  W  L  T  T  T  K   80
ATGACCAAGCACCAAGCCTTCCTGTTTGGTGCAGACTGGATTTGGACCTTTTGGGGATCC
 M  T  K  H  Q  A  F  L  F  G  A  D  W  I  W  T  F  W  G  S   100
AACAAGCAAATAAAGCTTCAGCTCGCAGTACAGACTCTGCAGATGTCTTCACCTCCTCCT
 N  K  Q  I  K  L  Q  L  A  V  Q  T  L  Q  M  S  S  P  P  P   120
GTGGAATCTAAGCCTTGTGACCTTTCCAATCCAGAATCAAGGGTAGAGGAGTCTTCCTGG
 V  E  S  K  P  C  D  L  S  N  P  E  S  R  V  E  E  S  S  W   140
AAGAAAAGTAGATTTGATAAGCTGGAAGAATTCTGTAACTTAATAGGAGAGGATTGCCTG
 K  K  S  R  F  D  K  L  E  E  F  C  N  L  I  G  E  D  C  L   160
GGTCTGTTTATCATCTTTGGTATGCCAGGAAAGCCTAAAGACATCAGGGGAGTTGTCCTG
 G  L  F  I  I  F  G  M  P  G  K  P  K  D  I  R  G  V  V  L   180
GACAGTGTCAAAAGTCAGATGGTGAGGAGCCATCTGCCAGGAGGGAAGGCTGTGGCTCAG
 D  S  V  K  S  Q  M  V  R  S  H  L  P  G  G  K  A  V  A  Q   200
TTTGTCCTGGAAACTGAAGATTGTGTGTTCATCAAAGAGCTGCTCAGAAATTGTCTGAGT
 F  V  L  E  T  E  D  C  V  F  I  K  E  L  L  R  N  C  L  S   220
AAGAAAGACGGGCTGAGAGAGGTGGGCAAGGTTTATATCAGCATTCTCTGA   
 K  K  D  G  L  R  E  V  G  K  V  Y  I  S  I  L  *            236

TfR —

Hsc70 —

HAREP 15—
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Figure 14:  REP15 binds to membranes.  A, Predicted cDNA sequence of REP15. B, 
Postnuclear supernatants (PNS) prepared from HeLa cells transiently over expressing HA-
tagged REP15 were fractionated into high speed membrane (M) and cytosol (C) fractions 
and analyzed by Western analysis (Wn) for TfR, Heat shock cytosolic 70 protein (Hsc70) 
and REP15 (REP15).  Membrane pellets were washed with 1 M NaCl, 1 M NaCO3 pH 
11.0 or PBS and the supernatants (S) and washed membranes (P) were analyzed by West-
ern analysis. 
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SMART database detected no putative functional domains and no similarity with any other 
rab effector identified to date.  Accordingly, I named the predicted protein Rab15 effector 
protein or REP15 (Accession no. AY662682). 

As a binding partner for Rab15, I predicted that REP15 would also be enriched in 
membrane fractions.  However, since REP15 does not contain any apparent transmembrane 
or lipid modification motifs for membrane association, we examined its putative membrane 
binding properties using biochemical criteria.  A post nuclear supernatant was prepared 
from HeLa cells transiently expressing HA-tagged REP15, fractionated into membrane 
and cytosolic fractions by centrifugation, and analyzed by Western analysis (Fig. 14B).  
When over expressed in HeLa cells, REP15 distributes between membrane and cytosolic 
fractions akin to our earlier reports of Rab15 (Nagata et al., 1992; Zuk and Elferink, 1999; 
Zuk and Elferink, 2000).  Subsequent biochemical analysis of the membrane fraction 
revealed that REP15 was partially extracted from salt washed membranes (NaCl and PBS) 
but not from membranes washed with a high pH buffer (Fig. 14B).  These data suggest 
that the membrane binding properties of REP15 likely involve protein-protein interactions 
rather than binding via neutral phospholipids.

REP15 specifically binds GTP-bound Rab15

We next examined the guanine nucleotide-dependence of REP15 binding to Rab15 
using a yeast two-hybrid binding assay.  High levels of β-galactosidase activity were 
detected in strains co-expressing REP15 with GTP-bound forms of Rab15 (wild type or 
the GTP-bound mutant Q67L), but not the GDP-bound (T22N) or nucleotide-free (N121I) 
mutants of Rab15 (Fig. 15A). Western analysis confirmed that Rab15 was expressed at 
comparable levels in the diploid strains, demonstrating the specificity of the results (Fig. 
15A).  I verified the guanine nucleotide-dependence of Rab15 binding to REP15 by 
performing pull-down studies.  We previously reported that endogenous Rab15 is not readily 
detected in BHK, CHO, Trvb-1 and HeLa cells using our existing Rab15 antibodies (Zuk 
and Elferink, 1999; Zuk and Elferink 2000).  Thus, we performed binding studies using 
HeLa cell lysates transiently over expressing wild type, HA-tagged Rab15 (HARab15) and 
full-length REP15 expressed as a recombinant GST-fusion protein.  Prior to incubation 
with recombinant REP15, cell lysates were incubated in the absence or presence of GDPβS 
or GTPγS to lock wild type Rab15 into a GDP or GTP-bound state respectively.  The 
lysates were incubated with GST-REP15 immobilized on glutathione agarose beads and 
the resulting REP15-HARab15 complexes were isolated and examined by Western analysis 
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(Fig. 15B).  REP15 bound efficiently 
to wild type Rab15 in the presence 
of GTPγS.  Conversely, no REP15 
binding was detected with wild type 
Rab15 in the presence or absence 
of GDPβS or with beads containing 
GST only.  Taken together, these data 
indicate that REP15 binds guanine 
nucleotide-dependently to GTP-
bound forms of Rab15.

REP15 localizes with Rab15-GTP 
on endosomal membranes 

To determine the subcellular 
localization of REP15, HeLa cells 
were cotransfected with REP15 
containing an amino terminal cMyc 
epitope and wild type or GTP-bound 
Rab15.  Their colocalization was 
examined by confocal microscopy 
(Fig. 16A).  Punctate Rab15 staining 
was observed in the periphery of the 
cytoplasm as well as the perinuclear 
region of the cell consistent with the 
distribution of Rab15 between EEs 
and REs respectively.  Conversely, 
strong REP15 staining was detected 
principally in the perinuclear region 
of transfected cells coinciding partially with Rab15 staining.  Quantitative analysis of the 
confocal micrographs revealed that 54 ± 5.2 % and 56 ± 4.4 % of REP15 colocalized 
with wild type Rab15 and Rab15 Q67L, respectively.  To ensure that the presence of an 
amino terminal epitope did not interfere with the subcellular localization of REP15, we 
prepared a polyclonal antibody against recombinant REP15 and confirmed its specificity 
by Western analysis. As shown in Fig. 16B, anti-REP15 reacted only with GST-REP15 
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T22N –

N121I –

pLexA –

pLexA Rab15 Wn.

wt –

A.

HARab15 –

GST-REP15 –

Lysate: HArab15 PNS
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GST-REP15
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+
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+
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+
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+
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Figure 15:  A, REP15 was coexpressed with wild 
type (wt)  Rab15 or the indicated mutants in a 
yeast two-hybrid assay. Blue colonies on X-Gal or 
growth on Leu- plates indicate binding between 
REP15 and Rab15. Western Analysis (Wn) con-
firmed comparable levels of Rab15 expression 
in all yeast strains.  B, A Postnuclear supernatant 
(PNS) prepared from HeLa cells expressing wild 
type HA-tagged Rab15 (HARab15) were incubat-
ed in the absence (-) or presence (+) of GTPγS or 
GDPßS and used in a pull down assay with GST-
REP15.  
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and not with GST only. Anti-REP15 did not detect endogenous REP15 protein in whole 
cell lysates prepared from in HeLa cells by Western analysis but did detect cMycREP15 
transiently over expressed in HeLa cells (Fig. 16B).  Therefore, to confirm the intracellular 
distribution of untagged REP15, confocal microscopy was performed and quantified using 
HeLa cells coexpressing untagged REP15 with wild type or GTP-bound Rab15 Q67L.  
Consistent with our studies using cMycREP15, untagged REP15 colocalized with wild 
type Rab15 and GTP-bound Rab15 Q67L in the perinuclear region of transfected cells 
(63 ± 3.4 % and 70 ± 4.4 %, respectively) (Fig. 16C).  These data indicated that in HeLa 
cells, REP15 colocalized with a perinuclear pool of Rab15-GTP and that the presence of an 
amino-terminal epitope did not interfere with its subcellular localization. 

To confirm the endosomal localization of transiently expressed cMycREP15 in 
HeLa cells, fractions enriched in EE/RE membranes or LE membranes, were isolated 
by sucrose gradient fractionation and the fractions analyzed by Western analysis.  
cMycREP15 was detected in early endosomal membranes enriched in Early Endosomal 
Antigen 1, the Transferrin Receptor (TfR) and the endosomal tSNARE Syntaxin 13 which 
are known markers for EEs (Trischler et al., 1999), (Fig. 16D).  Conversely, no REP15 
immunoreactivity was detected with down regulated TfR in fractions enriched for LE 
membranes.  Moreover, no immunoreactivity of the early endosome markers EEA1 and 
Syntaxin 13 were detected in the LE fractions, thus demonstrating that REP15 associates 
with EE membranes, consistent with a role as a binding partner for Rab15-GTP.

We previously reported that Rab15 distributed between peripheral EEs and the RE 
(Zuk and Elferink, 1999) where it functioned to differentially regulate TfR transport (Zuk 
and Elferink, 2000).  Our data showing REP15 colocalization with Rab15 in a perinuclear 
region in HeLa cells suggested that REP15 may be a compartment specific effector for 
Rab15 at the RE.  Consistent with this, no significant overlap in REP15 staining was 
observed with endogenous EEA1 and Rab4, specific markers for EEs (Fig. 17) (Bottger et 
al., 1996; Simonsen et al., 1998).  Conversely, REP15 staining overlapped strongly with 
endogenous Rab11 (56 ± 7.1 %), an established marker for the RE (Ullrich et al., 1996) 
(Fig. 18A).

To verify the association of REP15 with the RE, we examined the colocalization of 
REP15 with internalized Tfn, under chase conditions that promoted Tfn transport from EEs 
to the RE.  HeLa cells stably expressing cMycREP15 were incubated with Alexa594-labeled 
Tfn (Alexa-Tfn) by incubation at 16°C for 1 h to promote ligand uptake into EEs.  The cells 
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Figure 16:  REP15 localizes to EE membranes.  A, HeLa cells transiently coexpressing cMycREP15 
with wild type (wt) or GTP-bound (Q67L) Rab15 were analyzed by confocal microscopy.  B,  West-
ern analysis (Wn) of recombinant GST or GST-REP15 using anti-REP15 (REP15) or anti-GST an-
tibodies (Ab).  Cell lysates prepared from mock-transfected (Con) or HeLa cells transiently over 
expressing cMycREP15 were examined by Western analysis (Wn) using the affinity purified anti-
REP15 antibody (Ab).  C,  HeLa cells transiently coexpressing REP15 with wild type Rab15 (wt) or 
Rab15-Q67L (Q67L) were examined by immunofluorescent confocal microscopy. Arrows indicate 
areas of colocalization (yellow) in the merged (merge) image. Scale 10 um  D, Fractions enriched 
in Late Endosomes (LE) and Early Endosomes (EE) were prepared by sucrose flotation gradient 
centrifugation from a postnuclear supernatant (PNS), TCA precipitated and analyzed by Western 
analysis (Wn) as indicated.
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were washed, then chased for 1 or 30 min at 37°C to promote TfR recycling from EEs or 
transport to the RE and then analyzed for colocalization with EEA1, Rab11 and REP15.  
Following a 1 min chase, high amounts of Alexa-Tfn colocalized with EEA1 in EEs (57.9 
±13.6%); lower levels of ligand colocalized with Rab11 and REP15 (11.1 ± 3.0 % and 
23.8 ± 3.8 % respectively).  Conversely, a 30 min chase at 37°C resulted in decreased 
colocalization with EEA1 and a concomitant increase in Alexa-Tfn costaining with REP15 
and Rab11 (54.4 ± 1.8 % and 68.1 ± 4.3 % respectively) consistent with ligand transport 
to the RE (Fig. 18B).  Immuno-precipitation studies of homogenized membrane fragments 
using a Rab11 antibody confirmed that REP15 coprecipitated with Rab11 and the TfR but 
not with the early endosomal marker EEA1 (Fig. 18C) indicating that REP15 localized 
to Rab11 positive organelles.  To verify that REP15 localized to the RE we performed 
immuno-electron microscopy on cMycREP15 expressing cells.  Due to technical problems, 
we were unable to perform costainings on Rab11 and REP15.  Rab11 and REP15 localized 
to vesicles ranging in size from 100 - 150 nm (Fig. 18D), consistent with the size of the RE 
(Ullrich et al., 1996; Prekeris et al., 1998).  Additionally, REP15 localized to membrane 

Strick et al, Sup Figure 3

EEA1 cMycREP15 merge

Rab4 cMycREP15 merge

Figure 17:  REP15 does not colocalize with early endosomal markers.  HeLa cells tran-
siently expressing cMycREP15 were examined by confocal microscopy using antibodies 
against endogenous EEA1 or  Rab4.  Merged images (merge) are shown.  Scale 10 um.
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Figure 18:  
REP15 binds 
to the Rab11 
positive RE.  
A, HeLa cells 
were stained 
for transient-
ly expressed 
REP15 and 
e n d o g e -
nous Rab11 
(Rab11).  Ar-
rows indicate 
colocalization 
(yellow) in 
the merged 
image.  Scale 
10 uM.  B, 
Duplicate sets 
of HeLa cells 
e x p r e s s i n g 
REP15 were 
loaded with 
Alexa-Tfn in 
EEs by in-
cubation at 
16°C for 1 hr 
to label EE’s.  
Cells were 
pulse chased 
at 37°C for 1 min and 30 min and colocalization of Alexa-Tfn and EEA1, Rab11, and 
REP15 quantified by confocal microscopy. C, A PNS prepared from HeLa cells transiently 
expressing cMycREP15 was immunoprecipitated (IP) under non-denaturing conditions 
with antibodies (Ab) against Rab11 or with control antisera (Con) and examined by West-
ern analysis (Wn) as indicated. D,  REP15 was detected on vesicular and tubular mem-
branes. HeLa’s expressing cMycREP15 were prepared for immunoEM and stained for 
Rab11 (Top, 15 nm gold particles) or REP15 (bottom, 10 nm gold particles). Rab11 label-
ing (large arrows) was detected on vesicles (small arrowheads).  REP15 labeling was de-
tected in vesicles and in some cases, tubular membranes. Scale, 250 nm. E, REP15 did not 
interact with GTP-bound (Q70L) or GDP-bound (S25N) mutants of Rab11 in yeast two-
hybrid assay.  Western analysis (Wn) confirmed comparable levels of REP15 and Rab11 
expression in the yeast strains.   
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tubules reminiscent of tubulated recycling endosomes (Prekeris et al., 1998).  
The majority of Rab-GTP effectors identified to date interact specifically with their 

cognate Rab GTPase.  However, some effectors have been shown to functionally interact with 
multiple Rabs involved in sequential steps in membrane transport.  The effectors Rabaptin-
5 and Rabenosyn-5 interact with GTP-bound Rab4 and Rab5 on EEs (Vitale et al., 1998; 
De Renzis et al., 2002).  Whether these effectors functionally link Rab5-stimulated receptor 
uptake into EEs with Rab4-mediated receptor recycling from this compartment is currently 
unclear.  The guanine nucleotide exchange chaperone Mammalian Suppressor of Sec4 
(Mss4) binds multiple Rab GTPases involved in exocytosis, including Sec4, Ypt1, Rab1a, 
3a, 8 and 10 (Burton et al., 1994; Burton et al., 1997).  In addition, Mss4 directly regulates 
the inhibitory effect of Rab15 on receptor trafficking through EEs (Chapter 2).  Our data 
demonstrating the coincident staining of REP15 with Rab11 and Rab15 on the RE raises 
the possibility that REP15 is a shared effector for these GTPases.  In this context, REP15 
may interact with Rab15 and Rab11 through distinct binding sites or alternatively, these 
interactions may be mutually exclusive events.  To distinguish between these possibilities, 
we examined the Rab11 binding properties of REP15 using a yeast two-hybrid assay.  No 
interaction was observed between REP15 and constitutively active, GTP-bound Rab11 
(Q70L) or the GDP-bound mutant Rab11 S25N (Fig. 18E).  Western analysis confirmed 
comparable levels of REP15 and Rab11 expression in the diploid strains, confirming the 
specificity of the results.  Taken together, these data indicate that REP15 is an effector for 
Rab15-GTP on the RE.

