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ARE Apical recycling endosome
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pIgR Polymeric immunoglobulin receptor
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Tf Transferrin
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Membrane transport 

General
An eukaryotic cell is separated from its extracellular environment by its plasma
membrane and is compartmentalized into membrane-bound organelles. The integri-
ty of these membranes is essential for cell life and differentiation. At the same time
transport of solutes and macromolecules across and between the membranes is nec-
essary. It is essential that a cell takes up nutrients from its environment across the
plasma membrane and that it can respond to exterior signals. Extracellular ligands
bind to their receptors at the plasma membrane and the receptor-ligand complexes
can be internalized. Internalization of molecules across the plasma membrane takes
place in a process called endocytosis.
Intracellular compartmentalization is necessary for separation of biochemical reac-
tions, but membrane constituents and cargo molecules need to be transported
between different organelles to reach their destination. After translation, transloca-
tion and modification newly synthesized glycoproteins are transported out of the
endoplasmic reticulum (ER) to the Golgi apparatus. After modification by Golgi
enzymes, glycoproteins are packed into transport vesicles and are targeted to their
final destination. To ensure the integrity of membranes, these events are highly reg-
ulated and controlled by several families of conserved proteins. Two of these fam-
ilies, the rab family and the family of Golgi-matrix proteins will be discussed in the
second part of this introduction. In the first part the general process of receptor-
mediated endocytosis, endocytosis in polarized cells and membrane transport in
mitotic cells will be discussed. 

Receptor-mediated endocytosis 
All eukaryotic cells internalize solutes and macromolecules from their environment
in a process known as endocytosis. One well studied pathway of the endocytosis is
the receptor mediated endocytosis. Ligands bind to specific receptor molecules on
the cell surface and move in the lateral plane of the membrane into clathrin coated
pits. Alternatively, ligand-receptor complexes are triggered to concentrate in
clathrin coated pits. Clathrin coated pits pinch off the plasma membrane to form
clathrin coated vesicles that rapidly loose their clathrin coat and fuse with early
endosomes. The internal milieu of the early endosome is mildly acidic pH (pH=6.2-
6.5) which causes dissociation of pH-sensitive receptor ligand complexes.
Receptors, such as the low density lipoprotein (LDL) receptor are usually recycled
back to the plasma membrane whereas ligands enter the degradative pathway to late
endosomes and lysosomes. Thus once internalized, the low internal pH of early
endosomes provides a mechanism to sort ligands from their receptors. Other ligands
remain bound to their receptor in early endosomes, e.g. endocytosed lysosomal
enzymes complexed to the cation independent mannose 6-phosphate receptor (CI-



12

Introduction 

C
ha

pt
er

 1

MPR) are transported from early endosomes to late endosomes. In the lumen of the
more acidic late endosome (pH=5.0-5.5), lysosomal enzymes dissociate from the
CI-MPR. The receptor is recycled to the trans Golgi network (TGN) and the ligand
is transported to lysosomes. 
Although the name early endosome implies it to be a single compartment, this clear-
ly is an oversimplification. This was initially demonstrated by Maxfield and
coworkers in Chinese hamster overy (CHO) cells using FITC-transferrin as endo-
cytic tracer (Yamashiro et al., 1984). They observed that transferrin is first trans-
ported from the cell surface to numerous small cytoplasmic structures. After 5 min,
FITC-transferrin begins to appear in crescent shaped organelles in the perinuclear
area. In these so-called sorting endosomes, Fe3+ dissociates from FITC-transferrin
and from here the tracer is transported to a paranuclear recycling endosome, a com-
pact discrete organelle juxtaposed to the nucleus. Thus the sorting endosome where
dissociation of ligand-receptor complexes occurs, is distinct from the paranuclear
recycling endosome. In this organelle intracellular FITC-transferrin accumulates
10-15 min after internalization before it is recycled back to the cell surface. In this
respect, the heterogeneity of the early endosome is analogous to that of the Golgi
complex where the different cisternae have distinct biochemical functions
(Mellman and Simons, 1992). The residence time of endocytosed transferrin is less
than 15 min as measured using biochemical assays in a variety of cell lines. This
means, that there is a short circuit pathway via which internalized transferrin is
recycled with faster kinetics than via the recycling compartment to the plasma
membrane. Recent work suggests a role for rab proteins in the formation of differ-
ent domains in endosomes. This will be discussed later (Sonnichsen et al., 2000).

Polarized transport
Spatial asymmetry or polarity is a property of almost all eukaryotic cells. In polar-
ized cells the plasma membrane is divided in two different domains, the apical and
the basolateral, separated by tight junctions. In vivo these membrane domains face
a different exterior environment, have different functions and differ in lipid and pro-
tein composition. In this respect, one of the best studied model systems is the
Madin-Darby Canine Kidney (MDCK) cell line. After biosynthesis there are two
basic pathways by which proteins and lipids reach the correct surface in polarized
cells. Newly synthesized plasma membrane proteins are sorted in the Trans-Golgi
network (TGN) and then directly transported to the apical or the basolateral surface,
as is the default pathway in MDCK cells. Alternatively, proteins are sorted in the
TGN first to one, usually basolateral, side, internalized and delivered to the early
endosomes. From the early endosomes proteins can be recycled to the same surface
or transported to the opposite surface in a process called transcytosis. This indirect
route is mainly used in hepatocytes. A combination of both pathways is also possi-
ble. For targeting to the basolateral surface, sorting signals in the cytoplasmic



13

Chapter 1

C
hapter 1

domain of membrane proteins are important. A deletion in the immunoglubulin
receptor (pIgR) results in the mistargeting of the receptor from the TGN to the api-
cal surface (Mostov et al., 1986).  Also for the LDL receptor basolateral sorting sig-
nals have been determined (Matter et al., 1992). For apical sorting the identified
sorting signals are more diverse. Signals are located in the extracellular, transmem-
brane and cytoplasmic domains as well in the glycosylphosphatidylinositol (GPI)-
anchor (Mostov et al., 2000; Rodriguez-Boulan and Gonzalez, 1999; Weimbs et al.,
1997). Also N-glycosylation has been suggested to be involved in apical targeting
(Fiedler and Simons, 1995; Gut et al., 1998; Scheiffele et al., 1995).

Endocytosis in polarized cells exhibits an extra complexity since the cells endocy-
tose macromolecules from either apical or basolateral membrane domain. The dif-
ferent endocytic pathways in polarized cells have been extensively studied, using
fluid phase markers, the pIgR and the transferrin receptor (TfR) as model systems. 
Studies with fluid-phase markers show that molecules internalized from opposite
surfaces are transported to either the basolateral early endosomes (BEE) or the api-
cal early endosomes (AEE). The BEE underlie the basolateral cell surface up to the
level of the tight junctions. The AEE lie between the apical plasma membrane and
the Golgi complex (Bomsel et al., 1989; Parton et al., 1989). No mixing of the fluid
phase markers occurs before accumulation in a late endosomal compartment
(Bomsel et al., 1989; Parton et al., 1989). Fluid phase-labeled AEE and BEE are
biochemically distinct. After labeling with fluid-phase markers the AEE and the
BEE do not fuse in a cell free assay that reconstitutes endosome fusion. However,
homotypic fusion, between AEE and AEE or BEE and BEE, is seen in this assay
(Bomsel et al., 1990). These results led to the conclusion that mixture of the con-
tents of AEE and BEE does not occur. 
After synthesis, the IgR is transported to the basolateral side, where it binds its lig-
and, immunoglubulin A (IgA). This complex is transcytosed to the apical side
where the complex is cleaved and the secretory component is released into the api-
cal medium. After internalization into the BEE the immunoglobulin receptor is
transported to an apical endosomal compartment termed the apical recycling endo-
some (ARE) (Apodaca et al., 1994; Barroso and Sztul, 1994). The ARE is com-
posed of tubulovesicular elements found both above the nucleus (supranuclear dis-
tribution) and below the apical plasma membrane (subapical distribution) (Apodaca
et al., 1994). The relation between these different structures is not clear. It remains
to be established whether or not they are the same or distinct compartments. 
The TfR is internalized basolaterally and is recycled back to the basolateral surface.
Basolaterally internalized TfR has access to apical endosomal compartments that
label with apically internalized markers (Hughson and Hopkins, 1990; Knight et al.,
1995; Odorizzi et al., 1996). In Caco-2 cells this compartment is termed common
endosome (CE) (Knight et al., 1995). A similar compartment is thought to exist in
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MDCK cells (Odorizzi et al., 1996). However the exact relationship between the CE
and the different elements of the ARE is unclear yet. Recent publications suggest
that the BEE, AEE, CE and the ARE are distinct compartments (Brown et al., 2000;
Leung et al., 2000; Wang et al., 2000). 
Several biochemical experiments show the isolation of different compartments in
MDCK cells. Using Optiprep gradients two different populations of endosomes are
isolated, which were differentially associated with rab4, rab11 and transferrin
receptor (Sheff et al., 1999). In immunoisolation experiments the recycling endo-
some was isolated. This compartment contains molecules involved in the regulation
of transferrin recycling, as rab4, rab11 and cellubrevin and is less acidic than early
endosomes because it lacks a functional vacuolar ATPase. Furthermore this com-
partment is enriched in the raft molecules, sphingomyelin and cholesterol, and raft-
associated proteins, caveolin-1 and flotillin-1 (Gagescu et al., 2000). The exact rela-
tionship between the biochemical isolated compartments and the morphologically
defined compartments has to be established.

An important question in cell polarity is how it is generated and maintained. This
point is still not completely resolved.  It is known that members of the PDZ  domain
protein family (named after the three first identified proteins,  PSD-95, Discs large
and ZO1 (Saras and Heldin, 1996)) are found at both epithelial and neuronal cell
junctions. A PDZ domain can specifically interact with carboxy-terminal sequences
of other proteins and also some internal protein motifs. PDZ domain proteins are
proposed to act as molecular scaffolds that cluster molecules at the junctions. Other
examples show that PDZ domain proteins are involved in the correct targeting of
proteins to either the apical or the basolateral side.  Mutations in the C. elegans
genes lin-2, lin-7 and lin-10 cause the basolateral LET-23 (C. elegans EGF recep-
tor) to become apically localized (Kaech et al., 1998). The lin-2, lin-7 and lin-10
complex mediates the basolateral membrane localization of the LET-23. In neurons
and epithelial cells lin-10 is involved in the proper localization of  GLR-1 glutamate
receptors to respectively, postsynaptic elements of central synapses or to the baso-
lateral membrane (Rongo et al., 1998). Thus lin-10 is a shared component of the
polarized protein-sorting pathway in epithelia and neurons. The GABA transporter
interacts with the PDZ-domain protein lin-7 of MDCK cells (Perego et al., 1999),
which is required for the retention of the GABA transporter at the basolateral plas-
ma membrane. Recently Scribble, an additional polarity determining factor was
cloned from Drosophila (Bilder and Perrimon, 2000; Peifer and Tepass, 2000). In
Scribble's absence cells initially become polarized but during embryo development,
cell polarity is disrupted. Apical proteins, like Crumbs are not longer restricted to
the apical surface. Scribble is a protein with four PDZ domains in its carboxy-ter-
minus, allowing it to bind four partners. Scribble might form a part of a fence pre-
venting apical proteins to go to the basolateral side. Another possibility is that it
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helps directing basolateral an apical proteins to the correct localization. More exper-
iments are required to resolve the mechanism by which the PDZ domain proteins at
the junctions are regulating protein sorting.

Next to the common membrane transport machinery some factors specific for polar-
ized cells have been identified. Recently, µ1B, an epithelial cell specific µ1 subunit
of the adaptor complex AP-1 was characterized (Folsch et al., 1999). LLC-PK1 kid-
ney epithelial cells lack µ1B and missort LDL receptor to the apical surface. After
transfection with µ1B, the LDL receptor was correctly delivered to the basolateral
surface. Transferrin receptor is targeted randomly to the cell surfaces of LLC-PK1
cells. After expression of µ1B the transferrin receptor was delivered mainly to the
basolateral side. These results suggest a role for µ1B in polarized transport of pro-
teins to the basolateral surface. 
Several rab proteins are associated with endocytic structures in epithelial cells.
Rab17 is localized to the plasma membrane of kidney proximal tubule epithelial
cells and the expression of rab17 is induced during cell polarization in the develop-
ing kidney (Lütcke et al., 1993). Recently it was shown that rab17 co-localized with
internalized transferrin in the perinuclear recycling endosome of BHK-21 cells and
with the apical recycling endosome in polarized Eph4 cells (Zacchi et al., 1998).
Basolateral to apical transport of the transferrin receptor and of a chimeric Fc recep-
tor was increased in cells transfected with rab17N131I, or rab17Q77L, suggesting
a role for rab17 in regulating traffic through the apical recycling endosome (Zacchi
et al., 1998). Others have shown an inhibition of transcytosis of the polymeric IgA
receptor in MDCK cells transfected with rab17 (Hunziker and Peters, 1998). The
results of these two studies however can not be directly compared since different
rab17 constructs were expressed in the cells. Rab18 and Rab20 were detected on the
apical dense tubules, underlying the apical plasma membrane of kidney tubule
epithelial cells. The role of these rab proteins in endocytosis has not been investi-
gated and awaits functional expression studies.  Rab11 is an ubiquitously expressed
protein and in fibroblasts it has been localized to the recycling endosome and to
TGN (Ullrich et al., 1996; Urbe et al., 1993). However in polarized cells it is asso-
ciated with the subapical population of ARE (Casanova et al., 1999; Wang et al.,
2000). Recently a rab11 effector was isolated which is enriched in polarized epithe-
lial cells and localized to the ARE (Prekeris et al., 2000). 