REP15 regulates TfR recycling through the RE  

Since REP15 colocalized with Rab15 on the RE, we examined the effect of REP15 
over expression on TfR internalization and recycling from this organelle.  To measure 
receptor internalization, cell surface TfR was biotinylated with NHS-SS-Biotin at 4°C, 
that is cleaved by washing with the cell impermeable reducing agent MESNa (Schmidt et 
al., 1997) (Fig. 19A and B).  In control cells, the maximum level of internalized receptor 
was 26.3 ± 6.9% at 15 min and 19.5 ± 7.1% at 30 min, consistent with TfR recycling from 
EEs and the RE respectively (Fig. 19C).  However, REP15 over expression caused a 52.6 
± 9.2% and 83.7 ± 7.6% increase in internalized TfR at 15 and 30 min respectively.  No 
significant difference was observed between the internalization rate constants for TfR in 
REP15 expressing and control cells (Fig. 19D) indicating that the increase in internal TfR 
in these cells is not due to differences in TfR internalization.
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Strick et al, Figure 3
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Figure 19:  Internalized TfR accumulates in cells over expressing REP15. A, Schematic 
diagram of the cell surface biotinylation assay for TfR internalization. B, Representative 
example of TfR internalization in HeLa cells transiently expressing cMycREP15 (REP15) 
or mock-transfected cells (Con). Biotinylated cell were incubated at 4°C (-) block endo-
cytosis or at 37°C for 15 or 30 min to allow TfR uptake.  MESNa (+ or -) washes were 
used to remove the cell surface biotin.  Total protein in lysates and internalized TfR fol-
lowing Streptavidin pull downs (PDs) were examined by Western analysis as indicated. 
C, TfR endocytosis was quantified using surface biotinylation assays.  Values represent 
the mean ± S.E. of endocytosed TfR from 3 independent assays and are expressed as a 
% of the total (surface) TfR. ** (ANOVA, p<0.01) and *** (ANOVA, p<0.001) indicate 
statistical differences between experimental and control sets. D, Surface biotinylated cells 
over expressing REP15 or mock transfected cells (Con) were incubated at 37°C for 2, 4 
or 6 min and the amount of internalized TfR quantified as described above. The ratio of 
internalized TfR versus surface ± S.E. were plotted against time and rate constants for TfR 
internalization (Ke) in REP15 expressing and control cells calculated as a linear regression 
coefficients (Ke of 0.045 ± 0.002  min-1 and 0.049 ± 0.006 min-1 respectively).
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To determine if the REP15-mediated increase in TfR in the RE was due to increased 
receptor transport or defective recycling, we performed a modified cell surface biotinylation 
assay (Fig. 20A).  Mock transfected control cells and cells transiently expressing REP15 
were incubated at 37°C for 10 min to allow internalization of surface biotinylated receptor 
into the EE.  Surface biotin was removed with a primary MesNa wash at 4°C and the cells 
shifted to 37°C for 20 min to promote receptor recycling from the EE as well as receptor 
transport to the RE.  Following a second MesNa wash the cells were shifted to 37°C for 
increasing periods of time to promote receptor recycling from the RE.  One set of cells 
were incubated at 4°C as a control for the maximal level of internalized receptor in the RE.  
After a third MesNa wash to remove surface associated biotin, the cells were lysed and 
the biotinylated TfR was detected by Streptavidin pull down and Western analysis.  The 
amount of recycled TfR was calculated at the percent TfR recycled from the RE.  In control 
cells, 70.6 ± 13.8% of the internalized TfR recycled to the cell surface by 30 mins (Fig. 
20B).  Conversely, only 14.7 ± 6.8 % of the internalized TfR recycled to the cell surface 
in cMycREP15 expressing cells indicating that REP15 over expression reduces TfR exit 
from the RE.  

In order to verify that inhibition of TfR recycling is not due to faulty EE recycling, 
we performed studies that measured recycling from the EE.  In these assays, cells were 
labeled with biotinylated Tfn (B-Tfn) at 16°C for 1 h, washed and chased for 5 and 10 min 
at 37°C.  The amount of B-Tfn recycled into the media from EEs was quantified using a 
B-Tfn ELISA (see Materials and Methods).   We detected comparable levels of B-Tfn in 
the chase media from REP15 expressing and untransfected, control HeLa cells confirming 
that REP15 does not regulate TfR recycling from EEs (Fig. 20C).  

To confirm the effect of REP15 on TfR recycling from the RE, we used siRNAs 
to deplete REP15. The specificity of the REP15 siRNA was verified using HeLa cells 
stably expressing cMycREP15.  Western analysis confirmed that transfection with REP15 
siRNA depleted 80% - 90% of cMycREP15 with no effect on the level of endogenous 
TfR, β-Actin, EEA1 and the endocytic GTPases Rab11 and Rab5. Comparable levels of 
REP15, TfR, β-Actin, EEA1, Rab11 and Rab5 were detected in untransfected cells and 
cells transfected with control siRNA, confirming the specificity of the REP15 siRNA 
(Fig. 21A).   We next examined the effect of depleting REP15 on TfR recycling from the 
RE. HeLa cells transfected with control or REP15 siRNA were incubated with B-Tfn for 
1 h at 16°C, washed and chased for increasing time periods at 37°C and the amount of 
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Figure 20. REP15 over expression delayed TfR recycling from the RE and not rapid TfR 
recycling from EEs.  A, Schematic of the TfR recycling assay from the RE.  B, The relative 
amount of TfR recycled from the RE in HeLa cells over expressing REP15 (REP15) and 
Mock-transfected cells (Con) was quantified as described previously in Fig 19. All values 
represent the mean ± S.E. of four independent assays and are expressed as a % of TfR re-
cycled from the RE. Statistical differences (ANOVA p < 0.01**) between experimental and 
control sets were observed.  C, Comparable amounts of B-Tfn were recycled from EEs in 
control cells and HeLa’s over expressing REP15.  B-Tfn recycling from EEs was quanti-
fied using a fluorescent ELISA assay (see Methods). Values indicate mean recycled B-Tfn 
(Relative Fluorescent Units) ± S.E. 
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recycled B-Tfn in the media measured using a B-Tfn ELISA (see Materials and Methods). 
Tfn recycling from the RE was reduced by ∼4-fold at 20 min in REP15-depleted cells, 
consistent with our over expression studies (Fig. 21B).  Control studies confirmed that 
siRNA-mediated depletion of REP15 had no effect on Tfn recycling from EEs (Fig. 21C).  
Together, these data identify REP15 as a novel Rab15 effector important for TfR recycling 
from the RE. 

DISCUSSION

In this study, we present functional evidence that REP15 is a novel protein important 
for TfR recycling from the RE. When over expressed in HeLa cells, REP15 is compartment 
specific, colocalizing with Rab15 and Rab11 on the RE but not with Rab15, Rab4, or EEA1 
on EEs. Consistent with its localization, siRNA-mediated depletion of REP15 resulted 
in retention of the TfR in the RE, without affecting receptor transport to the RE or fast 
receptor recycling from EEs. TfR recycling from the RE was also defective in cells over 
expressing wild type REP15. Over expression and siRNA silencing of the EH domain 
(EHD) protein has also been reported to inhibit TfR endocytosis (Guilherme et al., 2004).  
Similarly, EGFR down regulation was disrupted in HeLa cells over expressing full length 
Hrs, and in cells transfected with siRNA specific for Hrs (Bache et al., 2003).  Thus the 
inhibition in TfR recycling detected in cells over expressing REP15, could be due to the 
titration of partner proteins involved in this endocytic step. Our data showing that REP15 
over expression did not alter the delivery of internalized TfR to SEs or the ERC, or the fast 
mode of TfR recycling from the SE further supports our contention that REP15 specifically 
regulates TfR recycling from the ERC.

The inhibitory effect of REP15 over expression and siRNA-mediated knockdown 
on TfR recycling from the RE is wholly consistent with our previous reports on Rab15 
function.  In these studies, Rab15 was shown to localize to EEs and the RE in a variety of 
cell types and differentially regulate TfR transport through these endosomal compartments 
(Zuk and Elferink, 1999; Zuk and Elferink, 2000).  For example over expression of Rab15 
N121I (a mutant deficient in guanine nucleotide binding), stimulated the slow recycling 
of TfR from the RE without affecting receptor recycling from EEs (Zuk and Elferink, 
2000).  Conversely, over expression of Rab15 Q67L (GTP-bound) specifically reduced 
endocytic trafficking through EEs primarily at the level of EE fusion (Zuk and Elferink, 
2000).  Inconsistencies exist because over expression of Rab15 Q67L has no effect on 
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Figure 21.  REP15 depletion by 
siRNA reduces TfR recycling 
from the RE. A, Untransfected 
(Un) HeLa cells stably express-
ing cMycREP15 and cells trans-
fected with REP15 or control 
(Con) siRNA duplexes were ex-
amined by Western analysis as 
indicated. B,  HeLa expressing 
cMycREP15 and parental HeLa 
(Con) cells were transfected 
with control or REP15 siRNA’s 
for 72 hours and used to measure 
TfR recycling from the RE using 
a Tfn ELISA assay.  All values 
are the mean of triplicate val-
ues and are expressed Relative 
Fluorescent Units (Rfu). Sta-
tistical differences between ex-
perimental and control sets were 
observed (ANOVA, p<0.01**).  
C, Control and REP15 siRNAs 
were transfected into HeLa cells 
as described in B.  TfR recy-
cling from the EEs was mea-
sured using a Tfn ELISA as the 
described in Fig 20C.  No dif-
ference in TfR recycling from 
the EEs was detected following 
REP15 depletion. 
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recycling from the RE, while its binding partner REP15 strongly inhibits TfR recycling 
from the RE.  I believe that the over expression of Rab15 Q67L does not allow us to truly 
measure Rab15’s affects on TfR recycling from the RE.  Rab15 Q67L expression inhibits 
internalization of the TfR to the EE, which indirectly affects the measurement of recycling 
from the RE.  Thus, identification of an effector that binds to GTP-bound Rab15 and inhibits 
recycling of TfR from the RE, is entirely consistent with Rab15 being an inhibitory rab.  

Recently, over expression of Rab11 Q70L has been shown to cause retention of 
the β2-Adrenergic receptor as well as the TfR in the RE.  In these studies the Rab11 Q70L 
induced accumulation of the β2-Adrenergic receptor correlated with impaired trafficking to 
lysosomes (Moore et al., 2004).  Similarly, interactions between Rab11 and RCP were 
reported to divert sorting of TfR from the degradative pathway to receptor recycling via 
the RE (Peden et al., 2004) implying a role for Rab11 (and its effectors) in receptor sorting 
at the RE.  While REP15 did not interact directly with Rab11, we cannot exclude the 
possibility that REP15 interacts indirectly with Rab11 via downstream binding partners, 
to link what appear to be distinct Rab11 and REP15/Rab15 recycling pathways.  Whether 
the REP15 functions to sort receptors for recycling or the generation of recycling vesicles 
remains unclear.  In conclusion, REP15 is a novel regulator of TfR recycling from the 
RE, highlighting the mechanistic differences between receptor recycling from EEs and the 
RE.
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CHAPTER 4:  A NOVEL NEURO-SPECIFIC RAB15 
BINDING PROTEIN  

INTRODUCTION

Receptor internalization and recycling in the nervous system are important 
regulatory control mechanisms for synaptic transmission, long-term depression and 
long-term potentiation (Park et al., 2004).  AMPA receptors are stored in the endosomal 
recycling compartments (EE and the RE) for rapid plasma membrane reinsertion upon 
stimulation with agonist or NMDA receptor activation (Lin et al., 2000; Man et al., 2000; 
Lee et al., 2001; Sheng and Lee, 2001; Park et al., 2004; Gerges et al., 2004).   Thus AMPA 
receptor recycling represents an important regulatory mechanism for synaptic transmission 
and learning and memory (Sheng and Lee, 2001; Park et al., 2004).  Recent studies have 
also demonstrated that the rapid recycling of the muscarinic acetylcholine receptor enables 
the cell to rapidly reinsert the receptors in the plasma membrane in response to signaling 
mechanisms (Szekeres et al., 1998a; Szekeres et al., 1998b).  Together, these data indicate 
that the endocytic trafficking system is a key regulatory mechanism governing synaptic 
transmission and hence learning and memory.

Rab15 was initially identified in a screen for Rab GTPases in rat brain (Elferink 
et al., 1992).  Analysis of the expression profile revealed that Rab15 is highly expressed 
in the cortex, hippocampus, thalamus, hypothalamus, midbrain, striatum, cerebellum, 
brainstem and spinal cord (Elferink et al., 1992).  To date, the functional aspects of Rab15 
on endocytic trafficking have been exclusively studied using non-neuronal cell lines such 
as HeLa, CHO and BHK cells (Zuk and Elferink, 1999; Zuk and Elferink, 2000).  It is 
not clear if Rab15 is a general regulator of receptor endocytosis or if Rab15 regulates 
the trafficking of a specific subset of receptors.  To address these issues I used yeast two-
hybrid approach to identify and isolate Rab15 binding proteins from a human brain cDNA 
library3.  In this chapter I describe the identification of the neural specific protein, Rab15 
Binding Protein (RBP15) as a binding partner for Rab15-GTP.  Over expression of RBP15 
in HeLa cells results in enlarged endocytic structures indicating that RBP15 may regulate 
endosome fusion or protein recycling from EEs.

3 This work was done in collaboration with Jagath Junutula Ph.D., Genetech and Ping Wu M.D. Ph.D. at 
UTMB
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MATERIALS AND METHODS

Reagents and Plasmids

General cell culture reagents and chemicals were obtained from Invitrogen Life 
Technologies and Fisher Chemical, respectively, unless specified otherwise. All restriction 
enzymes were purchased from New England Biolabs.  NeuN and GFAP monoclonals were 
obtained from Calbiochem. The cDNAs for wild type and mutant Rab15 (Q67L, N121I 
and T22N) containing an amino terminal HA epitope have been described elsewhere (Zuk 
and Elferink, 2000) and were cloned directly into pEGFP-C3 (Clontech).  pCR3.1-RBP15 
was generated by subcloning full length RBP15 into pCR3.1 (Invitrogen) according to the 
manufacturers’ instructions.  pGEX 4T RBP15 was made by subcloning the cDNA insert 
from the yeast two-hybrid construct into pGEX 4T.

To prepare an antibody against RBP15, Human RBP15 was cloned directly into 
pGEX-4T (Clontech), expressed as a GST-fusion and purified by affinity chromatography 
using glutathione agarose beads (Sigma).  Recombinant GST-RBP15 was used as the antigen 
to prepare rabbit polyclonal antisera (Covance, Denver PA). The resulting RBP15 antisera 
was purified by initial passage over GST immobilized on AminoLink Coupling Gel and 
the flow through subsequently purified against GST-RBP15 immobilized to AminoLink 

Coupling Gel (Pierce).   

Yeast Two-Hybrid Binding Assays 

Bait strains were prepared by cloning wild type Rab15 and its respective mutants 
into pGBKT7 (Clontech); GTP-bound Rab15 (Q67L), nucleotide–free Rab15 (N121I), 
GDP-bound Rab15 (T22N), For LacZ activation assays, the appropriate diploids were 
grown in 5 ml of the appropriate dropout media overnight at 30ºC and subcultured 1:10 
in fresh dropout media for 7 h at 30°C. Cells were pelleted at 1000 x g for 5 min at 4 ºC, 
washed once in 5 ml of Z Buffer (113 mM Na2HPO4•7H2O, 39 mM NaH2PO4•H2O, 10 
mM KCl, 1 mM MgSO4•7H2O, and 35mM ßmercaptoethanol) resuspended in 120-150 
ul of Z-Buffer and subjected to 3 cycles of 1 minute freeze/thaws in liquid nitrogen. The 
lysates were centrifuged at 20,000 x g, 5 min, at 4 ºC and 15 ul of the clarified supernatant 
incubated with 150 ul of CUG substrate (Molecular Probes) for 30 min at room temperature 
in darkness. The reactions were terminated with 75 ul of 0.2M Na2CO3 and the relative 
fluorescence measured according to the manufacturer’s specifications (Molecular Probes). 
Each assay was performed in triplicate and repeated at least twice. Relative fluorescence 
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units were normalized to the amount of protein in each sample (Bradford, BioRad) and are 
reported as a measure of relative ßgalactosidase activity. 

Cell Culture, Transfections and Confocal microscopy

All cells were cultured in DMEM supplemented with penicillin/streptomycin and 
maintained at 37 ºC with 5% CO2.  HeLa media was supplemented with 10% Cosmic Calf 
Sera (Hyclone).  Transient expression using LipofectAMINE™ (Life Technologies) was 
performed as previously described (Zuk and Elferink, 1999; Zuk and Elferink, 2000).

For confocal analysis, HeLa cells were seeded onto Matrigel (BD Biosciences) 
coated cover glasses (Fisher Scientific) and transfected with the appropriate plasmid DNA 
for 48 hr.  Cells were fixed in 4% paraformaldehyde (Ted Pella Inc. Redding, CA) in PBS 
for 10 min and blocked and permeabilized with 10% Goat Sera (Hyclone), 0.02% Saponin 
and 1% BSA in PBS and incubated subsequently with the appropriate antibody in PBS 
supplemented with 1% BSA, 0.02% Saponin overnight at 4˚C.  Cells were washed 3 times 
with PBS and incubated with the appropriate secondary antibody coupled to Alexa488 or 
Alexa594 in PBS containing 1% BSA, 0.02% Saponin for 1 h at room temperature.  The 
cover glasses were mounted onto glass slides using Fluorsave Reagent (Calbiochem, San 
Diego, USA). Images were generated using an Olympus BX50 epifluorescent microscope 
equipped with an Olympus Leeds Confocal Microscopy system with Argon and Krypton 
lasers with excitations at 488 and 568 nm, respectively.  Image generation was done with 
a Plan-Apo 100X/1.35 oil immersion objective and Fluoview 2.0 imaging Software.  To 
avoid unbiased selection, the two channels were imaged separately and not merged until 
acquisition was complete.  Before acquisition, PMT and the laser power adjustments 
were optimized for each channel to avoid saturation of a particular channel.  Images were 
processed using Adobe Photoshop 6.0 (Adobe).

Preparation and staining of brain and spinal cord sections were performed as follows.  
Tissues were fixed in 4% paraformaldehyde for 4 h then sucrose infiltrated in 5% Sucrose 
1 h, 10% sucrose for 7 h, and 30% sucrose overnight.  Tissues were mounted in OCT 
compound (Tissue Tek) and 40 um cryosections (Leica Cryostat) were sliced and mounted 
onto gelatin coated slides.  Slides were stored at -80°C.  This sections were blocked and 
permeabilized in 2.5% BSA/PBS, 5% Goat Serum and 0.25% Triton-X-100 for 30 mins and 
then incubated with primary antibody in 5% BSA, in PBS overnight at 4°C.  Sections were 
incubated in the appropriate secondary for 1 h at room temp and subsequently mounted in 
Fluoromount G (Southern Biotech).
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Membrane Fractionation and GST-Pulldowns

Rat brains were lysed in a 40 mL dounce homogenizer with 10 strokes in a buffer 
with 10 mM HEPES, pH 7.4 and 1 mM EDTA pH. 8.0 plus protease inhibitors. The resulting 
lysates was centrifuged at 4°C for 10 min and 1000 x g.  The resulting PNS was centrifuged 
at 100,000 x g to separate membrane and cytosol fractions.  

Recombinant GST-RBP15 was expressed in BLR-DE3 cells (Stratagene) and 
purified using Glutathione Agarose (Sigma).  For pull down studies, HeLa cells were 
transfected with HA-tagged Rab15 using LipofectAMINE (Life Technologies) as 
described elsewhere (Zuk and Elferink, 2000). Transfected cells were resuspended in 200 
ul of ice cold lysis buffer (10 mM HEPES, pH 7.4, 1.5% IGEPAL (Sigma), 0.1 mM MgCl2, 
150 mM NaCl, 10 ug/ml each aprotinin, leupeptin and pepstatin A), and cell lysates were 
clarified at 1000 x g for 10 min at 4°C. Supernatants were adjusted to 1.0 mM MgCl2, 
incubated with 1.0 mM GTPγS (Sigma) or 1.0 mM GDPβS (Sigma) for 60 min at 4 °C and 
the extracts incubated for 2.0 hr at 4 °C with 50 ul of GST-RBP15 coated beads.  Beads 
were washed three times in cell lysis buffer, three times in 150 mM NaCl, 10 mM HEPES-
KOH pH 7.5, 0.1 mM MgCl2 and analyzed by SDS-PAGE followed by Western analysis 
using enhanced chemiluminescence (Amersham Pharmacia Biotech).