Mitosis
Cell division is an essential process for life of organisms. During mitosis a cell
divides into two duplicate cells. Almost all intracellular processes change to ensure
the correctness of this process. Membrane transport is inhibited and chromosomes
and organelles must be copied and distributed among the two cells during mitosis.
Organelles with a high copy number, for example mitochondria, are equally dis-
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tributed among the two cells. Organelles with a low copy number, like the Golgi,
need another system for redistribution to reduce the probability of an unequal par-
titioning. The nuclear envelope, ER, and the Golgi apparatus are disassembled and
fragmented during mitosis. The fragments are divided between the two cells and
after cell division, fusion of the fragments regenerates the organelles. 

Different stages in Golgi fragmentation have been described. In the first step the
Golgi stacks change into smaller fragments and in the next step these fragments dis-
appear and a diffuse pattern is left. The mechanism of Golgi fragmentation is cur-
rently subject of interest and debate. One model suggests that Golgi and ER remain
independent during mitosis and that at least a portion of Golgi residents is redis-
tributed into vesicles, which can be isolated by using fractionation methods (Jesch
and Linstedt, 1998). Another model suggests that in interphase cells a balance
between retrograde and anterograde transport between ER and Golgi is found (Zaal
et al., 1999). A small amount of Golgi residents is presence in the ER due to recy-
cling between Golgi and ER. In this model the Golgi is an extension of the ER.
During mitosis this balance is changed by the inhibition of transport from ER to
Golgi, while retrograde transport continues. As result the Golgi is redistributed into
the ER. In permeabilized MDCK cells expressing GFP-tagged galactosyltransferase
treated with mitotic Xenopus extracts, perinuclear Golgi stacks changed into more
fragmented structures composed of large blobs. These blobs disappeared and a dif-
fuse staining appeared, which showed colocalization with the ER marker, PDI, sug-
gesting that indeed the Golgi redistributes into the ER (Kano et al., 2000). Zaal et
al. examined GFP-galactosyltransferase in intact cells. They showed, by comparing
the mobility of Golgi proteins and lipids, that after redistribution during mitosis,
GFP-galactosyltransferase is in an continuous membrane system, like the ER, and
not in vesicles. Their results also suggest that during mitosis the Golgi is absorbed
in the ER and that after cell division the Golgi reemerge from the ER (Zaal et al.,
1999).

After disassembly the fragmented organelles, are divided between the mother and
daughter cell. During telophase, homotypic fusion of these fragments is activated
and this causes the reassembly of the fragmented organelles. In cell free assays pro-
teins like GRASP65 (Barr et al., 1997), GRASP55 (Shorter et al., 1999) and p115
(Shorter and Warren, 1999) play an important role in the reassembly of the Golgi.
Recent experiments show that in cytoplasts of African green money cells, lacking a
Golgi apparatus, no regrowth of the Golgi can take place and no transport from the
ER to the cell surface is detected (Pelletier et al., 2000). Another study, in which the
drug Brefeldin A (BFA) and a sar1 dominant-negative mutant are used, shows that
the Golgi matrix proteins can be separated from the oligosaccacharide-modifying
enzymes in the Golgi without affecting their ability to form the structures with
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Golgi architecture near the nucleus (Seemann et al., 2000). Both studies suggest that
the Golgi is an independent organelle and not an extension of the ER. 

The molecular mechanisms responsible for inhibition of membrane transport and
the Golgi fragmentation are not completely understood yet. However phosphoryla-
tion is an important regulatory mechanism in which the two kinases, p34cdc2 and
MEK1, play an important role. 
The Golgi protein GM130 is phosphorylated  by the mitotic kinase p34cdc2. This
phosphorylation inhibits the interaction with the vesicle-tethering protein, p115
(Lowe et al., 2000; Lowe et al., 1998b). As p115 is thought to tether COPI vesicles
to Golgi membranes by an interaction with GM130 and giantin (Sonnichsen et al.,
1998), the inhibition of the interaction between p115 and GM130 could be respon-
sible for the inhibition of Golgi-transport. Also the two small GTPases rab4 and
rab1 are phosphorylated during mitosis by p34cdc2 (Bailly et al., 1991). Rab4 is
found on early endosomes and regulates the recycling of transferrin receptor back
to the plasma membrane (van der Sluijs et al., 1992b; van der Sluijs et al., 1991)
and rab1 localizes to the ER and the Golgi complex and regulates transport from ER
to the Golgi (Plutner et al., 1991; Tisdale et al., 1992). Phosphorylated rab4 disso-
ciates from the membranes into the cytosol. and is inactivated. This could be one of
the mechanisms to inhibit transport through early endosomes during mitosis.
Furthermore clathrin-mediated endocytosis is also inhibited during mitosis. One of
the underlying mechanisms is the phosphorylation of epsin and eps15.
Phosphorylation inhibits their interaction with the AP-2 subunit α-adaptin (Chen et
al., 1999). RalBP1 and POB1, two downstream effectors from Ral, which can form
a complex with epsin, eps15 and AP-2 are also phosphorylated during mitosis
(Kariya et al., 2000). These results suggest that during mitosis, phosphorylation of
several proteins disturbs the formation of complexes involved in clathrin-mediated
endocytosis. 

Using a specific inhibitor of MEK1, PD098059, a concentration-dependent inhibi-
tion of Golgi fragmentation was found and the continued presence of p34cdc2 was
not necessary for this fragmentation. These data suggest that MEK1 is the kinase
which regulates Golgi fragmentation (Acharya et al., 1998). However, other studies
show no effect of MEK1 inhibition on Golgi fragmentation (Lowe et al., 1998b).
Furthermore, recent work shows that MEK1 is hyperphosphorylated during mitosis.
A truncated MEK1, which prevents the phosphorylation of its known down-stream
targets, ERK1 and ERK2, did not inhibit induction of Golgi fragmentation, indicat-
ing that ERK1 and ERK2 are not involved in this process. The mitotically phos-
phorylated MEK1 shows a different peptide pattern upon digestion with trypsin as
interphase MEK1. These data suggest that phosphorylation of MEK1 induces a con-
formational change which enables MEK1 to interact with another unknown sub-



18

Introduction 

C
ha

pt
er

 1

strate than the known down stream targets, ERK1 and ERK2 (Colanzi et al., 2000).
Kano et al. found by using Xenopus egg extract in permeabilized MDCK cells, that
MEK and p34cdc2 are both sequentially involved in the regulation of Golgi disas-
sembly. The first process of break down of the Golgi stacks into punctate structures
is regulated by MEK and the second process, in which the structures fragment into
smaller diffuse structures or relocate to the ER, is regulated by p34cdc2 (Kano et al.,
2000). 

Rab proteins

The Ras superfamily
The ras superfamily of small GTPases encompasses a large group of proteins that
bind GTP and GDP. The proteins exist in two different conformations, a GDP-
bound and a GTP-bound form. The switch between these conformations is involved
in the regulation of cellular processes such as growth, motility, signalling and mem-
brane transport. The ras superfamily consists of five families, Ras, Rho, Rab, Arf,
Sar1 / ARF and Ran (Pereira-Leal and Seabra, 2000; Takai et al., 2001). The largest
group in the superfamily is the family of the Rab GTPases. After the initial discov-
ery in Saccharomyces cerevisiae that mutations in the SEC4 (Salminen and Novick,
1987) and YPT1 (Segev et al., 1988) genes cause secretion defects and that the
products of these genes were members of the ras superfamily of small GTPases, a
search for homologs was initiated in mammalian cells. The yeast genome contains
11 rab genes homologues (Garcia-Ranea and Valencia, 1998) and in mammalian
cells more than 50 homologues have been characterized based on specific con-
served motifs (Chavrier et al., 1992; Chavrier et al., 1990b; Pereira-Leal and
Seabra, 2000; Touchot et al., 1987). Many of the rab proteins have been localized
to the cytoplasmic surface of compartments of the central vacuolar system, where
they appear to be involved in one or more steps in intracellular transport (Olkkonen
and Stenmark, 1997).

Molecular structure of Rab GTPases
The 21-25 kDa rab proteins consist of several highly conserved regions, which are
also found in the other members of the ras superfamily. The highest homology is
found in the regions involved in guanine nucleotide (G1-G3) and phosphate / Mg2+

binding (PM1-PM3). In analogy to what was found in oncogenic ras, mutations in
these conserved regions cause severe defects in guanine nucleotide binding and
hydrolysis. Mutations equivalent to the Q61L mutation in ras (PM3 motif) decrease
the GTPase activity of the rab protein and stabilize the active form of the rab pro-
tein (Der et al., 1986; Hoffenberg et al., 1995; Martinez et al., 1997; Stenmark et al.,
1994a). Proteins with mutations equivalent to the S17N mutation in the PM1 region
of ras, show a lower affinity for GTP than for GDP. This leads to a dominant neg-



19

Chapter 1

C
hapter 1

ative effect (Burstein et al., 1992; Feig and Cooper, 1988). A third mutant is the one
equivalent to the N116I mutation in the second guanine binding motif which low-
ers the affinity of the rab protein for the guanine nucleotides and also shows a dom-
inant negative effect (Hoffenberg et al., 1995; Jones et al., 1995; Walter et al.,
1986). A fourth mutant used is a mutation in which the aspartic acid in the G2
region is changed into an asparagine. This mutation yields a protein which prefer-
entially binds xanthosine 5'-tri-phosphate (XTP) and the mutant protein has a lower
affinity for guanine nucleotides. Rab5D136N (Rybin et al., 1996) and YPT1D124N
(Jones et al., 1995) have inibitory effects in the absence of XTP, but in the presence
of XTP they had a stimulatory effect.
Next to the conserved regions rab proteins have also several domains which are
highly divergent. A domain which clearly differs amongst the members of the ras-
family is the so-called effector region. It is called after a region in ras proteins which
mediates interaction with the GTPase activating proteins and function in ras down
stream signaling (Marshall, 1996; Marshall, 1993; Marshall, 1995). For rab pro-
teins, this region is involved in determining the functional specificity and is impor-
tant for the interaction with accessory factors regulating GTP hydrolysis and
GDP/GTP exchange (Becker et al., 1991; Burstein et al., 1992). Other work sug-
gests that the region is involved in the interaction of rab proteins with GDP disso-
ciation inhibitor (GDI) and effector proteins. For instance a mutation in the effector
loop of rab6 (I46E) abolishes the interaction of the GTPase deficient mutant
rab6Q72L and rab6kinesin (Echard et al., 1998). The most divergent regions in rab
proteins are the amino- and the carboxy-terminal regions. In the carboxy-terminus
the rab proteins contain a motif, XXXCC, XXCCX, XCCXX, CCXXX or XXCXC,
in which the two cysteines are substrate for prenylation. This modification is nec-
essary for membrane binding. The carboxy-terminal hypervariable region is
required but not sufficient for correct targeting of rab proteins to their specific loca-
tions in the cell (Brennwald and Novick, 1993; Chavrier et al., 1991; Stenmark et
al., 1994b). The amino-terminal domain of rab5 has been shown to be essential for
in vitro early endosome fusion (Steele-Mortimer et al., 1994) and might be impor-
tant for the prenylation of the carboxy-terminal domain (Sanford et al., 1995).
Different domains and mutations are summarized in figure 1.