RESULTS

RBP15 binds to GTP-bound Rab15 

The enriched expression of Rab15 in neural tissue implies a role for Rab15 in 
endocytic trafficking in neurons (Zuk and Elferink, 1999; Zuk and Elferink, 2000).  To 
address this issue I used the mutant Rab15 Q67L to screen a human brain cDNA library 
using the yeast two-hybrid system.  One clone encoding an open reading frame of 204 
amino acids was identified from this screen (Fig. 22). The human and mouse genomes 
contained an open reading frame that shared 100.0% and 95.6% identity, respectively, 
with a hypothetical protein of unknown function (Accession #’s NM_033201.1 and XP_
489514.1, respectively).  The protein was named Rab15 Binding Protein or RBP15.

Yeast two-hybrid analysis demonstrated that RBP15 binds to active forms of 
Rab15.  High levels of β-galactosidase activity were detected in yeast strains coexpressing 
Rab15 wt and Rab15 Q67L (GTP-bound) while low levels of β-galactosidase activity 
were detected in strains expressing GDP-bound and nucleotide free mutants of Rab15 
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(Fig. 23A).  Furthermore,  RBP15 does not bind to active forms of  rabs 1, 3A, 14, 15, 
16, or 37 demonstrating the specificity of interaction with Rab15 (Fig. 23B) (Kusano et 
al., 1992; Johannes et al., 1994; Wilson et al., 1994; Zuk and Elferink, 1999; Masuda et 
al., 2000; Junutula et al., 2004a).  In order to verify the yeast two-hybrid interaction we 
performed GST-pulldown assays.  HeLa cell lysates over expressing HA-tagged Rab15 
were preloaded with GTPγS or GDPβS.  The cell lysates were subsequently incubated with 
Glutathione Agarose coated with recombinant GST-RBP15 and the GST-RBP15:Rab15 
complexes were isolated and examined using Western analysis (Fig. 23C).  Rab15 was 
detected in lysates preloaded with GTPγS, but not GDPβS, thus verifying the guanine-
nucleotide dependence of the interaction.  Furthermore, no interaction was detected with 
HARab15 lysates not preloaded with GTPγS or GDPβS or with beads coated with GST 
only, indicating the specificity of the interaction for Rab15-GTP.  These results indicate 
that RBP15 is a binding protein for GTP-bound Rab15.

RBP15 is expressed in Neural Cells

I next examined the expression profile of RBP15.  Using GST-RBP15 as the antigen, 
I produced a polyclonal antibody against recombinant RBP15.  The polyclonal antiserum 

ATGGAATTAAAGCAATCTTTGTCCACCCATCTGGAAGCCGAGAAGCCTCTGAGGCGCTAT 
 M  E  L  K  Q  S  L  S  T  H  L  E  A  E  K  P  L  R  R  Y  20 
GGGGCGGTGGAGGAGACGGCTTGGAAAACGGAGAGACTGGGGAGAAATCAGCTGGACATC 
 G  A  V  E  E  T  A  W  K  T  E  R  L  G  R  N  Q  L  D  I  40 
ATCTCCATGGCGGAGACAACCATGATGCCAGAGGAGATTGAGCTGGAGATGGCAAAAATT 
 I  S  M  A  E  T  T  M  M  P  E  E  I  E  L  E  M  A  K  I  60 
CAGCGTCTCCGGGAAGTCTTGGTCCGCCGGGAGTCTGAGCTCAGGTTCATGATGGATGAC 
 Q  R  L  R  E  V  L  V  R  R  E  S  E  L  R  F  M  M  D  D  80 
ATCCAGCTCTGCAAGGACATCATGGACTTGAAGCAGGAGCTGCAGAACTTGGTCGCCATC 
 I  Q  L  C  K  D  I  M  D  L  K  Q  E  L  Q  N  L  V  A  I  100 
CCAGAAAAAGAAAAAACCAAACTGCAGAAGCAGAGAGAGGATGAGCTAATCCAGAAGATC 
 P  E  K  E  K  T  K  L  Q  K  Q  R  E  D  E  L  I  Q  K  I  120 
CACAAACTGGTGCAGAAGAGAGACTTCCTGGTGGACGATGCGGAGGTCGAGCGGTTAAGG 
 H  K  L  V  Q  K  R  D  F  L  V  D  D  A  E  V  E  R  L  R  140 
GAGCAAGAAGAAGACAAGGAAATGGCTGATTTCCTGAGAATCAAGTTAAAACCTCTAGAC 
 E  Q  E  E  D  K  E  M  A  D  F  L  R  I  K  L  K  P  L  D  160 
AAAGTAACCAAATCTCCAGCCAGCTCCCGGGCAGAGAAGAAAGCAGAGCCCCCACCTAGC 
 K  V  T  K  S  P  A  S  S  R  A  E  K  K  A  E  P  P  P  S  180 
AAGCCCACGGTGGCCAAGACGGGGCTGGCATTGATCAAGGATTGTTGCGGGGCCACCCAG 
 K  P  T  V  A  K  T  G  L  A  L  I  K  D  C  C  G  A  T  Q  200 
TGCAACATCATGTAG 
 C  N  I  M  *                                               204 

Figure 22:  Putative cDNA Sequence of RBP15.
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Figure 23:  RBP15 binds to GTP-bound Rab15.  A, Yeast strains expressing Gal4-RBP15 
and Rab15 wt and mutants (pLexA Rab15) were analyzed for ß-Galactosidase activity.  
ß-Galactosidase activity was measured in relative fluorescent units ± S.E. (*** denotes 
p<0.001 ANOVA) B, Gal4AD-RBP15 expressed in a yeast two hybrid assay with the indi-
cated BD-Rab GTPase.  The presence of growth on –Trp-Leu-His-Ade plates or blue color 
on X-gal indicates an interaction. Growth on –Trp-Leu media demonstrate differences are 
not due to lack of growth of the strains.  C, A post nuclear supernatant (PNS) was prepared 
from HeLa cells transiently over expressing wild type HArab15 were incubated with (+) 
or (-) GTPγS or GDPßS and subsequently incubated with GST-RBP15 or GST alone im-
mobilized on glutathione agarose.  GST-RBP15: Rab15 complexes were resolved by SDS-
PAGE and examined using Western analysis (Wn.) for the indicated antibodies.  
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was affinity purified using an affinity column containing immobilized GST-RBP15 antigen.  
To verify the specificity of the antibody, I prepared membrane and cytosolic fractions from 
rat brain.  The fractions were examined for the presence of RBP15 using Western analysis. 
As predicted we detected a single band around 26 kDa in size that corresponded to the 
predicted size of RBP15 (Fig. 24A).  In control studies, RBP15 antibody was depleted by 
incubation with GST-RBP15 immobilized on glutathione agarose.  When used for Western 
analysis, RBP15 was not detected confirming the specificity of the antibody for RBP15. 

Western analysis demonstrated that RBP15 is primarily expressed in brain and 
spinal cord tissue.  Western analysis of crude dissections of a rat brain demonstrated that 
RBP15 is expressed in sections enriched in the frontal lobe, midbrain and cerebellum. (Fig. 
24B).  To determine the expression pattern of RBP15, I performed Western analyses using 
lysates prepared from non-neuronal tissues.  The analysis demonstrated that the heart, lung, 
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spleen, adrenal gland, kidney, muscle, and uterus expressed low levels of RBP15 that could 
reflect innervation into these tissues (Fig. 24C).  To identify a potential cell line to perform 
functional analysis of RBP15, I examined RBP15 expression in several immortalized cell 
lines.  RBP15 expression was not detected in PC12, HeLa, CHO, mouse 3T3 fibroblast, 
retinal pigment epithelium and HEK 293 cell lines (Fig. 24D).  Therefore like Rab15, 
RBP15 is enriched in neural tissues.  

The nervous system is comprised of two main cellular subtypes:  neurons and 
glial support cells.  In order to determine the cell type specificity of RBP15, brain and 
spinal cord sections were costained for RBP15 and neuronal nuclear antibody NeuN or the 
glial/astrocyte marker glial fibrillary acidic protein (GFAP) (Debus et al., 1983; Mullen 
et al., 1992).  RBP15 localized to cells that costained with NeuN, indicating that RBP15 
is specifically detected in neurons.  Furthermore, no costaining was observed on sections 
stained with RBP15 and GFAP indicating that RBP15 is not expressed in glial/astrocyte 
cells (Fig. 25).  In order to determine the profile of RBP15 expression in the spinal cord, 
sections were stained with the RBP15 antibody.  RBP15 is detected strongly in large motor 
neurons of the ventral horn, as well as the afferent terminals leading from the dorsal root 
ganglion (Fig. 26).  Dorsal root ganglion sections also stained positive for RBP15 indicating 

NeuN RBP15 Merge

GFAP RBP15 Merge

Figure 25:  RBP15 is expressed in neurons.  Rat brain tissue 
sections were stained for RBP15 and neuronal or astrocyte 
markers and examined using confocal microscopy.  Sections 
were costained for RBP15 and for NeuN (neuronal marker) or 
GFAP (astrocyte marker).  Coexpression is indicated by yellow 
in the merged image.

David Strick
Pencil
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that RBP15 could be involved in sensory neuron processing from the dorsal horn as well as 
from motor neurons at the ventral horn.

RBP15 localizes to vesicular structures in HeLa cells

RBP15 is highly expressed in neurons in the brain, spinal cord and dorsal root 
ganglion.  I first wanted to verify whether Rab15 and RBP15 colocalize.  Because the 
antibodies for RBP15 and Rab15 were generated in the same species, I was unable to 
costain tissue sections for RBP15 and Rab15.  As an alternative approach I used HeLa cells 
cotransfected with RBP15 and GFP-Rab15.  Cotransfected HeLa cells showed distinct 
colocalization in large endocytic structures in the cell periphery reminiscent of EEs (Fig. 
27A).  In order to determine if RBP15 localized to an endosomal compartment such as EEs, 
I costained sections for EEA1 and RBP15.  Confocal microscopy showed that RBP15 and 
EEA1 localized to adjacent endocytic structures, which might be microdomains on the same 
endosome or separate adjacent endosomes (Fig. 27A).  Over expression of RBP15 resulted 
in enlarged in enlarged vesicular structures (Fig. 27B).  These results indicate that RBP15 
colocalizes with GFP-Rab15 in HeLa cells and may localize to distinct microdomains 
adjacent to EEA1 positive endosomes.  Furthermore, RBP15 over expression results in 
enlarged vesicular structures indicating that RBP15 may regulate some type of endosome 
fusion event.

A. B.

Figure 26:  RBP15 is expressed in the spinal cord and dorsal root ganglion.  spinal cord 
and dorsal root ganglion sections were stained for RBP15 and examined using confocal 
microscopy.  Resulting images were assembled in Photoshop 6.0.



80

A.

B.

GFP-Rab15

RBP15

RBP15

EEA1

Merge

Merge

Figure 27:  RBP15 colocalizes with Rab15 and enlarges endosomes in HeLa cells.  A.  
Upper panel GFP-Rab15 and RBP15 were co-expressed in HeLa cells and imaged using 
confocal microscopy.  Yellow denotes areas of colocalization.  Lower panel, spinal cord 
sections were stained for EEA1 and RBP15 and imaged using confocal microscopy. B.  
HeLa cells were transfected with RBP15 and imaged using confocal microscopy.  Arrows 
denote enlarged endosomes.   Scale 10um  
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DISCUSSION

This chapter details the initial characterization of RBP15 localization and function as 
a potential effector for the small GTPase Rab15 in neural tissue.  Binding of RBP15 to Rab15 
is GTP dependent, indicating that RBP15 is a potential effector for Rab15.  Furthermore, 
GFP-Rab15 and RBP15 colocalize on vesicles within the cytoplasm, reminiscent of early 
endosomes.  RBP15 is specifically expressed in neurons in the brain, spinal cord and 
dorsal root ganglion and morphologically, RBP15 is expressed in large motorneurons in 
the spinal cord and the afferent terminals leading to the dorsal root ganglion indicating that 
RBP15 may be involved both receiving and sending sensory information.  These results 
demonstrate that RBP15 is a Rab15 binding protein that is neural specific.

RBP15’s exact subcellular distribution remains to be determined.  Costaining of 
both RBP15 and Rab15 was not possible because the antibodies are from the same species.  
Therefore, I examined colocalization of GFP-Rab15 and RBP15 using an over expression 
approach.  I determined that GFP-Rab15 and RBP15 colocalize in HeLa cells providing 
evidence that these proteins localize to similar types of vesicles.  Conversely, colocalization 
of RBP15 with EEA1 was not observed in the spinal cord.  However, RBP15 and EEA1 
localized to adjacent structures indicating that RBP15 and EEA1 might be localized to 
distinct microdomains reminiscent of Rabs 4, 5 and 11 on the EE (Sonnichsen et al., 2000; 
De Renzis et al., 2002).  Another possibility is that RBP15 may localize to and regulate 
endocytic trafficking through the clathrin-independent pathway.  RBP15 over expression 
also enlarges endosome-like structures reminiscent of over expression of Rab5 Q79L.  
RBP15 may play a role in regulating fusion of endocytic vesicles with the EE, functioning 
in parallel with Rab5.  Alternatively, RBP15 may function in the receptor recycling pathway 
from the EE and that the enlarged endosomes are due to a failure to generate recycling 
vesicles from the EE.  Future studies will entail defining whether RBP15 regulates general 
endocytosis or the endocytic trafficking of a specific receptor.  Once a receptor is defined, 
and then further mechanistic studies will be able to determine the mechanistic function of 
RBP15 in neurons.
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CHAPTER 5:  GENERAL CONCLUSIONS AND FUTURE 
DIRECTIONS

GENERAL CONCLUSIONS

The identification of downstream rab effector molecules has provided insight into 
how rabs function to regulate membrane trafficking steps, particularly in endocytosis.  
Over expression of GTP-bound forms of Rab5 resulted in increased internalization of the 
TfR and increased homotypic endosome fusion in cells (Gorvel et al., 1991; Kinsella and 
Maltese, 1991; Bucci et al., 1992; Barbieri et al., 1994; Barbieri et al., 1996).  While 
the Rab5-regulated endosome fusion machinery is well characterized, identification of 
new Rab5 binding protein have implicated Rab5 in a variety of biological process such as 
cellular signaling and nuclear transcription (Stenmark et al., 1995; Simonsen et al., 1998; 
Christoforidis et al., 1999a).  For example, recent characterization of RN-TRE and RinI 
as proteins that regulate the guanine nucleotide bound state of Rab5 in response to EGF 
signaling, affirms previous studies that GTP hydrolysis of Rab5 is essential for EGF-R 
internalization (Barbieri et al., 2000; Lanzetti et al., 2000; Tall et al., 2001).  Moreover, 
identification of the APPL1 and APPL2 proteins which require Rab5 binding to function, 
directly link Rab5 to transcriptional events in the nucleus (Miaczynska et al., 2004).  These 
results demonstrate that endocytosis and cellular signaling are functionally linked and that 
endocytosis may be a causative link in cancer.

Rab15 is the first inhibitory rab GTPase identified in the endocytic pathway (Zuk 
and Elferink, 1999; Zuk and Elferink, 2000).  Arf6 and Rab3a are two other inhibitory 
GTPases that function in membrane trafficking pathways involved in synaptic vesicle fusion 
and clathrin-independent endocytosis, respectively (Johannes et al., 1994; Geppert et al., 
1997; Donaldson, 2003; Naslavsky et al., 2003).  Over expression of Arf6-GTP inhibits 
the fusion of vesicles derived from the clathrin-independent pathway with the classical 
EEA1 positive EE (Naslavsky et al., 2003; Donaldson, 2003).  Rab3a inhibits the fusion of 
secretory vesicles with the presynaptic membrane; causing an accumulation of secretory 
vesicles (Johannes et al., 1994b; Geppert et al., 1997).  Rab15 is unique in that it inhibits 
homotypic endosome fusion and internalization of both the fluid phase marker HRP as well 
as the internalization of TfR to the EEs (Zuk and Elferink, 1999; Zuk and Elferink, 2000).  
Furthermore, Rab15 distributes between two endocytic compartments, the EE and the 
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RE, and differentially regulates TfR trafficking in these compartments.  Over expression 
of inactive mutants of Rab15 (T22N and N121I) differentially modulate TfR recycling 
through these compartments.  Over expression of Rab15 T22N (GDP-bound) stimulates 
recycling of TfR from both EEs and the RE.  Conversely, over expression of Rab15 N121I 
(nucleotide-free) stimulates recycling of TfR from the RE only while having no effect at the 
EE (Zuk and Elferink, 2000).  These results indicate that Rab15 may modulate internalization 
and recycling at EEs and the RE by binding to compartment specific binding proteins.  
Because previous Rab15 studies used an over expression approach to determine Rab15 
localization and function, it was unclear whether the endogenous protein would localize to 
both peripheral EEs and the RE and affect trafficking at both of these compartments.  This 
body of work builds on the lab’s previous studies, by identifying Rab15 binding proteins 
that exert Rab15-mediated events at both the EE as well as the RE.  This dissertation is 
the functional characterization of three different Rab15 binding molecules:  Mammalian 
suppressor of Sec4 (Mss4); Rab15 Effector Protein (REP15); and Rab15 Binding Protein 
(RBP15).  I have shown that Mss4 functions during early endocytosis of the TfR and that 
interactions between Rab15 and Mss4 are necessary for Rab15’s inhibitory effect on early 
endocytic trafficking at the level of both TfR internalization and homotypic endosome 
fusion (Chapter 2) (Strick et al., 2002).  Using mutants of Rab15 that were not able to 
physically associate with Mss4 (Rab15 K48Q) resulted in a 50% reversal of the inhibitory 
phenotype when compared to controls.  Furthermore, Rab15 K48Q reversed the inhibitory 
phenotype of Rab15 on homotypic endosome fusion resulting in a 5% stimulatory increase 
compared with controls.  These studies are also the first studies that identify Mss4 as a 
component of the endocytic pathway, demonstrating that endocytosis and exocytosis are 
functionally linked by shared effector molecules.  In addition, studies have demonstrated 
that Mss4 is up-regulated in pancreatic cancer as well as up-regulated upon antidepressant 
treatment in Rats indicating that Mss4 is an essential molecule for both cellular signaling as 
well as synaptic transmission (Muller-Pillasch et al., 1997; Andriamampandry et al., 2002).  
Further studies will have to be performed in order to determine if Rab15 protein levels or 
activity is altered in these disorders.