More insight in the structural basis of the interaction between a rab protein and its
effector was povided by resolving the crystal structure of rab3a, bound to GTP and
Mg2+, and to the effector domain of rabaphilin3 (Ostermeier and Brunger, 1999).
Two different areas in rab3a are involved in the interaction with rabphilin3. The first
interface involves the switch I and switch II regions, the regions sensitive to the
nucleotide-binding state of rab3a. The second interface consists of a deep pocket in
rab3a that interacts with a SGAWFF structural element of rabaphilin-3. Three
regions contribute to the formation of this pocket, the so-called rabCDRs (Rab com-
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plementary-determining region). Recently, five rab-family specific motifs, RabF1
to RabF5 have been proposed based on sequence analysis. These motifs are highly
specific for rab proteins and cluster within and around the switch I and switch II
region. Using these motifs 52 rab proteins were found in the data base (Pereira-Leal
and Seabra, 2000). Next to RabF1 to RabF5, the putative rab-subfamily specific
motifs (RabSF1 to RabSF4) were identified. When the rabSF regions and the rabF
regions were combined with the data from the crystal structure of the rab3a and
rabphilin3, the rab protein was found to present two subfamily specific surfaces,
facing to the outside. RabSF1, rabSF3 and rabSF4 form a surface that mediates spe-
cific interactions between rab3a and rabphilin. Another surface presented, near the
switch I region, is predicted to mediate interactions with other effectors. A predic-
tion from this model is that effector molecules bind both RabF regions, to discrim-
inate between the two conformations of the rab protein, and to RabSF regions for a
rab-subfamily specific interaction. The proposed was supported by the characteri-
zation of two slice variants of rab6a, rab6a and rab6a' (Echard et al., 2000). The two
proteins differ only in three amino-acids. However when the GTPase deficient
mutants are overexpressed, rab6aQ72L and rab6a'Q72L inhibit both secretion in
Hela cells, but rab6a'Q72L does not induce the redistribution of Golgi proteins into
the ER as rab6a does. Furthermore rab6a' interacts with GAPCenA as rab6a but not
with rabkinesin6. The difference in interaction was due to one changed residue at
position 87. This was in agreement with the corresponding residue in rab3a which
has been described to be important for the interaction with rabphilin3. 

Figure 1. Molecular structure of Rab GTPases.
Linear representation  of a rab GTPase. A Rab GTPase consists of three conserved domains involved
in guanine nucleotide binding (G1-G3, dark grey) and three domains involved in Mg2+ and phosphate
binding (PM1-PM3, light grey), the effector region is despicted in black. The highly conserved amino
acid residues, in one-letter code, are shown above the diagram. The residues mutated in active or an
inactive rab mutants are underscored  and the mutations as found in the ras protein and rab4 are also
shown. 
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The GTPase switch of rab proteins 
Newly synthesized rab proteins are posttranslationally modified on carboxy-termi-
nal cysteine residues. Following synthesis, rab proteins associate with the cytosolic
rab escort protein (REP) (Andres et al., 1993). REP-bound rab is next delivered to
the heterodimeric enzyme geranylgeranyltransferase type II and subjected to iso-
prenylation of both cysteines in the CXC, CC and CCXY motifs. Geranylgeranyl
groups render a rab protein hydrophobic and are required for reversible membrane
association (Alexandrov et al., 1994; Wilson et al., 1996). A subgroup of rab pro-
teins with the CXC motif is further modified on the last cysteine by carboxymethyl
transferase, however this modification is not required for membrane association.
The doubly geranylgeranylated rab protein is thought to remain associated with
REP, that delivers the GTPase to a specific organelle or transport vesicle. Upon
binding to unknown receptors (Ayad et al., 1997; Dirac-Svejstrup et al., 1997;
Ullrich et al., 1994), REP is dissociated and the rab in its GDP-bound form is con-
verted through the action of a guanine nucleotide exchange protein to the GTP-
bound state. Membrane-bound rabGTP is stabilized by the recruitment of cytosolic
effector proteins and regulate the activity of a downstream v/t SNARE complex
(McBride et al., 1999; Simonsen et al., 1999; Tall et al., 1999; Wurmser et al.,
2000). At some point in time, intrinsic GTP hydrolyis of the rab protein, assisted by
a GTPase activating protein converts the active rab back to the GDP-bound form.
Membrane bound rabGDP is next released from the membrane by the GDP disso-
ciation inhibitor (GDI) and translocated to the cytosol as a rab-GDI complex
(Ullrich et al., 1993).  GDI now assists in the initiation of a new cycle by targeting
bound rab to a specific organelle analogous to the role of REP in the delivery of
newly synthesized rab to the organelle (figure 2).

Rab proteins in endocytic pathway 
Several rab proteins are localized to organelles of the early endocytic pathway.
Rab4 and rab5 both are associated with early endosomes and differentially regulate
membrane transport through this compartment (Chavrier et al., 1990a; van der
Sluijs et al., 1991; Zuk and Elferink, 1999). Rab11 is on the pericentriolar recycling
endosome (Ullrich et al., 1996) and the TGN (Urbe et al., 1993) and regulates recy-
cling of the transferrin receptor to the plasma membrane and endosome to TGN
trafficking (Wilcke et al., 2000). Rab15 colocalizes with rab4 and rab5 on early
endosomes and with rab11 on the pericentriolar recycling endosome and seems to
function as an inhibitory GTPase in early endocytic trafficking. 

Rab5 
Several isoforms of rab5 have been identified (Bucci et al., 1995) and named rab5a,
rab5b, and rab5c, of which rab5a is the best characterized isoform. Although the
three isoforms most likely have the same intracellular localization, they may not
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have identical functions. Rab5a is efficiently phosphorylated by extracellular-regu-
lated kinase 1 but not by extracellular-regulated kinase 2, while cdc2 kinase prefer-
entially phosphorylates Ser-123 of Rab5b. These findings suggest that phosphory-
lation could be important to differentially regulate the function of the Rab5 isoforms
(Chiariello et al., 1999). Although initially identified on early endosomes, the pres-
ence of rab5a was also demonstrated on the plasma membrane and clathrin coated
vesicles. In Saccharomyces cerevisiae, the rab5 homologs Ypt51p, Ypt52p and
Ypt53p are associated with early endosomes and are required for transport to early
endosomes (Singer-Kruger et al., 1994) and protein sorting to the vacuole
(Horazdovsky et al., 1994). The YPT51, YPT52 and YPT53 genes are not essential
since single, double and even triple deletion strains appear to be viable albeit at
reduced growth rates. 

In vitro, rab5a and the rab5aQ79L GTP hydrolysis deficient mutant stimulate
homotypic early endosome fusion (Stenmark et al., 1994a). In contrast, the domi-

Figure 2. Functional cycle of rabGTPases. 
Shortly after synthesis, newly synthesized rab protein associates with the rab escort protein (REP)
which serves to deliver rabGDP to geranylgeranyltransferase type II. Upon prenylation the rabGDP-
REP complex is targeted to a membrane receptor on the donor organelle or transport vesicle and REP
is displaced by a membrane-bound displacement protein. Subsequently, rabGDP is activated to
rabGTP by a Guanine nucleotide Exchange Factor (GEF) which prevents association with REP and
GDP dissociation inhibitor (GDI). The transport vesicle buds off the donor compartment and is trans-
ported to the target organelle. Docking of the transport vesicle at this site requires rabGTP and recruit-
ed effector proteins. Catalyzed GTP hydrolysis by a GTPase activating protein (GAP) converts
rabGTP in inactive rabGDP that is subsequently extracted from the membrane by GDI. GDI serves to
maintain rabGDP soluble in the cytoplasm and deliver it for the next cycle to the donor organelle. 
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nant negative rab5aS34N mutant with a low affinity for guanine nucleotides, and
rab5aN133I, which does not bind guanine nucleotides, both inhibit early endosome
fusion (Gorvel et al., 1991; Stenmark et al., 1994a). The fact that the XTP binding
mutant rab5aD136N, stimulates early endosome fusion and even more when bound to
the nonhydrolyzable analog XTPγS shows that endosome fusion does not require XTP
or GTP hydrolysis (Rybin et al., 1996). It has therefore been proposed that rab5 may
act as a timer in controlling the fusion of early endosomes (Aridor and Balch, 1996;
Rybin et al., 1996). Although seemingly attractive, it remains to be seen whether the
timer model for rab action in membrane fusion is valid in vivo or for other rab pro-
teins regulating heterotypic membrane fusion.

One of the most striking phenotypes obtained after expression of rab5a and
rab5aQ79L in mammalian cells is the expansion of early endocytic organelles, where-
as expression of rab5aS34N and rab5aN133I causes fragmentation of early endo-
somes. Wild type rab5a and rab5aQ79L selectively increase the rate of fluid-phase
endocytosis and transferrin uptake, while rab5aS34N and rab5aN133I inhibit transfer-
rin endocytosis (Bucci et al., 1992; Stenmark et al., 1994a) suggesting that rab5 is
involved in the fusion of coated vesicles with early endosomes. In polarized epithelial
cells transfected rab5 localized to apical and basolateral endosomes and enhanced
fluid phase endocytosis from both plasma membrane domains (Bucci et al., 1994).
This indicates that rab5 is involved in both apical and basolateral endocytosis.
Consistent with the previously observed parallels in membrane transport between
polarized MDCK cells and cultured hippocampal neurons (Dotti and Simons, 1990),
rab5a colocalizes with synaptophysin-labeled structures and somatodendritic and
axonal early endosomes (de Hoop et al., 1994). Recently a new role for rab5 has been
described. In vitro rab5 stimulates both association of early endosomes with micro-
tubules and early-endosome motility towards the minus ends of the microtubules
(Nielsen et al., 1999). 

Rab4
Two isoforms of rab4 have been cloned and named rab4a and rab4b. Rab4a is the most
extensively studied isoform and in this thesis rab4 is always referring to the isoform
rab4a. Using subcellular fractionation and immunofluorescence microscopy it was
shown that rab4 is localized to early endosomes (Bottger et al., 1996; van der Sluijs et
al., 1991). Overexpression of wild-type rab4 in mammalian cells reduces the intracel-
lular accumulation of the fluid-phase tracer horse radish peroxidase and transferrin
receptors are redistributed from endosomes to the plasma membrane (van der Sluijs et
al., 1992b). Furthermore the discharge of iron from transferrin in early endosomes is
inhibited, suggesting that internalized transferrin is mistargeted to a population of non-
acidic vesicles and tubules. Rab4 thus appears to control the function or formation of
endosomes involved in recycling of internalized transferrin back to the plasma mem-
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brane. In pulse chase experiments using FITC-labeled transferrin, it was shown at
early time points that the fluorescent label first appeared in rab4 containing endo-
cytic organelles before it was transported to a tubulovesicular organelle in the area
of the microtubule organizing center (Daro et al., 1996). This compartment was
found to be enriched in the v-SNARE cellubrevin, which is involved in regulating
transferrin recycling (Galli et al., 1994). Thus the rab4 containing endosomal com-
partment in the transferrin-recycling route is biochemically distinct from the peri-
centriolar recycling endosome (Daro et al., 1996).

As rab4 is relatively depleted from recycling endosomes it was difficult to assess
whether it controls transport from sorting endosomes to the recycling endosome or
direct recycling to the plasma membrane. Several lines of evidence however sug-
gest that the indirect recycling pathway from early endosomes to the recycling
endosome is regulated by rab4. First, in vivo, the Q67Lrab4GTP hydrolysis defi-
cient mutant which is thought to be stabilized in its association with the target
organelle, is associated with a perinuclear compartment (chapter 3). Second
cotransfection of rab4a and its effector rabaptin4 causes the expansion of a perinu-
clear compartment that is enriched in cellubrevin, and contains the majority of inter-
nalized Cy3-labeled transferrin at steady state. These are the hallmarks of the per-
inuclear recycling endosome and suggest that rab4 acts in the indirect recycling
pathway (Nagelkerken et al., 2000).

Although it is thought that isoforms of ubiquitously expressed rab proteins have
similar functions, it is unknown whether these isoforms have similar or distinct spa-
tiotemporal expression patterns in tissues of multicellular organisms. Interestingly,
the levels of rab4 appear to be regulated during development in the rat pancreas
(Valentijn et al., 1997). Unfortunately it is not clear whether one of the rab4 iso-
forms, or both are subject to this regulation and whether regulation occurs at the
transcriptional or at the protein level. At least one difference is obvious from com-
paring the rab4a and rab4b amino acid sequences. The carboxyterminal hypervari-
able region of rab4a but not of rab4b contains a concensus sequence for phospho-
rylation by p34cdc2 kinase (Bailly et al., 1991). Indeed rab4a is reversibly phospho-
rylated on Ser196 during mitosis by p34cdc2 kinase or another cell cycle dependent
kinase (van der Sluijs et al., 1992a). Phosphorylation occurs on both the cytoplas-
mic and membrane-bound pools of rab4a (Gerez et al., 2000) and results in the
accumulation of rab4a in the cytoplasm where it presumably can not participate in
endosomal functions. Membrane transport through the endocytic and biosynthetic
pathways in higher eukaryotes is inhibited during mitosis (Warren, 1993). Several
proteins of the vesicular transport machinery regulating transport through the Golgi
complex are phosphorylated and do not exhibit their normal interphase interactions
(Lowe et al., 1998a). It is thought that phosphorylation of key components is
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responsible for the inhibition of membrane transport in the endocytic pathway.
Mitotic phosphorylation of rab4a might therefore be part of the mechanism to
downregulate endocytosis during mitosis. 