REP15 (Rab15 Effector Protein) binds to GTP-bound Rab15 and localizes 
specifically to the RE and not to peripheral EEs (Chapter 3).  Over expression of REP15 
had no affect on internalization of the TfR, however the TfR is retained in the RE over long 
internalization periods.  REP15 over expression and REP15 siRNA-mediated knockdown 
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demonstrate that REP15 is required for TfR recycling from the RE and not peripheral EEs.  
While over expression and siRNA mediated knockdown of REP15 resulted in an inhibition 
of recycling of the TfR specifically from the RE, more studies will need to be performed to 
detail the exact function of REP15.  REP15 could function to stabilize membrane domains 
enriched in the molecular components necessary for vesicle generation or REP15 could 
bind directly to a receptor and mediate the sorting of receptors into distinct domains.  
Alternatively, REP15 could regulate the generation o,f RE-derived vesicles.  REP15 
could also function to regulate receptor down regulation to the LE by regulating sorting of 
receptors to the LE.  Recent evidence links Rab11 and RCP (a Rab11 effector) to sorting 
of the β-Adrenergic receptor and the TfR to the degradative pathway (Moore et al., 2004; 
Peden et al., 2004).  Further studies will determine if REP15 functions as a receptor sorting 
molecule or if REP15 actively participates in vesicle biogenesis from the RE. 

RBP15 (Rab15 Binding Protein), is a novel neural specific protein that binds to 
GTP-bound Rab15 (Chapter 4).  RBP15 is enriched in neuronal tissues and is specifically 
expressed in neurons and not glial cells.  RBP15 colocalizes with Rab15 when exogenously 
co-expressed in HeLa cells.  While we know that RBP15 and Rab15 colocalize and 
function in neuronal tissues we have little data on how RBP15 actually functions.  RBP15 
is expressed in the large motor neurons of the brain and spinal cord as well as neurons in the 
dorsal root ganglion and is also localized to afferent fibers leading to the DRG indicating 
that it may play a role in transmitting sensory information as well as regulating motor 
control of the extremities.  We also have preliminary data that RBP15 over expression in 
HeLa cells enlarges the endocytic compartment most likely due to increased endosome 
fusion or faulty recycling mechanisms.  Further studies need to be performed to identify 
the putative endosomal compartment that RBP15 is localized to. 

The goal of this dissertation was to identify and characterize specific binding 
molecules for Rab15 in order to further delineate Rab15’s function in early endocytic 
trafficking.  This dissertation characterizes three unique effector/binding proteins for 
Rab15, demonstrating that these proteins are important regulators of endocytic trafficking.  
Furthermore, I demonstrated that these effectors differentially exert Rab15-mediated events 
at EEs and the RE and thus further verify that Rab15 functions at both of these organelles.  
In conclusion, this dissertation demonstrates that Rab15 is a bi-functional molecule that 
performs unique functions at both the EE and the RE using a combination of general and 
compartment specific effector proteins.
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FUTURE DIRECTIONS

Do Rab15 and Its Effectors Regulate Endocytosis of Different Receptors?

Several endocytic trafficking proteins are receptor specific, functioning in 
internalization of a specific type or subset of receptors (Lanzetti et al., 2000; Tall et al., 2001; 
Hayes et al., 2002).  All previous Rab15 functional studies were characterized using TfR as 
a model receptor since the endocytic trafficking pathway for the TfR is well characterized 
(Zuk and Elferink, 1999; Zuk and Elferink, 2000; Strick et al., 2002).  Furthermore, TfR 
endocytosis is biomedically significant because of iron storage diseases as well as the 
potential use for coupling potential drugs and gene therapy delivery systems for delivery 
across the cell membrane as well as the blood brain barrier (Li and Qian, 2002).  Rab15 and 
its effectors could function as general regulators of endocytosis or as specific regulators of 
the internalization of a specific subset of receptors.  Further studies need to be performed 
to determine if Rab15, Mss4, REP15 or RBP15 functionally affect internalization and 
recycling of signaling receptors such as EGF-R and the TGFβ-R and whether Rab15 or its 
effectors modulates cellular signaling.  

Identification of Alternate Rab15 effectors

While this dissertation focused on the characterization of three Rab15 binding 
proteins, multiple proteins may exist to regulate and carry out the inhibitory effect of 
Rab15 on receptor internalization and recycling.  While the yeast two-hybrid system has 
many advantages and worked quite efficiently for this project, many disadvantages do 
exist.  First, a yeast two-hybrid screen is as only as good as the library.  If a protein of 
interest is under represented in the library, then it may not be detected in a yeast two-hybrid 
screen.  Second, the yeast two-hybrid does not allow for isolation of high molecular weight 
complexes that may exist in the endocytic system.  Further studies using a recombinant 
bacullovirus expressed Rab15 protein immobilized on an affinity column may be able 
to detect unique interacting proteins as well as interactions with high molecular weight 
complexes from bovine brain lysates.  

Some rab effectors bind to multiple rab proteins, as well as accessory proteins.  For 
instance Rabaptin-5, Rabenosyn-5 and Rabip4 bind to both Rab5 and Rab4 and function 
as shared effectors for internalization/endosome fusion and direct recycling, respectively 
(Vitale et al., 1998; De Renzis et al., 2002; Fouraux et al., 2004).  Furthermore, Rabaptin-5 
and Rabex-5 also bind to GM130 and Rab33b in the secretory pathway, linking endocytic 
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trafficking to exocytosis (Valsdottir et al., 2001).  Arfophilins 1 and 2 are shared effector 
for the Arf5 and Arf6 as well as Rab11 (Hickson et al., 2003).  Further studies screening 
for REP15 and RBP15 binding proteins using the yeast two-hybrid system would facilitate 
identification of potential downstream effectors, enabling us to further understand how 
Rab15 and its binding proteins control endocytic mechanisms.  Moreover, identification of 
novel Rab15 binding proteins will determine if Rab15 functions in a parallel pathway to 
Rab5 and Rab11 regulated pathways, or if these pathways converge at the level of a shared 
protein.  

Rab15 function in Neurons

Rab15 is highly expressed in nervous tissue.  Furthermore, RBP15 binds to GTP-
bound Rab15 and is specifically expressed in neurons.  Several studies have demonstrated 
that the recycling of AMPA receptors and acetylcholine receptors modulates specific 
downstream signaling events in response to activation of the respective receptor.  Upon 
stimulation, the overall recycling of AMPA receptors is increased from the RE thus 
enhancing synaptic efficacy (Park et al., 2004).  Furthermore, rapid recycling of the 
muscarinic acetylcholine receptor recycling enables a cell to maintain the cell surface 
receptor level at 65% of normal levels but a 100% cellular response measured by Ca2+ 
concentration (Szekeres et al., 1998a; Szekeres et al., 1998b).  Furthermore, the recycling 
of acetylcholine receptors is regulated in a Rab11 dependent process (Volpicelli et al., 
2002).  All of the previous Rab15 studies have been performed using non-neuronal cells.  
Perhaps Rab15 regulates important changes in receptor level that modulate AMPA receptor 
location and activity.  Studies could be performed to determine the effect of Rab15 and 
RBP15 on muscarinic acetylcholine receptor and AMPA receptor trafficking.  

In summary, we know that Rab15 is a bi-functional GTPase, regulating trafficking 
through the EE as well as receptor recycling through the RE.  Rab15 binds to specific 
effectors that differentially function to regulate Rab15-mediated trafficking events at these 
compartments.  However, more studies need to be accomplished to determine a more 
precise role for Rab15.  These studies would be enhanced by studies that isolate and identify 
alternate effector proteins for Rab15 as well as binding partners for REP15 and RBP15.  
Furthermore, studies need to be performed to determine Rab15’s exact role in the nervous 
system.  These studies will enable us to further understand the role of regulatory molecules 
in endocytic trafficking and their effect on human health and disease.
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APPENDIX A

PLASMID/CONSTRUCT MAPS

pLexA
10.2 kb

Rab15 Q67L

pLexA
10.2 kb

Rab15

pLexA
10.2 kb

Rab15 T22N

pLexA
10.2 kb

Rab15 N121I
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pLexA
10.2 kb

pLexA
10.2 kb

pLexA
10.2 kb

pLexA
10.2 kb

pLexA
10.2 kb

pLexA
10.2 kb

 Rab15 T22N K48Q

Rab15 T22N M1

Rab15 T22N K46L

Rab15 T22N M2

Rab15 T22N M3 Rab15 T22N M1/3
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pLexA
10.2 kb

     Rab5 N133I

pLexA
10.2 kb

     Rab5

pLexA
10.2 kb

     Rab5 Q79L

pLexA
10.2 kb

     Rab5 S34N

pLexA
10.2 kb

Rab11 Q70L

pLexA
10.2 kb

Rab11 S25N
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       Mss4

5708 bp

370 bp
His6

T7

pET15b

pB42AD
6.4 kb

Mss4 (1200bp)HA

GAL1

pB42AD
6.4 kb

Rabex-5HA

GAL1

pB42AD
6.4 kb

Rabaptin-5HA

GAL1

pB42AD
6.4 kb

Rabenosyn-5HA

GAL1
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pCI-Neo
  5.4 kb

T7 T3
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Constructed by:  Dave Strick
Date:  07-20-2002
Strategy: Subcloned directly from pBluescript KSII mMet.
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pAct2
6.4 kb

RBP15HA

Adh

pCR3.1

T7

5060 bp

740 bp

This construct was constructed using the T.A. Cloning kit from
Invitrogen Life Technologies.  REP15 was PCR amplified using the
primers with the cMyc epitope as well as flanking XbaI sites on both
ends.

Reading Frame

      EcoRI                        XbaI     M     E      Q      K     L      I       S      E
G GAA TTC GGC TTG CTC TAG ATG GAA CAA AAA TTA ATC TCA GAA

   E      D      L       G      Q     K      A
GAA GAT CTG GGG CAG AAA GCA

pGex4T-1
  4.9 kb

RBP15GST



94

REFERENCES

Abrami, L., S. Liu, P. Cosson, S.H. Leppla, and F.G. Van Der Goot. 2003. Anthrax toxin 
triggers endocytosis of its receptor via a lipid raft-mediated clathrin-dependent 
process. J. Cell Biol. 160:321-328.

Aledo, J.C., F. Darakhshan, and H.S. Hundal. 1995. Rab4, but not the transferrin receptor, 
is colocalized with GLUT4 in an insulin-sensitive intracellular compartment in rat 
skeletal muscle. Biochem. Biophys. Res. Commun. 215:321-328.

Alexandrov, K., H. Horiuchi, O. Steele-Mortimer, M.C. Seabra, and M. Zerial. 1994. Rab 
escort protein-1 is a multifunctional protein that accompanies newly prenylated 
rab proteins to their target membranes. EMBO J. 13:5262-5273.

Ali, B.R., C. Wasmeier, L. Lamoreux, M. Strom, and M.C. Seabra. 2004. Multiple 
regions contribute to membrane targeting of Rab GTPases. J. Cell Sci. 117:6401-
6412.

Alory, C. and W.E. Balch. 2001. Organization of the Rab-GDI/CHM superfamily: The 
functional basis for choroideremia disease. Traffic 2:532-543.

Alvarez-Dominguez, C., A.M. Barbieri, W. Beron, A. Wandinger-Ness, and P.D. Stahl. 
1996. Phagocytosed live Listeria monocytogenes influences Rab5-regulated in 
vitro phagosome-endosome fusion. J. Biol. Chem. 271:13834-13843.

Alvarez-Dominguez, C. and P.D. Stahl. 1999. Increased expression of Rab5a correlates 
directly with accelerated maturation of Listeria monocytogenes phagosomes. J. 
Biol. Chem. 274:11459-11462.

Anand, V., D.C. Barral, Y. Zeng, F. Brunsmann, A.M. Maguire, M.C. Seabra, and J. 
Bennett. 2003. Gene therapy for choroideremia: in vitro rescue mediated by 
recombinant adenovirus. Vision Res. 43:919-926.

Andriamampandry, C., C. Muller, C. Schmidt-Mutter, S. Gobaille, M. Spedding, D. 
Aunis, and M. Maitre. 2002. Mss4 gene is up-regulated in rat brain after chronic 



95

treatment with antidepressant and down-regulated when rats are anhedonic. Mol. 
Pharmacol. 62:1332-1338.

Anikster, Y., M. Huizing, P.D. Anderson, D.L. Fitzpatrick, A. Klar, E. Gross-Kieselstein, 
Y. Berkun, G. Shazberg, W.A. Gahl, and H. Hurvitz. 2002. Evidence that Griscelli 
syndrome with neurological involvement is caused by mutations in RAB27A, not 
MYO5A. Am. J. Hum. Genet. 71:407-414.

Ariano, M.A., J. Wang, K.L. Noblett, E.R. Larson, and D.R. Sibley. 1997. Cellular 
distribution of the rat D-1B receptor in central nervous system using anti-receptor 
antisera. Brain Res. 746:141-150.

Bache, K.G., A. Brech, A. Mehlum, and H. Stenmark. 2003. Hrs regulates multivesicular 
body formation via ESCRT recruitment to endosomes. J. Cell Biol. 162:435-442.

Bache, K.G., A. Brech, A. Mehlum, and H. Stenmark. 2003. STAM and Hrs are subunits 
of a multivalent ubiquitin-binding complex on early endosomes.  J. Biol Chem. 
278:12513-12521.

Bache, K.G., C. Raiborg, A. Mehlum, I.H. Madshus, and H. Stenmark. 2002. 
Phosphorylation of Hrs downstream of the epidermal growth factor receptor. Eur. 
J. Biochem. 269:3881-3887.

Bache, K.G., T. Slagsvold, and H. Stenmark. 2004. Defective downregulation of receptor 
tyrosine kinases in cancer. EMBO J. 23:2707-2712.

Bao, J., G. Gur, and Y. Yarden. 2003. Src promotes destruction of c-Cbl: Implications for 
oncogenic synergy between Src and growth factor receptors. Proc. Natl. Acad. 
Sci. U. S A 100:2438-2443.

Barbieri, M.A., S. Hoffenberg, R. Roberts, A. Mukhopadhyay, A. Pomrehn, B.F. Dickey, 
and P.D. Stahl. 1998. Evidence for a symmetrical requirement for Rab5-GTP in in 
vitro endosome-endosome fusion. J. Biol. Chem. 273:25850-25855.

Barbieri, M.A., G. Li, M.I. Colombo, and P.D. Stahl. 1994. Rab5, an early acting 



96

endosomal GTPase, supports in vitro endosome fusion without GTP hydrolysis. J. 
Biol. Chem. 269:18720-18722.

Barbieri, M.A., R.L. Roberts, A. Gumusboga, H. Highfield, C. Alvarez-Dominguez, A. 
Wells, and P.D. Stahl. 2000. Epidermal growth factor and membrane trafficking. 
EGF receptor activation of endocytosis requires Rab5a. J. Cell Biol. 151:539-550.

Barbieri, M.A., R.L. Roberts, A. Mukhopadhyay, and P.D. Stahl. 1996. Rab5 regulates the 
dynamics of early endosome fusion. Biocell 20:331-338.

Becker, J., T.J. Tan, H.H. Trepte, and D. Gallwitz. 1991. Mutational analysis of the 
putative effector domain of the GTP-binding Ypt1 protein in yeast suggests 
specific regulation by a novel GAP activity. EMBO J. 10:785-792.

Benmerah, A., C. Lamaze, B. Begue, S.L. Schmid, A. Dautry-Varsat, and N. Cerf-
Bensussan. 1998. AP-2/Eps15 interaction is required for receptor-mediated 
endocytosis. J. Cell Biol. 140:1055-1062.

Bierne, H. and P. Cossart. 2002. InIB, a surface protein of Listeria monocytogenes that 
behaves as an invasin and a growth factor. J. Cell Sci. 115:3357-3367.

Bock, J.B., H.T. Matern, A.A. Peden, and R.H. Scheller. 2001. A genomic perspective on 
membrane compartment organization. Nature 409:839-841.

Bottger, G., B. Nagelkerken, and P. van der Sluijs. 1996. Rab4 and Rab7 define distinct 
nonoverlapping endosomal compartments. J. Biol. Chem. 271:29191-29197.

Braun, L. and P. Cossart. 2000. Interactions between Listeria monocytogenes and host 
mammalian cells. Microbes Infect. 2:803-811.

Bucci, C., R.G. Parton, I.H. Mather, H. Stunnenberg, K. Simons, B. Hoflack, and M. 
Zerial. 1992. The Small Gtpase Rab5 Functions As A Regulatory Factor in the 
Early Endocytic Pathway. Cell 70:715-728.

Bucci, C., P. Thomsen, P. Nicoziani, J. McCarthy, and B. van Deurs. 2000. Rab7: a key to 



97

lysosome biogenesis. Mol. Biol. Cell 11:467-480.

Bucci, C., A. Wandinger-Ness, A. Lutcke, M. Chiariello, C.B. Bruni, and M. Zerial. 
1994. Rab5A Is A Common Component of the Apical and Basolateral Endocytic 
Machinery in Polarized Epithelial-Cells. Proc. Natl. Acad. Sci. U. S A 91:5061-
5065.

Burns, M.E., T. Sasaki, Y. Takai, and G.J. Augustine. 1998. Rabphilin-3A: a 
multifunctional regulator of synaptic vesicle traffic. J. Gen. Physiol 111:243-255.

Burton, J., D. Roberts, M. Montaldi, P. Novick, and P. De Camilli. 1993. A Mammalian 
Guanine-Nucleotide-Releasing Protein Enhances Function of Yeast Secretory 
Protein Sec4. Nature 361:464-467.

Burton, J.L., M.E. Burns, E. Gatti, G.J. Augustine, and P. De Camilli. 1994. Specific 
interactions of Mss4 with members of the Rab GTPase subfamily. EMBO J. 
13:5547-5558.