Rab11
In addition to rab5 and rab4, a third rab protein is associated with early endocytic
organelles. Rab11 is localized to the TGN and the pericentriolar recycling endo-
some. Rab11S25N inhibits transport of internalized transferrin from the recycling
endosome compartment to the plasma membrane and causes fragmentation of this
compartment into the cytoplasm. Transfection of rab11Q70L leads to compaction
of the recycling endosome, but also inhibits recycling of transferrin (Ullrich et al.,
1996). Through the use of a low temperature block to inhibit transport between sort-
ing endosomes and the recycling endosome, Sabbatini and colleagues recently
showed that rab11S25N inhibits transferrin recycling, whereas rab11Q70L and wild
type rab11 do not show this inhibitory effect (Ren et al., 1998). This suggests that
activation of rab11 by GTP is required for the exit of the transferrin receptor,
regardless whether this occurs towards the recycling endosome, from the recycling
endosome to the TGN, or directly from the early sorting endosomes to the plasma
membrane. Recently Wilcke et al. studied the effect of wild-type rab11, rab11Q70L
and rab11S25N on different intracellular transport steps in Hela cells.
Overexpression of wild-type rab11 and rab11Q70L altered the localization of trans-
ferrin receptor, internalized transferrin and Shiga toxin B-fragment. These proteins
were found in vesicles showing characteristics of sorting endosomes. Upon over-
expression of rab11S25N, these proteins were redistributed into an extended tubu-
lar network which was not accessible to, at 20°C internalized transferrin, which is
characterictic for recycling endosomes. Overexpression of rab11, rab11Q70L or
rab11S35N also inhibited the transport of TGN38 and Shiga toxin B-fagment from
endosomes to TGN. These results suggest a more general role for rab11 in regulat-
ing the membrane distribution inside the early endosomal pathway, which influ-
ences several transport pathways (Wilcke et al., 2000). In conclusion it is not entire-
ly clear which transport step(s) during membrane recycling is (are) regulated by
rab11. 

Organization of endosomal membranes by rab4, rab5 and rab11  
Both rab5 and rab4 are found to be associated with early endosomes. However
when the localization of overexpressed rab5 and rab4 was compared in CHO cells
it was found that rab4 was mainly localized around the nucleus and scattered struc-
tures throughout the cytoplasm. In contrast rab5 was localized to more peripheral
locations in the cytoplasm. Rab4 and rab5 had significantly overlapping distribu-
tions in the perinuclear area. In addition a class of single labeled rab4 structures, not
containing rab5, and vice versa, a class of rab5 labeled structures not containing
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rab4, co-exist in the peripheral cytoplasm. Thus rab5 and rab4 appear to localize to
distinct but overlapping early endocytic organelles (Mohrmann and van der Sluijs,
1999). Recently, the membrane organization of the recycling pathway was studied
in more detail by using transferrin as cargo molecule and GFP-tagged rab4, rab5
and rab11 (Sonnichsen et al., 2000). Transferrin was shown to move through disct-
inct domains on endosomes. These domains were occupied by different rab pro-
teins. Endosomes were shown to have multiple combinations of rab4, rab5 and
rab11 domains, which were dynamic, but did not mix with each other. There were
three mayor populations, one with only rab5, one with rab4 and rab5 and one with
rab4 and rab11. These results suggest that endosomes are organized as a mosaic of
different rab domains created through the recruitment of specific effectors.

Rab15
Recently another rab protien, rab15, was also localized on early endosomes, where
is colocalizes with rab5 and rab4 and with rab11 on pericentriolar recycling endo-
somes (Zuk and Elferink, 1999). Overexpression of its active mutant inhibits fluid
phase endocytosis and receptor-mediated endocytosis without affecting the rate of
recycling from early endosomal compartments (Zuk and Elferink, 1999; Zuk and
Elferink, 2000). In vitro there it  inhibits homotypic early endosome fusion. The
inactive mutants also affects the recycling from the early endosomal compartments.
The results suggest that rab15 may counteract the reported stimulatory effect of
rab5 on endocytosis. 

Rab7 and rab9 regulate transport to and from late endocytic compartments 
Late endosomes are a crossroads for transport of CI-MPR to the TGN and of lyso-
somal enzymes and material to be degraded to the lysosomes (Kornfeld and
Mellman, 1989). Not surprisingly, several rab proteins including rab7 (Chavrier et
al., 1990a) and rab9 (Lombardi et al., 1993), but not rab 4 and rab5 (Bottger et al.,
1996) have been localized to this compartment. In cells transfected with the
inhibitory mutants rab7N125I and rab7S22N, internalized VSV-G protein becomes
trapped in early endosomes (Feng et al., 1995). These mutants also partially inhib-
it the cleavage of paramyxovirus SV5 hemagglutinin neuraminidase, the degrada-
tion of low-density protein and cause the accumulation of cathepsin D and CI-MPR
in an early endocytic compartment (Press et al., 1998). Thus mammalian rab7 is
involved in transport from early to late endosomes. In contrast Ypt7p, the
Saccharomyces cerevisiae homolog of rab7, primarily regulates transport from late
endosomes to the vacuole (Wichmann et al., 1992), suggesting that transport path-
ways to late endocytic compartments are not completely conserved between mam-
mals and yeast. Alternatively, as rab7 and Ypt7p are not identical, differences in the
amino acid composition might confer distinct properties to the two proteins. Rab9
is involved in transport from late endosomes to the TGN. In vitro transport of CI-
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MPR from late endosomes to the TGN is enhanced by addition of recombinant rab9
and selectively inhibited by antibodies against rab9 (48) or its effector protein p40
(Diaz et al., 1997). In cells transfected with the rab9S21N mutant, recycling of the
CI-MPR  from late endosomes to the TGN as well as delivery of newly synthesized
lysosomal enzymes to late endosomes are inhibited (Riederer et al., 1994). 

Rab-Effector molecules 
Rabphilin3
In an attempt to understand the mechanism how rab proteins regulate the different
transport steps, the identification of accessory proteins regulating the activity of rab
GTPases and the identification of down-stream effector molecules has been initiat-
ed. The first identified down-stream effector for a rab protein was rabphilin3
(Shirataki et al., 1993; Shirataki et al., 1992). Rabphilin3 interacts with rab3a in the
GTP-bound state, is localized to the membranes of synaptic vesicles and chromaf-
fin granules and is involved in exocytosis (McKiernan et al., 1996; Mizoguchi et al.,
1994). The rab3a binding domain is located in the amino-terminus of rabphilin3
together with a Zn2+ -binding domain. In its carboxy-terminus two C2 domains are
located, which can bind phospholipids in a Ca2+-dependent manner and therefore
rabphilin3 is predicted to act as Ca2+-sensor in Ca2+-stimulated secretion
(Yamaguchi et al., 1993).  A role for rabphilin3 in endocytosis is also suggested as
its amino-terminus interacts with the down-stream effector of rab5, rabaptin5. This
interaction was inhibited by rab3a and GTPγS. Overexpression of a N-terminal of
rabphilin3 inhibited receptor-mediated endocytosis of transferrin. The inhibition
could be overcome by co-transfection with dominant active rab3a or rabaptin5
(Ohya et al., 1998).