Burton, J.L., V. Slepnev, and P. De Camilli. 1997. An evolutionarily conserved domain 
in a subfamily of Rabs is crucial for the interaction with the guanyl nucleotide 
exchange factor Mss4. J. Biol. Chem. 272:3663-3668.

Callaghan, J., A. Simonsen, J.M. Gaullier, B.H. Toh, and H. Stenmark. 1999. The 
endosome fusion regulator early-endosomal autoantigen 1 (EEA1) is a dimer. 
Biochem. J. 338 ( Pt 2):539-543.

Cantalupo, G., P. Alifano, V. Roberti, C.B. Bruni, and C. Bucci. 2001. Rab-interacting 
lysosomal protein (RILP): the Rab7 effector required for transport to lysosomes. 
EMBO J. 20:683-693.

Carpenter, G. 2000. The EGF receptor: a nexus for trafficking and signaling. Bioessays 
22:697-707.

Carroll, K.S., J. Hanna, I. Simon, J. Krise, P. Barbero, and S.R. Pfeffer. 2001. Role of 
Rab9 GTPase in facilitating receptor recruitment by TIP47. Science 292:1373-



98

1376.

Ceresa, B.P. and S.L. Schmid. 2000. Regulation of signal transduction by endocytosis. 
Curr. Opin. Cell Biol. 12:204-210.

Chang, H.C., S.L. Newmyer, M.J. Hull, M. Ebersold, S.L. Schmid, and I. Mellman. 2002. 
Hsc70 is required for endocytosis and clathrin function in Drosophila. J. Cell 
Biol. 159:477-487.

Chen, M.S., R.A. Obar, C.C. Schroeder, T.W. Austin, C.A. Poodry, S.C. Wadsworth, 
and R.B. Vallee. 1991. Multiple forms of dynamin are encoded by shibire, a 
Drosophila gene involved in endocytosis. Nature 351:583-586.

Chin, L.S., M.C. Raynor, X. Wei, H.Q. Chen, and L. Li. 2001. Hrs interacts with sorting 
nexin 1 and regulates degradation of epidermal growth factor receptor. J. Biol. 
Chem. 276:7069-7078.

Christoforidis, S., H.M. McBride, R.D. Burgoyne, and M. Zerial. 1999a. The Rab5 
effector EEA1 is a core component of endosome docking. Nature 397:621-625.

Christoforidis, S., M. Miaczynska, K. Ashman, M. Wilm, L.Y. Zhao, S.C. Yip, M.D. 
Waterfield, J.M. Backer, and M. Zerial. 1999b. Phosphatidylinositol-3-OH kinases 
are Rab5 effectors. Nat. Cell Biol. 1:249-252.

Christoforidis, S. and M. Zerial. 2000. Purification and identification of novel Rab 
effectors using affinity chromatography. Methods Enzymol. 20:403-410.

Christoforidis, S. and M. Zerial. 2001. Purification of EEA1 from bovine brain cytosol 
using Rab5 affinity chromatography and activity assays. Methods Enzymol. 
329:120-132.

Collins, R.N., P. Brennwald, M. Garrett, A. Lauring, and P. Novick. 1997. Interactions of 
nucleotide release factor Dss4p with Sec4p in the post-Golgi secretory pathway of 
yeast. J. Biol. Chem. 272:18281-18289.



99

Coppola, T., H. Hirling, V. Perret-Menoud, S. Gattesco, S. Catsicas, G. Joberty, I.G. 
Macara, and R. Regazzi. 2001. Rabphilin dissociated from Rab3 promotes 
endocytosis through interaction with Rabaptin-5. J. Cell Sci. 114:1757-1764.

Cormont, M., M. Mari, A. Galmiche, P. Hofman, and Y. Marchand-Brustel. 2001a. A 
FYVE-finger-containing protein, Rabip4, is a Rab4 effector involved in early 
endosomal traffic. Proc. Natl. Acad. Sci. U. S A 98:1637-1642.

Cormont, M., M. Mari, and Y. Marchand-Brustel. 2001b. Rab 4 and Rabip4: a couple 
involved in insulin-dependent glucose transport. M S-Medecine Sciences 17:643-
644.

Cormont, M., I. Meton, M. Mari, P. Monzo, F. Keslair, C. Gaskin, T.E. McGraw, and 
Y. Marchand-Brustel. 2003. CD2AP/CMS regulates endosome morphology and 
traffic to the degradative pathway through its interaction with Rab4 and c-Cbl. 
Traffic 4:97-112.

Couet, J., M.M. Belanger, E. Roussel, and M.C. Drolet. 2001. Cell biology of caveolae 
and caveolin. Adv. Drug Deliv. Rev. 49:223-235.

Cullis, D.N., B. Philip, J.D. Baleja, and L.A. Feig. 2002. Rab11-FIP2, an adaptor protein 
connecting cellular components involved in internalization and recycling of 
epidermal growth factor receptors. J. Biol. Chem. 277:49158-49166.

D’Adamo, P., A. Menegon, N.C. Lo, M. Grasso, M. Gulisano, F. Tamanini, T. Bienvenu, 
A.K. Gedeon, B. Oostra, S.K. Wu, A. Tandon, F. Valtorta, W.E. Balch, J. Chelly, 
and D. Toniolo. 1998. Mutations in GDI1 are responsible for X-linked non-
specific mental retardation. Nat. Genet. 19:134-139.

D’Adamo, P., H. Welzl, S. Papadimitriou, D.B. Raffaele, C. Tiveron, L. Tatangelo, 
L. Pozzi, P.F. Chapman, S.G. Knevett, M.F. Ramsay, F. Valtorta, C. Leoni, A. 
Menegon, D.P. Wolfer, H.P. Lipp, and D. Toniolo. 2002. Deletion of the mental 
retardation gene Gdi1 impairs associative memory and alters social behavior in 
mice. Hum. Mol. Genet. 11:2567-2580.

D’Adamo, P., D.P. Wolfer, C. Kopp, I. Tobler, D. Toniolo, and H.P. Lipp. 2004. Mice 



100

deficient for the synaptic vesicle protein Rab3a show impaired spatial reversal 
learning and increased explorative activity but none of the behavioral changes 
shown by mice deficient for the Rab3a regulator Gdi1. Eur. J. Neurosci. 19:1895-
1905.

Damke, H., T. Baba, A.M. van der Bliek, and S.L. Schmid. 1995. Clathrin-independent 
pinocytosis is induced in cells overexpressing a temperature-sensitive mutant of 
dynamin.  J. Cell Biol.  131(1):  69-80.

Daro, E., P. van der Sluijs, T. Galli, and I. Mellman. 1996. Rab4 and cellubrevin define 
different early endosome populations on the pathway of transferrin receptor 
recycling. Proc. Natl. Acad. Sci. U. S. A 93:9559-9564.

Davis, C.G., M.A. Lehrman, D.W. Russell, R.G.W. Anderson, M.S. Brown, and J.L. 
Goldstein. 1986. The Jd Mutation in Familial Hypercholesterolemia - Amino-Acid 
Substitution in Cytoplasmic Domain Impedes Internalization of Ldl Receptors. 
Cell 45:15-24.

de Melker, A.A., H.G. van der Horst, and J. Borst. 2004. c-Cbl directs EGF receptors into 
an endocytic pathway that involves the ubiquitin-interacting motif of Eps15. J. 
Cell Sci. 117:5001-5012.

De Renzis, S., B. Sonnichsen, and M. Zerial. 2002. Divalent Rab effectors regulate the 
sub-compartmental organization and sorting of early endosomes. Nat. Cell Biol. 
4:124-133.

Debus, E., K. Weber, and M. Osborn. 1983. Monoclonal antibodies specific for 
glial fibrillary acidic (GFA) protein and for each of the neurofilament triplet 
polypeptides. Differentiation 25:193-203.

Deneka, M., M.Neeft, and P. van der Sluijs. 2003. Regulation of membrane transport by 
rab GTPases. Crit Rev. Biochem. Mol. Biol. 38:121-142.

Deneka, M. and P. van der Sluijs. 2002. ‘Rab’ing up endosomal membrane transport. Nat. 
Cell Biol. 4:E33-E35.



101

Di Fiore, P.P. and P. De Camilli. 2001. Endocytosis and signaling: An inseparable 
partnership. Cell 106:1-4.

Di Fiore, P.P. and G.N. Gill. 1999. Endocytosis and mitogenic signaling. Curr. Opin. Cell 
Biol. 11:483-488.

Dirac-Svejstrup, A.B., T. Soldati, A.D. Shapiro, and S.R. Pfeffer. 1994. Rab-GDI presents 
functional Rab9 to the intracellular transport machinery and contributes selectivity 
to Rab9 membrane recruitment. J. Biol. Chem. 269:15427-15430.

Dirac-Svejstrup, A.B., T. Sumizawa, and S.R. Pfeffer. 1997. Identification of a GDI 
displacement factor that releases endosomal Rab GTPases from Rab-GDI. EMBO 
J. 16:465-472.

Donaldson, J.G. 2003. Multiple roles for Arf6: Sorting, structuring, and signaling at the 
plasma membrane. J. Biol. Chem. 278:41573-41576.

Drab, M., P. Verkade, M. Elger, M. Kasper, M. Lohn, B. Lauterbach, J.Menne, C. 
Lindschau, F. Mende, F.C. Luft, A. Schedl, H. Haller, and T.V. Kurzchalia. 2001. 
Loss of caveolae, vascular dysfunction, and pulmonary defects in caveolin-1 
gene-disrupted mice. Science 293:2449-2452.

Dransfeld, O., I. Uphues, S. Sasson, A. Schurmann, H.G. Joost, and J. Eckel. 2000. 
Regulation of subcellular distribution of GLUT4 in cardiomyocytes: Rab4A 
reduces basal glucose transport and augments insulin responsiveness. Exp. Clin. 
Endocrinol. Diabetes 108:26-36.

Duan, D.S., Q. Li, A.W. Kao, Y.P. Yue, J.E. Pessin, and J.F. Engelhardt. 1999. Dynamin 
is required for recombinant adeno-associated virus type 2 infection. J. Virology 
73:10371-10376.

Dumartin, B., I. Caille, F. Gonon, and B. Bloch. 1998. Internalization of D1 dopamine 
receptor in striatal neurons in vivo as evidence of activation by dopamine 
agonists. J. Neurosci. 18:1650-1661.



102

Elferink, L.A., K. Anzai, and R.H. Scheller. 1992. rab15, a novel low molecular weight 
GTP-binding protein specifically expressed in rat brain. J. Biol. Chem. 267:5768-
5775.

Esters, H., K. Alexandrov, A. Iakovenko, T. Ivanova, N. Thoma, V. Rybin, M. Zerial, A.J. 
Scheidig, and R.S. Goody. 2001. Vps9, Rabex-5 and DSS4: Proteins with weak 
but distinct nucleotide-exchange activities for Rab proteins. J. Mol. Biol. 310:141-
156.

Feng, Y., B. Press, and A. Wandinger-Ness. 1995. Rab 7: an important regulator of late 
endocytic membrane traffic. J. Cell Biol. 131:1435-1452.

Fernandez-Borja, M., R. Wubbolts, J. Calafat, H. Janssen, N. Divecha, S. Dusseljee, 
and J. Neefjes. 1999. Multivesicular body morphogenesis requires phosphatidyl-
inositol 3-kinase activity. Curr. Biol. 9:55-58.

Flanders, J.A., Q. Feng, S. Bagrodia, M.T. Laux, A. Singavarapu, and R.A. Cerione. 
2003. The Cbl proteins are binding partners for the Cool/Pix family of p21-
activated kinase-binding proteins. FEBS Lett. 550:119-123.

Fouraux, M.A., M.Deneka, V.Ivan, H.A.van der, J.Raymackers, D.van Suylekom, 
W.J.van Venrooij, P.van der Sluijs, and G.J.Pruijn. 2004. Rabip4’ is an effector of 
rab5 and rab4 and regulates transport through early endosomes. Mol. Biol. Cell 
15:611-624.

Ganley, I.G., K. Carroll, L. Bittova, and S. Pfeffer. 2004. Rab9 GTPase regulates late 
endosome size and requires effector interaction for its stability. Mol. Biol. Cell 
15:5420-5430.

Gaullier, J.M., E. Ronning, D.J. Gillooly, and H. Stenmark. 2000. Interaction of the 
EEA1 FYVE finger with phosphatidylinositol 3-phosphate and early endosomes. 
Role of conserved residues. J. Biol. Chem. 275:24595-24600.

Gaullier, J.M., A. Simonsen, A. D’Arrigo, B. Bremnes, and H. Stenmark. 1999. FYVE 
finger proteins as effectors of phosphatidylinositol 3-phosphate. Chem. Phys. 
Lipids 98:87-94.



103

Gaullier, J.M., A. Simonsen, A. D’Arrigo, B. Bremnes, H. Stenmark, and R. Aasland. 
1998. FYVE fingers bind PtdIns(3)P. Nature 394:432-433.

Geppert, M., V.Y. Bolshakov, S.A. Siegelbaum, K. Takei, P. De Camilli, R.E. Hammer, 
and T.C. Sudhof. 1994. The role of Rab3A in neurotransmitter release. Nature 
369:493-497.

Geppert, M., Y. Goda, C.F. Stevens, and T.C. Sudhof. 1997. The small GTP-binding 
protein Rab3A regulates a late step in synaptic vesicle fusion. Nature 387:810-
814.

Gerges, N.Z., D.S. Backos, and J.A. Esteban. 2004. Local control of AMPA receptor 
trafficking at the postsynaptic terminal by a small GTPase of the Rab family. J. 
Biol. Chem. 279:43870-43878.

Goldenring, J.R., G.S. Ray, and J.R. Lee. 1999. Rab11 in dysplasia of Barrett’s epithelia. 
Yale J. Biol. Med. 72:113-120.

Gonzalez-Gaitan, M. and H. Stenmark. 2003. Endocytosis and signaling: a relationship 
under development. Cell 115:513-521.

Gorvel, J.P., P. Chavrier, M. Zerial, and J. Gruenberg. 1991. Rab5 Controls Early 
Endosome Fusion In vitro. Cell 64:915-925.

Green, E.G., E. Ramm, N.M. Riley, D.J. Spiro, J.R. Goldenring, and M. Wessling-
Resnick. 1997. Rab11 is associated with transferrin-containing recycling 
compartments in K562 cells. Biochem. Biophys. Res. Commun. 239:612-616.

Grovdal, L.M., E. Stang, A. Sorkin, and I.H. Madshus. 2004. Direct interaction of Cbl 
with pTyr 1045 of the EGF receptor (EGFR) is required to sort the EGFR to 
lysosomes for degradation. Exp. Cell Res. 300:388-395.

Guilherme, A., N.A. Soriano, S. Bose, J. Holik, A. Bose, D.P. Pomerleau, P. Furcinitti,  
J. Leszyk, S. Corvera, and M.P. Czech (2004). EHD2 and the novel EH domain 
binding protein EHBP1 couple endocytosis to the actin cytoskeleton. J Biol Chem 



104

279, 10593-10605.

Haddad, E.K., X. Wu, J.A. Hammer, III, and P.A. Henkart. 2001. Defective granule 
exocytosis in Rab27a-deficient lymphocytes from Ashen mice. J. Cell Biol. 
152:835-842.

Hanna, J., K. Carroll, and S.R. Pfeffer. 2002. Identification of residues in TIP47 essential 
for Rab9 binding. Proc. Natl. Acad. Sci. U. S A 99:7450-7454.

Harrison, R.E., J.H. Brumell, A. Khandani, C. Bucci, C.C. Scott, X.J. Jiang, B.B. Finlay, 
and S.L. Grinstein. 2004. Salmonella impairs RILP recruitment to Rab7 during 
maturation of invasion vacuoles. Mol. Biol. Cell 15:3146-3154.

Hattula, K. and J. Peranen. 2000. FIP-2, a coiled-coil protein, links Huntingtin to Rab8 
and modulates cellular morphogenesis. Curr. Biol. 10:1603-1606.

Hayes, S., A. Chawla, and S. Corvera. 2001. The functional assembly of the TGF beta 
signaling pathway occurs on the endosomes. Mol. Biol. Cell 12:402A.

Hayes, S., A. Chawla, and S. Corvera. 2002. TGF beta receptor internalization into 
EEA1-enriched early endosomes: role in signaling to Smad2. J. Cell Biol. 
158:1239-1249.

Hickson, G.R., J. Matheson, B. Riggs, V.H. Maier, A.B. Fielding, R. Prekeris, W. 
Sullivan, F.A. Barr, and G.W. Gould. 2003. Arfophilins are dual Arf/Rab 11 
binding proteins that regulate recycling endosome distribution and are related to 
Drosophila nuclear fallout. Mol. Biol. Cell 14:2908-2920.

Hoffenberg, S., X. Liu, L. Nikolova, H.S. Hall, W. Dai, R.E. Baughn, B.F. Dickey, 
M.A. Barbieri, A. Aballay, P.D. Stahl, and B.J. Knoll. 2000. A novel membrane-
anchored Rab5 interacting protein required for homotypic endosome fusion. J. 
Biol. Chem. 275:24661-24669.

Horgan, C.P., M. Walsh, T.H. Zurawski, and M.W. McCaffrey. 2004. Rab11-FIP3 
localises to a Rab11-positive pericentrosomal compartment during interphase 



105

and to the cleavage furrow during cytokinesis. Biochem. Biophys. Res. Commun. 
319:83-94.

Horiuchi, H., R. Lippe, H.M. McBride, M. Rubino, P. Woodman, H. Stenmark, V. Rybin, 
M. Wilm, K. Ashman, M. Mann, and M. Zerial. 1997. A novel Rab5 GDP/GTP 
exchange factor complexed to Rabaptin-5 links nucleotide exchange to effector 
recruitment and function. Cell 90:1149-1159.

Hu, Y., J.Z. Chuang, K. Xu, T.G. McGraw, and C.H. Sung. 2002. SARA, a FYVE domain 
protein, affects Rab5-mediated endocytosis. J. Cell Sci. 115:4755-4763.

Huang, F. and A. Sorkin. 2005. Grb2-mediated Recruitment of the RING Domain of Cbl 
to the EGF Receptor Is Essential and Sufficient to Support Receptor Endocytosis. 
Mol. Biol. Cell.

Hueffer, K. and C.R. Parrish. 2001. The specific role of the transferrin receptor in Canine 
Parvovirus entry and infection of cells. Mol. Biol. Cell 12:328A.

Hume, A.N., L.M. Collinson, C.R. Hopkins, M. Strom, D.C. Barral, G. Bossi, G.M. 
Griffiths, and M.C. Seabra. 2002. The leaden gene product is required with 
Rab27a to recruit myosin Va to melanosomes in melanocytes. Traffic 3:193-202.

Hutt, D.M., L.F. Da Silva, L.H. Chang, D.C. Prosser, and J.K. Ngsee. 2000. PRA1 
inhibits the extraction of membrane-bound rab GTPase by GDI1. J. Biol. Chem. 
275:18511-18519.

Jekely, G. and P. Rorth. 2003. Hrs mediates downregulation of multiple signalling 
receptors in Drosophila. EMBO Rep. 4:1163-1168.

Jiang, X. and A. Sorkin. 2003. Epidermal growth factor receptor internalization through 
clathrin-coated pits requires Cbl RING finger and proline-rich domains but not 
receptor polyubiquitylation. Traffic 4:529-543.

Johannes, L. and C. Lamaze. 2002. Clathrin-dependent or not: is it still the question? 
Traffic 3:443-451.



106

Johannes, L., P.M. Lledo, M. Roa, J.D. Vincent, J.P. Henry, and F. Darchen. 1994. 
The GTPase Rab3a negatively controls calcium-dependent exocytosis in 
neuroendocrine cells. EMBO J. 13:2029-2037.

Jordens, I., M. Fernandez-Borja, M. Marsman, S. Dusseljee, L. Janssen, J. Calafat, H. 
Janssen, R. Wubbolts, and J. Neefjes. 2001. The Rab7 effector protein RILP 
controls lysosomal transport by inducing the recruitment of dynein-dynactin 
motors. Curr. Biol. 11:1680-1685.

Jorgensen, E.M., E. Hartwieg, K. Schuske, M.L. Nonet, Y. Jin, and H.R. Horvitz. 
1995. Defective recycling of synaptic vesicles in synaptotagmin mutants of 
Caenorhabditis elegans. Nature 378:196-199.

Junutula, J.R., A.M. De Maziere, A.A. Peden, K.E. Ervin, R.J. Advani, S.M. van Dijk, 
J. Klumperman, and R.H. Scheller. 2004a. Rab14 is involved in membrane 
trafficking between the Golgi complex and endosomes. Mol. Biol. Cell 15:2218-
2229.

Junutula, J.R., E. Schonteich, G.M. Wilson, A.A. Peden, R.H. Scheller, and R. Prekeris. 
2004b. Molecular characterization of Rab11 interactions with the members of 
family of Rab11-interacting proteins (FIPs). J. Biol. Chem.

Khosravi-Far, R., G.J. Clark, K. Abe, A.D. Cox, T. McLain, R.J. Lutz, M. Sinensky, and 
C.J. Der. 1992. Ras (CXXX) and Rab (CC/CXC) prenylation signal sequences are 
unique and functionally distinct. J. Biol. Chem. 267:24363-24368.

Khvotchev, M.V., M. Ren, S.T akamori, R. Jahn, and T.C. Sudhof. 2003. Divergent 
functions of neuronal Rab11b in Ca2+-regulated versus constitutive exocytosis. J. 
Neurosci. 23:10531-10539.

Kinsella, B.T. and W.A. Maltese. 1991. rab GTP-binding proteins implicated in vesicular 
transport are isoprenylated in vitro at cysteines within a novel carboxyl-terminal 
motif. J. Biol. Chem. 266:8540-8544.

Kirchhausen, T. and S.C. Harrison. 1981. Protein Organization in Clathrin Trimers. Cell 
23:755-761.



107

Kirchhausen, T., S.C. Harrison, P. Parham, and F.M. Brodsky. 1983. Location and 
Distribution of the Light-Chains in Clathrin Trimers. Proc. Natl. Acad. Sci. U. S A 
80:2481-2485.

Kolonin, M.G., J.H. Zhong, and R.L. Finley. 2000. Interaction mating methods in two-
hybrid systems. Applications of Chimeric Genes and Hybrid Proteins, Pt C 
328:26-46.

Krise, J.P., P.M. Sincock, J.G. Orsel, and S.R. Pfeffer. 2000. Quantitative analysis of 
TIP47-receptor cytoplasmic domain interactions: implications for endosome-to-
trans Golgi network trafficking. J. Biol. Chem. 275:25188-25193.

Kurten, R.C. 2003. Sorting motifs in receptor trafficking. Adv. Drug Deliv. Rev. 55:1405-
1419.

Kusano, T., K. Aguan, M. Abe, and K. Sugawara. 1992. Nucleotide sequence of a rice 
rab16 homologue gene. Plant Mol. Biol. 18:127-129.

Lafer, E.M. 2002. Clathrin-protein interactions. Traffic 3:513-520.

Lanzetti, L., P.P .Di Fiore, and G. Scita. 2001. Pathways linking endocytosis and actin 
cytoskeleton in mammalian cells. Exp. Cell Res. 271:45-56.

Lanzetti, L., A. Palamidessi, L. Areces, G. Scita, and P.P. Di Fiore. 2004. Rab5 is a 
signalling GTPase involved in actin remodelling by receptor tyrosine kinases. 
Nature 429:309-314.

Lanzetti, L., V. Rybin, M.G. Malabarba, S. Christoforidis, G. Scita, M. Zerial, and P.P. Di 
Fiore. 2000. The Eps8 protein coordinates EGF receptor signalling through Rac 
and trafficking through Rab5. Nature 408:374-377.

Lapierre, L.A., M.C. Dorn, C.F. Zimmerman, J. Navarre, J.O. Burnette, and J.R. 
Goldenring. 2003. Rab11b resides in a vesicular compartment distinct from 
Rab11a in parietal cells and other epithelial cells. Exp. Cell Res. 290:322-331.



108

Lawe, D.C., A. Chawla, and S. Corvera. 2000. Specific roles for EEA1 and Rab5 
in endosomal tethering and fusion revealed by high speed digital imaging 
microscopy. Mol. Biol. Cell 11:525A.

Lawe, D.C., A. Chawla, E. Merithew, J. Dumas, W. Carrington, K. Fogarty, L. 
Lifshitz, R. Tuft, D. Lambright, and S. Corvera. 2002. Sequential roles for 
phosphatidylinositol 3-phosphate and Rab5 in tethering and fusion of early 
endosomes via their interaction with EEA1. J. Biol. Chem. 277:8611-8617.

Lecuit, M., S. Dramsi, C. Gottardi, M. Fedor-Chaiken, B. Gumbiner, and P. Cossart. 
1999. A single amino acid in E-cadherin responsible for host specificity towards 
the human pathogen Listeria monocytogenes. EMBO J. 18:3956-3963.

Lee, S.H., A. Simonetta, and M. Sheng. 2004. Subunit rules governing the sorting of 
internalized AMPA receptors in hippocampal neurons. Neuron 43:221-236.

Lee, S.H., J.G. Valtschanoff, V.N. Kharazia, R. Weinberg, and M. Sheng. 2001. 
Biochemical and morphological characterization of an intracellular membrane 
compartment containing AMPA receptors. Neuropharmacology 41:680-692.

Lehrman, M.A., J.L. Goldstein, M.S. Brown, D.W. Russell, and W.J. Schneider. 1985. 
Internalization-Defective Ldl Receptors Produced by Genes with Nonsense and 
Frameshift Mutations That Truncate the Cytoplasmic Domain. Cell 41:735-743.

Leof, E.B. 2000. Growth factor receptor signalling: location, location, location. Trends 
Cell Biol. 10:343-348.

Levkowitz, G., H. Waterman, E. Zamir, Z. Kam, S. Oved, W.Y. Langdon, L. Beguinot, 
B. Geiger, and Y. Yarden. 1998. c-Cbl/Sli-1 regulates endocytic sorting and 
ubiquitination of the epidermal growth factor receptor. Genes Dev. 12:3663-3674.

Li, G.P., C. D’SouzaSchorey, M.A. Barbieri, R.L. Roberts, A. Klippel, L.T. Williams, 
and P.D. Stahl. 1995. Evidence for Phosphatidylinositol 3-Kinase As A Regulator 
of Endocytosis Via Activation of Rab5. Proc. Natl. Acad. Sci. U. S A 92:10207-
10211.



109

Li, G.P. and P.D. Stahl. 1993. Structure-Function Relationship of the Small Gtpase Rab5. 
J. Biol. Chem. 268:24475-24480.

Li, H. and Z.M. Qian. 2002. Transferrin/transferrin receptor-mediated drug delivery. Med. 
Res. Rev. 22:225-250.

Lin, J.W., W. Ju, K. Foster, S.H. Lee, G. Ahmadian, M. Wyszynski, Y.T. Wang, and M. 
Sheng. 2000. Distinct molecular mechanisms and divergent endocytotic pathways 
of AMPA receptor internalization. Nat. Neurosci. 3:1282-1290.

Lindsay, A.J., A.G. Hendrick, G. Cantalupo, F. Senic-Matuglia, B. Goud, C.Bucci, and 
M.W. McCaffrey. 2002. Rab coupling protein (RCP), a novel Rab4 and Rab11 
effector protein. J. Biol. Chem. 277:12190-12199.

Lippe, R., M. Miaczynska, V. Rybin, A. Runge, and M. Zerial. 2001. Functional synergy 
between Rab5 effector Rabaptin-5 and exchange factor Rabex-5 when physically 
associated in a complex. Mol. Biol. Cell 12:2219-2228.

Littleton, J.T. and H.J. Bellen. 1995. Synaptotagmin controls and modulates synaptic-
vesicle fusion in a Ca(2+)-dependent manner. Trends Neurosci. 18:177-183.

Liu, K. and G. Li. 1998. Catalytic domain of the p120 Ras GAP binds to RAb5 and 
stimulates its GTPase activity. J. Biol. Chem. 273:10087-10090.

Lloyd, T.E., R. Atkinson, M.N. Wu, Y. Zhou, G. Pennetta, and H.J. Bellen. 2002. 
Hrs regulates endosome membrane invagination and tyrosine kinase receptor 
signaling in Drosophila. Cell 108:261-269.

Lombardi, D., T. Soldati, M.A. Riederer, Y. Goda, M. Zerial, and S.R. Pfeffer. 1993. 
Rab9 functions in transport between late endosomes and the trans Golgi network. 
EMBO J. 12:677-682.

Magnusson, M.K., K.E. Meade, K.E. Brown, D.C. Arthur, L.A. Krueger, A.J. Barrett, and 
C.E. Dunbar. 2001. Rabaptin-5 is a novel fusion partner to platelet-derived growth 
factor beta receptor in chronic myelomonocytic leukemia. Blood 98:2518-2525.



110

Mammoto, A., T. Ohtsuka, I. Hotta, T. Sasaki, and Y. Takai. 1999. Rab11BP/Rabphilin-
11, a downstream target of rab11 small G protein implicated in vesicle recycling. 
J. Biol. Chem. 274:25517-25524.

Man, H.Y., W. Ju, G. Ahmadian, and Y.T. Wang. 2000. Intracellular trafficking of AMPA 
receptors in synaptic plasticity. Cell Mol. Life Sci. 57:1526-1534.

Mari, M., E. Macia, Y. Marchand-Brustel, and M. Cormont. 2001. Role of the FYVE 
finger and the RUN domain for the subcellular localization of Rabip4. J. Biol. 
Chem. 276:42501-42508.

Masuda, E.S., Y. Luo, C. Young, M. Shen, A.B. Rossi, B.C. Huang, S. Yu, M.K. Bennett, 
D.G. Payan, and R.H. Scheller. 2000. Rab37 is a novel mast cell specific GTPase 
localized to secretory granules. FEBS Lett. 470:61-64.

Maxfield, F.R. and T.E. McGraw. 2004. Endocytic recycling. Nat. Rev. Mol. Cell Biol. 
5:121-132.

McBride, H.M., V. Rybin, C. Murphy, A. Giner, R. Teasdale, and M. Zerial. 1999. 
Oligomeric complexes link Rab5 effectors with NSF and drive membrane fusion 
via interactions between EEA1 and syntaxin 13. Cell 98:377-386.

McCaffrey, M.W., A. Bielli, G. Cantalupo, S. Mora, V. Roberti, M. Santillo, 
F.Drummond, and C.Bucci. 2001. Rab4 affects both recycling and degradative 
endosomal trafficking. FEBS Lett. 495:21-30.

Menasche, G., C.H. Ho, O. Sanal, J. Feldmann, I. Tezcan, F. Ersoy, A. Houdusse, 
A. Fischer, and B.G. de Saint. 2003. Griscelli syndrome restricted to 
hypopigmentation results from a melanophilin defect (GS3) or a MYO5A F-exon 
deletion (GS1). J. Clin. Invest 112:450-456.

Menasche, G., E. Pastural, J. Feldmann, S. Certain, F. Ersoy, S. Dupuis, N. Wulffraat, D. 
Bianchi, A. Fischer, F. Le Deist, and B.G. de Saint. 2000. Mutations in RAB27A 
cause Griscelli syndrome associated with haemophagocytic syndrome. Nat. 
Genet. 25:173-176.



111

Meresse, S., J.P. Gorvel, and P. Chavrier. 1995. The rab7 GTPase resides on a vesicular 
compartment connected to lysosomes. J. Cell Sci. 108 ( Pt 11):3349-3358.

Meresse, S., O. Steele-Mortimer, B.B. Finlay, and J.P. Gorvel. 1999. The rab7 GTPase 
controls the maturation of Salmonella typhimurium-containing vacuoles in HeLa 
cells. EMBO J. 18:4394-4403.

Merithew, E., C. Stone, S. Eathiraj, and D.G. Lambright. 2003. Determinants of Rab5 
interaction with the n terminus of early endosome antigen 1. J. Biol. Chem. 
278:8494-8500.

Miaczynska, M., S. Christoforidis, A. Giner, A. Shevchenko, S. Uttenweiler-Joseph, B. 
Habermann, M. Wilm, R.G. Parton, and M. Zerial. 2004. APPL proteins link Rab5 
to nuclear signal transduction via an endosomal compartment. Cell 116:445-456.

Moore, R.H., E.E. Millman, E. Alpizar-Foster, W. Dai, and B.J. Knoll. 2004. Rab11 
regulates the recycling and lysosome targeting of beta2-adrenergic receptors. J. 
Cell Sci. 117:3107-3117.

Mora, S., I. Monden, A. Zorzano, and K. Keller. 1997. Heterologous expression of rab4 
reduces glucose transport and GLUT4 abundance at the cell surface in oocytes. 
Biochem. J. 324 ( Pt 2):455-459.

Mousavi, S.A., L. Malerod, T. Berg, and R. Kjeken. 2004. Clathrin-dependent 
endocytosis. Biochem. J. 377:1-16.

Moya, M., D. Roberts, and P. Novick. 1993. DSS4-1 is a dominant suppressor of sec4-
8 that encodes a nucleotide exchange protein that aids Sec4p function. Nature 
361:460-463.

Mu, F.T., J.M. Callaghan, O. Steele-Mortimer, H. Stenmark, R.G. Parton, P.L. Campbell, 
J. McCluskey, J.P. Yeo, E.P. Tock, and B.H. Toh. 1995. EEA1, an early endosome-
associated protein. EEA1 is a conserved alpha-helical peripheral membrane 
protein flanked by cysteine “fingers” and contains a calmodulin-binding IQ motif. 
J. Biol. Chem. 270:13503-13511.



112

Mukherjee, K., S. Parashuraman, G. Krishnamurthy, J. Majumdar, A. Yadav, R. Kumar, 
S.K.Basu, and A.Mukhopadhyay. 2002. Diverting intracellular trafficking of 
Salmonella to the lysosome through activation of the late endocytic Rab7 by 
intracellular delivery of muramyl dipeptide. J. Cell Sci. 115:3693-3701.

Mullen, R.J., C.R. Buck, and A.M. Smith. 1992. NeuN, a neuronal specific nuclear 
protein in vertebrates. Development 116:201-211.

Muller-Pillasch, F., F. Zimmerhackl, U. Lacher, H. Hameister, G. Varga, H. Friess, M. 
Buchler, G. Adler, and T.M. Gress. 1997. Cloning of novel transcripts of the 
human guanine-nucleotide-exchange factor mss4, in-situ chromosomal mapping 
and its expression in pancreatic cancer. Gastroenterology 112:A621.

Nagata, K., T.Suzuki, Y. Okano, M. Hamaguchi, and Y. Nozawa. 1992. Characterization 
of a Gly19-->Val mutant of ram p25, a low Mr GTP-binding protein: loss of GTP/
GDP-binding activity in the mutated ram p25. Biochem. Biophys. Res. Commun. 
189:330-335.

Naslavsky, N., M. Boehm, P.S. Backlund, Jr., and S. Caplan. 2004a. Rabenosyn-5 
and EHD1 interact and sequentially regulate protein recycling to the plasma 
membrane. Mol. Biol. Cell 15:2410-2422.

Naslavsky, N., R. Weigert, and J.G. Donaldson. 2003. Convergence of non-clathrin- 
and clathrin-derived endosomes involves Arf6 inactivation and changes in 
phosphoinositides. Mol. Biol. Cell 14:417-431.

Naslavsky, N., R. Weigert, and J.G. Donaldson. 2004b. Characterization of a Non-
Clathrin Endocytic Pathway: Membrane Cargo and Lipid Requirements. Mol. 
Biol. Cell.

Nichols, B.J. and J. Lippincott-Schwartz. 2001. Endocytosis without clathrin coats. 
Trends Cell Biol. 11:406-412.

Nielsen, E., S. Christoforidis, S. Uttenweiler-Joseph, M. Miaczynska, F. Dewitte, M. 



113

Wilm, B. Hoflack, and M. Zerial. 2000. Rabenosyn-5, a novel Rab5 effector, is 
complexed with hVPS45 and recruited to endosomes through a FYVE finger 
domain. J. Cell Biol. 151:601-612.

Nielsen, E., F. Severin, J.M. Backer, A.A. Hyman, and M. Zerial. 1999. Rab5 regulates 
motility of early endosomes on microtubules. Nat. Cell Biol. 1:376-382.

Nimmrich, I., S. Erdmann, U. Melchers, U. Finke, S. Hentsch, M.P. Moyer, I. Hoffmann, 
and O. Muller. 2000. Seven genes that are differentially transcribed in colorectal 
tumor cell lines. Cancer Lett. 160:37-43.

Nonet, M.L., K. Grundahl, B.J. Meyer, and J.B. Rand. 1993. Synaptic function is 
impaired but not eliminated in C. elegans mutants lacking synaptotagmin. Cell 
73:1291-1305.

Nuoffer, C., S.K. Wu, C. Dascher, and W.E. Balch. 1997. MSS4 does not function as an 
exchange factor for Rab in endoplasmic reticulum to Golgi transport. Mol. Biol. 
Cell 8:1305-1316.

Ohya, T., T. Sasaki, M. Kato, and Y. Takai. 1998. Involvement of Rabphilin3 in 
endocytosis through interaction with Rabaptin5. J. Biol. Chem. 273:613-617.

Olkkonen, V.M. and H. Stenmark. 1997. Role of Rab GTPases in membrane traffic. Int. 
Rev. Cytol. 176:1-85.

Owen, D.J. 2004. Linking endocytic cargo to clathrin: structural and functional insights 
into coated vesicle formation. Biochem. Soc. Trans. 32:1-14.

Owen, D.J., B.M. Collins, and P.R. Evans. 2004. Adaptors for clathrin coats: Structure 
and function. Annu. Rev. Cell Dev. Biol. 20:153-191.

Pagano, A., P. Crottet, C. Prescianotto-Baschong, and M. Spiess. 2004. In vitro formation 
of recycling vesicles from endosomes requires adaptor protein-1/clathrin and is 
regulated by rab4 and the connector rabaptin-5. Mol. Biol. Cell 15:4990-5000.



114

Park, M., E.C. Penick, J.G. Edwards, J.A. Kauer, and M.D. Ehlers. 2004. Recycling 
endosomes supply AMPA receptors for LTP. Science 305:1972-1975.

Peden, A.A., E. Schonteich, J. Chun, J.R. Junutula, R.H. Scheller, and R. Prekeris. 2004. 
The RCP-Rab11 Complex Regulates Endocytic Protein Sorting. Mol. Biol. Cell 
15:3530-3541.

Pelkmans, L. and A. Helenius. 2003. Insider information: what viruses tell us about 
endocytosis. Curr. Opin. Cell Biol. 15:414-422.

Peter, M., P. Chavrier, E.A. Nigg, and M. Zerial. 1992. Isoprenylation of rab proteins on 
structurally distinct cysteine motifs. J. Cell Sci. 102 ( Pt 4):857-865.

Petiot, A., J. Faure, H. Stenmark, and J. Gruenberg. 2003. PI3P signaling regulates 
receptor sorting but not transport in the endosomal pathway. J. Cell Biol. 162:971-
979.

Pfeffer, S. and D. Aivazian. 2004. Targeting RAB GTPases to distinct membrane 
compartments. Nat. Rev. Mol. Cell Biol. 5:886-896.

Pfeffer, S.R. 2001. Rab GTPases: specifying and deciphering organelle identity and 
function. Trends Cell Biol. 11:487-491.

Polo, S., S. Pece, and P.P. Di Fiore. 2004. Endocytosis and cancer. Curr. Opin. Cell Biol. 
16:156-161.

Popov, V.L., X.J. Yu, and D.H. Walker. 2000. The 120 kDa outer membrane protein 
of Ehrlichia chaffeensis: Preferential expression on dense-core cells and gene 
expression in Escherichia coli associated with attachment and entry. Microb. 
Pathog. 28:71-80.

Powelka, A.M., J. Sun, J. Li, M. Gao, L.M. Shaw, A. Sonnenberg, and V.W.Hsu. 2004. 
Stimulation-dependent recycling of integrin beta1 regulated by ARF6 and Rab11. 
Traffic 5:20-36.



115

Prekeris, R. 2003. Rabs, Rips, FIPs, and endocytic membrane traffic. Sci World J. 3:870-
880.

Prekeris, R., J.M. Davies, and R.H. Scheller. 2001. Identification of a novel Rab11/25 
binding domain present in Eferin and Rip proteins. J. Biol. Chem. 276:38966-
38970.

Prekeris, R., J. Klumperman, Y.A. Chen, and R.H. Scheller. 1998. Syntaxin 13 mediates 
cycling of plasma membrane proteins via tubulovesicular recycling endosomes. J. 
Cell Biol. 143:957-971.

Prekeris, R., J. Klumperman, and R.H. Scheller. 2000. A Rab11/Rip11 protein complex 
regulates apical membrane trafficking via recycling endosomes. Mol. Cell 6:1437-
1448.

Radhakrishna, H. and J.G. Donaldson. 1996. Changes in cortical actin affect the cycling 
of ARF6 between the plasma membrane and a tubular endosomal compartment: 
Evidence for ARF6 regulation of a novel PM recycling compartment. Mol. Biol. 
Cell 7:2639.

Radhakrishna, H. and J.G. Donaldson. 1997. ADP-ribosylation factor 6 regulates a novel 
plasma membrane recycling pathway. J. Cell Biol. 139:49-61.

Raiborg, C., K.G. Bache, A. Mehlum, E. Stang, and H. Stenmark. 2001a. Hrs recruits 
clathrin to early endosomes. EMBO J. 20:5008-5021.

Raiborg, C., K.G. Bache, A. Mehlum, and H. Stenmark. 2001b. Function of Hrs in 
endocytic trafficking and signalling. Biochem. Soc. Trans. 29:472-475.

Raiborg, C., B. Bremnes, A. Mehlum, D.J. Gillooly, A. D’Arrigo, E. Stang, and H. 
Stenmark. 2001c. FYVE and coiled-coil domains determine the specific 
localisation of Hrs to early endosomes. J. Cell Sci. 114:2255-2263.

Rak, A., O. Pylypenko, A. Niculae, K. Pyatkov, R.S. Goody, and K. Alexandrov. 2004. 
Structure of the Rab7:REP-1 complex: insights into the mechanism of Rab 
prenylation and choroideremia disease. Cell 117:749-760.



116

Ramalho, J.S., C. Huxley, and M.C. Seabra. 1999. The role of Rab27a in the pathogenesis 
of choroideremia: Generation of transgenic mice expressing dominant-negative 
mutants of Rab27a. Invest. Ophthalmol. Vis. Sci. 40:S473.

Ray, G.S., J.R. Lee, K. Nwokeji, L.R. Mills, and J.R. Goldenring. 1997. Increased 
immunoreactivity for Rab11, a small GTP-binding protein, in low-grade 
dysplastic Barrett’s epithelia. Lab Invest 77:503-511.

Reist, N.E., J. Buchanan, J. Li, A. DiAntonio, E.M. Buxton, and T.L. Schwarz. 1998. 
Morphologically docked synaptic vesicles are reduced in synaptotagmin mutants 
of Drosophila. J. Neurosci. 18:7662-7673.

Riggs, B., W. Rothwell, S. Mische, G.R. Hickson, J. Matheson, T.S. Hays, G.W. Gould, 
and W. Sullivan. 2003. Actin cytoskeleton remodeling during early Drosophila 
furrow formation requires recycling endosomal components Nuclear-fallout and 
Rab11. J. Cell Biol. 163:143-154.

Ringstad, N., H. Gad, P. Low, G. Di Paolo, L. Brodin, O. Shupliakov, and P. De Camilli. 
1999. Endophilin/SH3p4 is required for the transition from early to late stages in 
clathrin-mediated synaptic vesicle endocytosis. Neuron 24:143-154.

Rogaia, D., F. Grignani, R. Carbone, D. Riganelli, F. LoCoco, T. Nakamura, C.M. Croce, 
P. Di Fiore, and P.G. Pelicci. 1997. The localization of the HRX/ALL1 protein 
to specific nuclear subdomains is altered by fusion with its eps15 translocation 
partner. Cancer Res. 57:799-802.

Ross, T.S. and D.G. Gilliland. 1999. Transforming properties of the Huntingtin 
interacting protein 1/ platelet-derived growth factor beta receptor fusion protein. 
J. Biol. Chem. 274:22328-22336.

Rybin, V., O. Ullrich, M. Rubino, K. Alexandrov, I. Simon, M.C. Seabra, R. Goody, and 
M. Zerial. 1996. GTPase activity of Rab5 acts as a timer for endocytic membrane 
fusion. Nature 383:266-269.

Schluter, O.M., E. Schnell, M. Verhage, T. Tzonopoulos, R.A. Nicoll, R. Janz, R.C. 
Malenka, M. Geppert, and T.C. Sudhof. 1999. Rabphilin knock-out mice reveal 



117

that rabphilin is not required for rab3 function in regulating neurotransmitter 
release. J. Neurosci. 19:5834-5846.

Schmid, S.L., R. Fuchs, P. Male, and I. Mellman. 1988. Two distinct subpopulations of 
endosomes involved in membrane recycling and transport to lysosomes. Cell 
52:73-83.

Schmidt, A., M.J. Hannah, and W.B. Huttner. 1997. Synaptic-like microvesicles of 
neuroendocrine cells originate from a novel compartment that is continuous with 
the plasma membrane and devoid of transferrin receptor. J. Cell Biol. 137:445-
458.

Seabra, M.C. 1998. Membrane association and targeting of prenylated Ras-like GTPases. 
Cell Signal 10:167-172.

Seabra, M.C., J.L. Goldstein, T.C. Sudhof, and M.S. Brown. 1992. Rab geranylgeranyl 
transferase. A multisubunit enzyme that prenylates GTP-binding proteins 
terminating in Cys-X-Cys or Cys-Cys. J. Biol. Chem. 267:14497-14503.

Seabra, M.C., E.H. Mules, and A.N. Hume. 2002. Rab GTPases, intracellular traffic and 
disease. Trends Mol. Med. 8:23-30.

Seabra, M.C. and C. Wasmeier. 2004. Controlling the location and activation of Rab 
GTPases. Curr. Opin. Cell Biol. 16:451-457.

Segev, N. 2001a. Ypt and Rab GTPases: insight into functions through novel interactions. 
Curr. Opin. Cell Biol. 13:500-511.

Segev, N. 2001b. Ypt/rab gtpases: regulators of protein trafficking. Sci. STKE. 2001:
RE11.

Sever, S., H. Damke, and S.L. Schmid. 2000. Garrotes, springs, ratchets, and whips: 
putting dynamin models to the test. Traffic 1:385-392.

Shapiro, A.D., M.A. Riederer, and S.R. Pfeffer. 1993. Biochemical analysis of rab9, a ras-



118

like GTPase involved in protein transport from late endosomes to the trans Golgi 
network. J. Biol. Chem. 268:6925-6931.

Sheela, S.R., M. Latha, and S.J. Injody. 2004. Griscelli syndrome: Rab 27a mutation. 
Indian Pediatr. 41:944-947.

Sheff, D., L. Pelletier, C.B. O’Connell, G. Warren, and I. Mellman. 2002. Transferrin 
receptor recycling in the absence of perinuclear recycling endosomes. J. Cell Biol. 
156:797-804.

Sheff, D.R., E.A. Daro, M. Hull, and I. Mellman. 1999. The receptor recycling pathway 
contains two distinct populations of early endosomes with different sorting 
functions. J. Cell Biol. 145:123-139.

Sheng, M. and S.H. Lee. 2001. AMPA receptor trafficking and the control of synaptic 
transmission. Cell 105:825-828.

Simonsen, A., J.M. Gaullier, A. D’Arrigo, and H. Stenmark. 1999. The Rab5 effector 
EEA1 interacts directly with syntaxin-6. J. Biol. Chem. 274:28857-28860.

Simonsen, A., R. Lippe, S. Christoforidis, J.M. Gaullier, A. Brech, J. Callaghan, B.H. 
Toh, C. Murphy, M. Zerial, and H. Stenmark. 1998. EEA1 links PI(3)K function 
to Rab5 regulation of endosome fusion. Nature 394:494-498.

Sivars, U., D. Aivazian, and S.R. Pfeffer. 2003. Yip3 catalyses the dissociation of 
endosomal Rab-GDI complexes. Nature 425:856-859.

Smart, E.J. and R.G. Anderson. 2002. Alterations in membrane cholesterol that affect 
structure and function of caveolae. Methods Enzymol. 353:131-139.

Soldati, T., C. Rancano, H. Geissler, and S.R. Pfeffer. 1995. Rab7 and Rab9 are recruited 
onto late endosomes by biochemically distinguishable processes. J. Biol. Chem. 
270:25541-25548.

Soldati, T., M.A. Riederer, and S.R. Pfeffer. 1993. Rab GDI: a solubilizing and recycling 



119

factor for rab9 protein. Mol. Biol. Cell 4:425-434.

Somsel, R.J. and A. Wandinger-Ness. 2000. Rab GTPases coordinate endocytosis. J. Cell 
Sci. 113 Pt 2:183-192.

Sonnichsen, B., S. De Renzis, E. Nielsen, J. Rietdorf, and M. Zerial. 2000. Distinct 
membrane domains on endosomes in the recycling pathway visualized by 
multicolor imaging of Rab4, Rab5 and Rab11. J. Cell Biol. 149:901-913.

Sorkin, A. 2004. Cargo recognition during clathrin-mediated endocytosis: a team effort. 
Curr. Opin. Cell Biol. 16:392-399.

Sorkin, A., E. Kornilova, L. Teslenko, A. Sorokin, and N. Nikolsky. 1989. Recycling of 
epidermal growth factor-receptor complexes in A431 cells. Biochim. Biophys. 
Acta 1011:88-96.

Stahl, P.D. and M.A. Barbieri. 2002. Multivesicular bodies and multivesicular 
endosomes: the “ins and outs” of endosomal traffic. Sci. STKE. 2002:E32.

Starr, C.J., J.A. Kappler, D.K. Chan, R. Kollmar, and A.J. Hudspeth. 2004. Mutation of 
the zebrafish choroideremia gene encoding Rab escort protein 1 devastates hair 
cells. Proc. Natl. Acad. Sci. U. S A 101:2572-2577.

Stein, B.S. and H.H. Sussman. 1986. Demonstration of two distinct transferrin receptor 
recycling pathways and transferrin-independent receptor internalization in K562 
cells. J. Biol. Chem. 261:10319-10331.

Stein, M.P., J. Dong, and A. Wandinger-Ness. 2003. Rab proteins and endocytic 
trafficking: potential targets for therapeutic intervention. Adv. Drug Deliv. Rev. 
55:1421-1437.

Stenmark, H., R.G. Parton, O. Steele-Mortimer, A. Lutcke, J. Gruenberg, and M. 
Zerial. 1994a. Inhibition of rab5 GTPase activity stimulates membrane fusion in 
endocytosis. EMBO J. 13:1287-1296.



120

Stenmark, H., A.Valencia, O. Martinez, O. Ullrich, B. Goud, and M. Zerial. 1994b. 
Distinct structural elements of rab5 define its functional specificity. EMBO J. 
13:575-583.

Stenmark, H., G. Vitale, O. Ullrich, and M. Zerial. 1995. Rabaptin-5 Is A Direct Effector 
of the Small Gtpase Rab5 in Endocytic Membrane-Fusion. Cell 83:423-432.

Strick, D.J., D.M. Francescutti, Y. Zhao, and L.A. Elferink. 2002. Mammalian suppressor 
of Sec4 modulates the inhibitory effect of Rab15 during early endocytosis. J. Biol. 
Chem. 277:32722-32729.

Stroupe, C. and A.T. Brunger. 2000. Crystal structures of a Rab protein in its inactive and 
active conformations. J. Mol. Biol. 304:585-598.

Szekeres, P.G., J.A. Koenig, and J.M. Edwardson. 1998a. Involvement of receptor 
cycling and receptor reserve in resensitization of muscarinic responses in SH-
SY5Y human neuroblastoma cells. J. Neurochem. 70:1694-1703.

Szekeres, P.G., J.A. Koenig, and J.M. Edwardson. 1998b. The relationship between 
agonist intrinsic activity and the rate of endocytosis of muscarinic receptors in a 
human neuroblastoma cell line. Mol. Pharmacol. 53:759-765.

Takai, Y., K. Kaibuchi, A. Kikuchi, T. Sasaki, and H. Shirataki. 1993. Regulators of small 
GTPases. Ciba Found. Symp. 176:128-138.

Takai, Y., T. Sasaki, and T. Matozaki. 2001. Small GTP-binding proteins. Physiol. Rev. 
81:153-208.

Tall, G.G., M.A. Barbieri, P.D. Stahl, and B.F. Horazdovsky. 2001. Ras-activated 
endocytosis is mediated by the Rab5 guanine nucleotide exchange activity of 
RIN1. Dev. Cell 1:73-82.

Torrisi, M.R., L.V. Lotti, F. Belleudi, R. Gradini, A.E. Salcini, S. Confalonieri, P.G. 
Pelicci, and P. Di Fiore. 1999. Eps15 is recruited to the plasma membrane upon 
epidermal growth factor receptor activation and localizes to components of the 



121

endocytic pathway during receptor internalization. Mol. Biol. Cell 10:417-434.

Tran, D.D., H.R. Russell, S.L. Sutor, J. van Deursen, and R.J. Bram. 2003. CAML is 
required for efficient EGF receptor recycling. Dev. Cell 5:245-256.

Trischler, M., W. Stoorvogel, and O. Ullrich. 1999. Biochemical analysis of distinct 
Rab5- and Rab11-positive endosomes along the transferrin pathway. J. Cell Sci. 
112 ( Pt 24):4773-4783.

Ullrich, O., H. Horiuchi, C. Bucci, and M. Zerial. 1994. Membrane Association of Rab5 
Mediated by Gdp-Dissociation Inhibitor and Accompanied by Gdp/Gtp Exchange. 
Nature 368:157-160.

Ullrich, O., S.Reinsch, S. Urbe, M. Zerial, and R.G. Parton. 1996. Rab11 regulates 
recycling through the pericentriolar recycling endosome. J. Cell Biol. 135:913-
924.

Ungewickell, E. 1983. Biochemical and Immunological Studies on Clathrin Light-Chains 
and Their Binding-Sites on Clathrin Triskelions. EMBO J. 2:1401-1408.

Ungewickell, E. and D. Branton. 1981. Assembly Units of Clathrin Coats. Nature 
289:420-422.

Uphues, I., T. Kolter, B. Goud, and J. Eckel. 1994. Insulin-induced translocation of 
the glucose transporter GLUT4 in cardiac muscle: studies on the role of small-
molecular-mass GTP-binding proteins. Biochem. J. 301 ( Pt 1):177-182.

Urbe, S., L.A. Huber, M. Zerial, S.A. Tooze, and R.G. Parton. 1993. Rab11, A Small 
Gtpase Associated with Both Constitutive and Regulated Secretory Pathways in 
Pc12-Cells. FEBS Lett. 334:175-182.

Valsdottir, R., H. Hashimoto, K. Ashman, T. Koda, B. Storrie, and T. Nilsson. 2001. 
Identification of rabaptin-5, rabex-5, and GM130 as putative effectors of rab33b, 
a regulator of retrograde traffic between the Golgi apparatus and ER. FEBS Lett. 
508:201-209.



122

van den Hurk, J.A., W.Hendriks, D.J. van de Pol, F. Oerlemans, G. Jaissle, K. Ruther, 
K. Kohler, J. Hartmann, E. Zrenner, H. van Bokhoven, B. Wieringa, H.H. 
Ropers, and F.P. Cremers. 1997a. Mouse choroideremia gene mutation causes 
photoreceptor cell degeneration and is not transmitted through the female 
germline. Hum. Mol. Genet. 6:851-858.

van den Hurk, J.A., M. Schwartz, H. Van Bokhoven, T.J. van de Pol, L. Bogerd, A.J. 
Pinckers, E.M. Bleeker-Wagemakers, I.H. Pawlowitzki, K. Ruther, H.H. Ropers, 
and F.P. Cremers. 1997b. Molecular basis of choroideremia (CHM): mutations 
involving the Rab escort protein-1 (REP-1) gene. Hum. Mutat. 9:110-117.

van der Bliek, A.M. and E.M.Meyerowitz. 1991. Dynamin-like protein encoded by the 
Drosophila shibire gene associated with vesicular traffic. Nature 351:411-414.

van der Bliek, A.M., T.E. Redelmeier, H. Damke, E.J. Tisdale, E.M. Meyerowitz, and 
S.L. Schmid. 1993. Mutations in human dynamin block an intermediate stage in 
coated vesicle formation. J. Cell Biol. 122:553-563.

van der Sluijs, P., M. Hull, P. Webster, P. Male, B. Goud, and I. Mellman. 1992. The 
small GTP-binding protein rab4 controls an early sorting event on the endocytic 
pathway. Cell 70:729-740.

van der Sluijs, P., M. Hull, A. Zahraoui, A. Tavitian, B. Goud, and I. Mellman. 1991. The 
small GTP-binding protein rab4 is associated with early endosomes. Proc. Natl. 
Acad. Sci. U. S. A 88:6313-6317.

van der Sluijs, P., K. Mohrmann, M. Deneka, and M. Jongeneelen. 2001. Expression and 
properties of Rab4 and its effector rabaptin-4 in endocytic recycling. Methods 
Enzymol. 329:111-119.

Vargas, G.A. and M. Von Zastrow. 2004. Identification of a novel endocytic recycling 
signal in the D1 dopamine receptor. J. Biol. Chem. 279:37461-37469.

Verhoeven, K., P. De Jonghe, K. Coen, N. Verpoorten, M. Auer-Grumbach, J.M. Kwon, 
D. FitzPatrick, E.S chmedding, E. De Vriendt, A. Jacobs, G. Van, V, K.Wagner, 
H.P. Hartung, and V. Timmerman. 2003. Mutations in the small GTP-ase late 



123

endosomal protein RAB7 cause Charcot-Marie-Tooth type 2B neuropathy. Am. J. 
Hum. Genet. 72:722-727.

Vickery, R.G. and M. Von Zastrow. 1999. Distinct dynamin-dependent and -independent 
mechanisms target structurally homologous dopamine receptors to different 
endocytic membranes. J. Cell Biol. 144:31-43.

Vitale, G., V.Rybin, S. Christoforidis, P. Thornqvist, M. McCaffrey, H. Stenmark, and M. 
Zerial. 1998. Distinct Rab-binding domains mediate the interaction of Rabaptin-5 
with GTP-bound Rab4 and Rab5. EMBO J. 17:1941-1951.

Vitelli, R., M. Santillo, D. Lattero, M. Chiariello, M. Bifulco, C.B. Bruni, and C. Bucci. 
1997. Role of the small GTPase Rab7 in the late endocytic pathway. J. Biol. 
Chem. 272:4391-4397.

Volpicelli, L.A., J.J. Lah, G. Fang, J.R. Goldenring, and A.I. Levey. 2002. Rab11a and 
myosin Vb regulate recycling of the M4 muscarinic acetylcholine receptor. J. 
Neurosci. 22:9776-9784.

Wallace, D.M., A.J. Lindsay, A.G. Hendrick, and M.W. McCaffrey. 2002. Rab11-
FIP4 interacts with Rab11 in a GTP-dependent manner and its overexpression 
condenses the Rab11 positive compartment in HeLa cells. Biochem. Biophys. Res. 
Commun. 299:770-779.

Warnock, D.E. and S.L. Schmid. 1996. Dynamin GTPase, a force-generating molecular 
switch. Bioessays 18:885-893.

Watson, H.A., M. Von Zastrow, and B. Wendland. 2004. Endocytosis. Wiley-VCH, 1-47.

Wilson, B.S., C. Nuoffer, J.L. Meinkoth, M. McCaffery, J.R. Feramisco, W.E. Balch, 
and M.G. Farquhar. 1994. A Rab1 mutant affecting guanine nucleotide exchange 
promotes disassembly of the Golgi apparatus. J. Cell Biol. 125:557-571.

Wilson, S.M., R. Yip, D.A. Swing, T.N. O’Sullivan, Y. Zhang, E.K. Novak, R.T. Swank, 
L.B. Russell, N.G. Copeland, and N.A. Jenkins. 2000. A mutation in Rab27a 



124

causes the vesicle transport defects observed in ashen mice. Proc. Natl. Acad. Sci. 
U. S A 97:7933-7938.

Wu, W.J., S. Tu, and R.A. Cerione. 2003. Activated Cdc42 sequesters c-Cbl and prevents 
EGF receptor degradation. Cell 114:715-725.

Xiao, G.H., F. Shoarinejad, F. Jin, E.A. Golemis, and R.S. Yeung. 1997. The tuberous 
sclerosis 2 gene product, tuberin, functions as a Rab5 GTPase activating protein 
(GAP) in modulating endocytosis. J. Biol. Chem. 272:6097-6100.

Yamazaki, T., K. Zaal, D. Hailey, J. Presley, J. Lippincott-Schwartz, and L.E. Samelson. 
2002. Role of Grb2 in EGF-stimulated EGFR internalization. J. Cell Sci. 
115:1791-1802.

Yan, Q., W. Sun, J.A. McNew, T.A. Vida, and A.J. Bean. 2004. Ca2+ and N-
ethylmaleimide-sensitive factor differentially regulate disassembly of SNARE 
complexes on early endosomes. J. Biol. Chem. 279:18270-18276.

Yu, H. and S.L. Schreiber. 1995. Structure of guanine-nucleotide-exchange factor human 
Mss4 and identification of its Rab-interacting surface. Nature 376:788-791.

Zerial, M. and H. McBride. 2001. Rab proteins as membrane organizers. Nat. Rev. Mol. 
Cell Biol. 2:107-117.

Zhang, Q., J. Calafat, H. Janssen, and S. Greenberg. 1999. ARF6 is required for growth 
factor- and rac-mediated membrane ruffling in macrophages at a stage distal to rac 
membrane targeting. Mol. Cell Biol. 19:8158-8168.

Zheng, J.Y., T.Koda, T.Fujiwara, M.Kishi, Y.Ikehara, and M.Kakinuma. 1998. A novel 
Rab GTPase, Rab33B, is ubiquitously expressed and localized to the medial Golgi 
cisternae. J. Cell Sci. 111 ( Pt 8):1061-1069.

Zhong, Q., C.S. Lazar, H. Tronchere, T. Sato, T. Meerloo, M. Yeo, Z. Songyang, S.D. 
Emr, and G.N. Gill. 2002. Endosomal localization and function of sorting nexin 1. 
Proc. Natl. Acad. Sci. U. S A 99:6767-6772.



125

Zhu, G., P. Zhai, J. Liu, S. Terzyan, G. Li, and X.C. Zhang. 2004. Structural basis of 
Rab5-Rabaptin5 interaction in endocytosis. Nat. Struct. Mol. Biol. 11:975-983.

Zhu, Z., A. Delprato, E. Merithew, and D.G. Lambright. 2001a. Determinants of the 
broad recognition of exocytic Rab GTPases by Mss4. Biochemistry 40:15699-
15706.

Zhu, Z., J.J. Dumas, S.E. Lietzke, and D.G. Lambright. 2001b. A helical turn motif in 
Mss4 is a critical determinant of Rab binding and nucleotide release. Biochemistry 
40:3027-3036.

Zuk, P.A. and L.A. Elferink. 1999. Rab15 mediates an early endocytic event in Chinese 
hamster ovary cells. J. Biol. Chem. 274:22303-22312.

Zuk, P.A. and L.A. Elferink. 2000. Rab15 differentially regulates early endocytic 
trafficking. J. Biol. Chem. 275:26754-26764.



VITA

David Jay Strick was born to parents Richard and Linda Strick in Grand Rapids, Michigan 
on August 10th, 1975.  He attended Hudsonville High School and subsequently Grand 
Valley State University, graduating with Bachelor of Science in Biology in 1998.  In 1999, 
David started graduate school in the Department of Biological Sciences at Wayne State 
University in Detroit, Michigan.  While there he joined the laboratory of Dr. Lisa A. Elf-
erink to explore regulatory mechanisms that control endocytic trafficking.  David subse-
quently moved to The University of Texas Medical Branch at Galveston in 2001 where 
he transferred into the Cell Biology Graduate Program and continued his studies with Dr. 
Elferink in the Department of Neuroscience and Cell Biology.  While at graduate school, 
David received several honors.  In 1999, David was awarded the Thomas C. Rumble Fel-
lowship from Wayne State University and the Who’s Who Among American Colleges and 
Universities award from UTMB in 2004.  Furthermore, David was invited to present his 
research at the St. Jude Children’s Research Hospital Graduate Student Research Sympo-
sium in March of 2003.

David gained significant teaching experience while at Wayne State University, serving as 
Teaching Assistant for a senior level Genetics course and has helped to mentor numerous 
rotation students in the Elferink Lab.  

David can be contacted through his parents at 3355 40th Ave., Hudsonville, MI 49426.

Education

B.S. Biology, December 1998, Grand Valley State University, Allendale, Michigan

Publications

Strick, D.J., D. M. Francescutti, Y. Zhao, and L. A. Elferink. 2002. Mammalian suppres-
sor of sec4 modulates the inhibitory effect of rab15 during early endocytosis. J. 
Biol. Chem. 277:  32722-32729.

Strick, D.J., V.L. Popov, and L.A. Elferink.  2005.  Rab15 Effector Protein:  A novel 
protein for receptor recycling from pericentriolar recycling endosomes. Mol. Biol. 
Cell.  Submitted.

Abstracts

Zuk, P.A., Strick, D.J., Lepeak, W., and Elferink, L.A.  2000.  Rab15 – A novel regulator 
of Early Endocytosis.  Wayne State University, Department of Biological Sciences 



1st Annual Student Research Day.  

Strick, D.J., Francescutti-Verbeem, D.M., Zuk, P.A., and Elferink, L.A.  2001.  Rab15 
interacts with the guanine nucleotide exchange factor Mss4.  2nd Biennial Cell 
Biology Forum, The University of Texas Medical Branch, Galveston, Texas.

Strick, D. J., Francescutti-Verbeem, D.M. Zhao, Y. and Elferink, L.A.  2002.  Mammalian 
suppressor of sec4 modulates the inhibitory effect of rab15 during early 
endocytosis.  Abstracts for American Society of Cell Biology.  Mol. Cell Biol.  
Suppl. Vol 13, pg 363a.

Strick, D. J., and Elferink, L.A.  2003 Mammalian Suppressor Sec4, a modulator of 
Rab15 mediated early endocytosis.  2nd annual St. Judes Children’s Research 
Hospital Graduate Student Research Forum.  Memphis, TN.  

Strick, D.J., Francescutti-Verbeem, D.M., Zhao, Y. and Elferink, L.A.  2003 Mammalian 
suppressor of sec4 modulates the inhibitory effect of rab15 during early 
endocytosis.  National Science Research Forum.  Galveston, TX.

Strick, D.J. and L.A. Elferink.  2004.  Rab15 Effector Protein:  A novel protein for 
receptor recycling from the pericentriolar recycling endosome.  Gordon Research 
Conference – Lysosomes & Endocytosis, June 27th, 2004, Andover, NH.

  


	ACKNOWLEDGEMENTS
	ABSTRACT
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	CHAPTER 1:  THE MOLECULAR REGULATION OF ENDOCYTOSIS
	The Endocytic Pathway
	Clathrin-Coated Vesicle Endocytosis and the Classical Pathway
	Fusion and Sorting of Receptors within the Early Sorting Endosome
	Receptor Recycling
	 Clathrin-Independent Pathways and Internalization

	Endocytic trafficking And disease
	Pathogen Invasion
	Cancer
	Trafficking and Genetic Disease
	Choroideremia
	Familial Hypercholestoremia
	Griscelli Syndrome

	Endocytosis and Neuronal Function
	Charcot-Marie-Tooth Disease
	X-Linked Mental Retardation
	Parkinson’s Disease
	Role of Recycling in Long Term Potentiation and Synaptic Plasticity


	Rab GTPases - Regulators of Membrane Trafficking Events
	Rab GTPases - General Information
	The rab GTPase Cycle
	Endosomal Rab GTPases
	Rab5- Regulator of Endosome Fusion
	Rab4 - Regulator of Endocytic Recycling 
	Rab11 -Functions in Recycling from the Recycling Endosome
	Rab7 and Rab9 - regulators of the late endosome and degradation


	How does Rab15 affect endocytic trafficking?
	Identifcation and Characterization
	Rab15 - A novel Inhibitory GTPase localized to the Endocytic Pathway 
	Experimental Rationale and Hypothesis


	CHAPTER 2:  MAMMALIAN SUPPRESSOR OF SEC4 MODULATES THE INHIBITORY EFFECT OF RAB15 DURING EARLY ENDOCYTOSIS
	Introduction
	Materials and Methods
	Reagents and Plasmids
	Yeast Two-Hybrid Binding Assays 
	Cell Culture and Transfections
	Biochemical Pull Down Assays
	Functional Analysis of Rab15 and Mss4 interactions

	Results
	Does Rab15 bind Rab5 effectors? 
	Mss4 (Mammlian Suppressor of Sec4) Binds to GDP-bound Rab15.
	Identification of Mss4 binding sites on Rab15
	K48Q counters the inhibitory effect of Rab15 on early endocytosis 

	Discussion 

	CHAPTER 3:  RAB15 EFFECTOR PROTEIN: A NOVEL PROTEIN FOR RECEPTOR RECYCLING FROM PERICENTRIOLAR RECYCLING ENDOSOMES
	Introduction
	Materials and Methods
	Reagents and Plasmids 
	Cell Culture, Transfections, TfR trafficking Assays  
	Immunoelectron Microscopy
	Cell Surface Biotinylation
	TfR Recycling Assays 
	Tfn-ELISA Assays 
	Antibodies 
	Confocal Microscopy and Colocalization Studies 
	Membrane Fractionation Studies 

	Results
	REP15, a Novel Binding Partner for Rab15-GTP
	REP15 specifically binds GTP-bound Rab15
	REP15 localizes with Rab15-GTP on endosomal membranes
	REP15 regulates TfR recycling through the RE  

	Discussion

	CHAPTER 4:  A NOVEL NEURO-SPECIFIC RAB15 BINDING PROTEIN  
	Introduction
	Materials and Methods
	Reagents and Plasmids
	Yeast Two-Hybrid Binding Assays 
	Cell Culture and Transfections and Confocal microscopy
	Membrane Fractionation and GST-Pulldowns

	Results
	RBP15 binds to GTP-bound Rab15 
	RBP15 is expressed in Neural Cells
	RBP15 enlarges endocytic structures in HeLa cells

	Discussion

	CHAPTER 5:  GENERAL CONCLUSIONS AND FUTURE DIRECTIONS
	General Conclusions
	Future Directions
	Do Rab15 and Its Effectors Regulate Endocytosis of Different Receptors?
	Identification of Alternate Rab15 effectors
	Rab15 function in Neurons


	APPENDIX A:  PLASMID MAPS
	REFERENCES
	FIGURES
	Figure 1:  Clathrin-Mediated Receptor Endocytosis of the TfR.  
	Figure 2:  A, Rab protein domain structure and localization. 
	Figure 3:  The Rab GTPase Cycle. 
	Figure 4:  125I-Tfn  Internalization Controls. 
	Figure 5:  Bait and prey proteins are expressed in yeast 
	Figure 6:  Mss4 preferentially binds constitutively inactive Rab15 mutants, N121I and T22N. 
	Figure 7:  Yeast Two-hybrid interaction controls.  
	Figure 8:  Mss4-Rab15 interactions are guanine nucleotide dependent. 
	Figure 9:  K48Q abolishes the interaction between HArab15 and Mss4.
	Figure 10:  K48Q counters the inhibitory effect of wild type HArab15 on receptor-mediated endocytosi
	Figure 11:  Mss4 expression is unaltered in HeLa cells transfected with HArab15 wt and mutants.
	Figure 12:  HArab15-K46L increases the relative amount of surface TfR. 
	Figure 13:  K48Q counters the inhibitory effect of HArab15 on early endosome fusion in vitro.
	Figure 14:  REP15 binds to membranes. 
	Figure 15:  A, REP15 was coexpressed with wild type (wt)  Rab15 or the indicated mutants in a yeast 
	Figure 16:  REP15 localizes to EE membranes.
	Figure 17:  REP15 does not colocalize with early endosomal markers. 
	Figure 18:  REP15 binds to the Rab11 positive RE.  
	Figure 19:  Internalized TfR accumulates in cells over expressing REP15. 
	Figure 20. REP15 over expression delayed TfR recycling from the RE and not rapid TfR recycling from 
	Figure 21.  REP15 depletion by siRNA reduces TfR recycling from the RE. 
	Figure 22:  Putative cDNA Sequence of RBP15.
	Figure 23:  RBP15 binds to GTP-bound Rab15. 
	Figure 24:  RBP15 is expressed in Neural Tissue. 
	Figure 25:  RBP15 is expressed in neurons. 
	Figure 26:  RBP15 is expressed in the spinal cord and dorsal root ganglion. 
	Figure 27:  RBP15 colocalizes with Rab15 and enlarges endosomes in HeLa cells.

	TABLES
	Table 1:  Endosomal Rab Effectors
	Table 2:  Yeast two-hybrid Assay with Rab15 and selected Rab5 effectors