Rabaptin5, rabaptin4 and rabaptin5ββ  
Using the yeast two-hybrid system, the group of Zerial and colleagues identified
two rab5 effector proteins, rabaptin5 and rabaptin5β (Gournier et al., 1998;
Stenmark et al., 1995). Rabaptin5 is a cytosolic 100 kDa protein with several puta-
tive coiled-coil domains that specifically interacts with the active GTP-bound form
of rab5. The extensive α-helical coils cause homodimerization of rabaptin5. A frac-
tion of rabaptin5 colocalizes with rab5 on peripheral early endosomes, and trans-
fection of rab5Q79L causes recruitment of rabaptin5 to swollen early endosomes.
The rab5 binding site is situated in the carboxyterminal 73 amino acids of rabaptin5
and is sufficient for rab5-dependent recruitment to early endosomes.
Overexpression of rabaptin5 alone already promotes the expansion of the endo-
somes as seen for rab5 and rab5Q79L. Rabaptin5 is essential for early endosome
fusion, since cytosol depleted of rabaptin5 inhibits endosome fusion (Stenmark et
al., 1995). Rabaptin5 contains a distinct binding domain for rab4 in the the amino-
terminus (Vitale et al., 1998). This suggests that rabaptin5 may connect the activi-
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ties of rab4 and rab5, the two GTPases associated with early endosomes. Rabaptin5
binds to the TSC2 gene product tuberin, which accelerates GTP hydrolysis on rab5
and inhibits endocytosis (Xiao et al., 1997). Mutations in the TSC2 and TSC1 genes
are associated with tuberosclerosis. Tuberin is in a complex with hamartin (van
Slegtenhorst et al., 1998), the product of TSC1, the second gene associated with the
disease (van Slegtenhorst et al., 1997). 
Recently rabaptin5β was identified. This 62 kDa cytosolic protein shares 42%
sequence identity with rabaptin5 (Gournier et al., 1998). Rabaptin5β is also recruit-
ed to endosomes in a GTP-dependent manner. The relative expression levels of
rabaptin5 and rabaptin5β vary among different cell types. Rabaptin5β does not het-
erodimerize with rabaptin5 and forms a distinct complex with the rab5-specific
guanine nucleotide exchange factor rabex5 (Horiuchi et al., 1997). Cytosol immun-
odepleted of rabaptin5β only partially inhibits early endosome fusion in vitro.
Stronger inhibition is seen when rabaptin5 in addition to rabaptin5β is depleted,
suggesting that maximal fusion efficiency at least requires both proteins. These
results indicate that both effectors cooperate in the regulation of the first step in
endocytosis (Gournier et al., 1998). 
An additional rabaptin was recently identified in a two hybrid screen using
rab4Q67L as a bait (Nagelkerken et al., 2000). Rabaptin4 is highly homologous to
rabaptin5 and specifically interacts with rab4GTP. Rabaptin4 contains a rab4 bind-
ing domain in the amino terminus, and rab5 binding sites in the amino terminus as
well as the carboxy terminus. Rabaptin4 and rabaptin5 heterodimerize suggesting
that rabaptins may provide a scaffold to coordinate the activity of rab proteins in the
early endocytic pathway.

During apoptosis rabaptin5 is proteolytically cleaved by members of the family of
apoptotic caspases. The selective cleavage of rabaptin5 is responsible for the loss of
early endosome fusion activity (Cosulich et al., 1997) in vitro and is possibly relat-
ed to, or part of the mechanism giving rise to, general membrane fragmentation in
apoptotic cells. It is not known yet whether rabaptin4, rabaptin5β or the endosome
associated FYVE finger proteins are subject to caspase-mediated cleavage during
apoptosis. 

Phosphatitylinositol-3 kinases, EEA1 , rabenosyn5 and other FYVE domain pro-
teins
In an attempt to characterize more rab5 effectors, phosphatidylinositol-3-OH-kinas-
es (PI(3)-kinases), hVPS34 and p85α-p110β were found to bind rab5, of which
hVPS34 regulates recruitment of EEA1 to early endosomes (Christoforidis et al.,
1999b). Endosome associated antigen (EEA1) (Stenmark et al., 1996), was recent-
ly shown to be another rab5 effector, and required for homotypic early endosome
fusion (Jones et al., 1998). In addition to a rab5 binding domain, EEA1 contains a
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carboxy-terminal FYVE finger that is required for early endosome association as
well phosphatidylinositol-3-phosphate (PI(3)P) binding (Gaullier et al., 1998;
Simonsen et al., 1998). Rab5 binding also requires the FYVE domain with an addi-
tional upstream 30-amino-acid region directly adjacent to the FYVE domain (Lawe
et al., 2000). On its turn EEA1 interacts with the SNARE proteins, syntaxin13 and
syntaxin6 (McBride et al., 1999; Simonsen et al., 1999). EEA1 might represent a
core complex of endosome docking because it is the only factor necessary to con-
fer minimal fusion activity in the in vitro endome fusion assay. Furthermore EEA1
was shown to mediate endosome docking, which, together with SNAREs, led to
membrane fusion (Christoforidis et al., 1999a). 

By using a rab5 affinity column another rab5 effector protein was identified,
rabenosyn5 (Nielsen et al., 2000). Rabenosyn5 contains, like EEA1, a FYVE finger
domain and is recruited in a PI(3)-kinase dependent fashion to early endosomes. On
its turn rabenosyn5 recruits hVPS45 to the membranes. Rabenosyn5 and EEA1 are
both required for endosome fusion and only rabenosyn5 inhibits cathepsin D pro-
cessing. However if the interaction of rabenosyn5 with rab5 has anything to due
with the effect on cathepsin D processing is not clear from these data. These results
suggest that EEA1 and rabenosyn5 play different roles in endosomal trafficking. As
rab5 is localized to the plasma membrane, coated vesicles and early endosomes, it
now will become interesting to establish where the distinct effectors act in vivo and
how their activities are coordinated.

A FYVE domain, as found in EEA1 and rabenosyn5, binds two Zn2+ atoms, which
are coordinated by eight cysteine or histidine residues. A highly conserved basic
amino acid patch surrounds the third cysteine (Stenmark et al., 1996). This domain
is also found in other proteins involved in the regulation of intracellular transport
Vac1p, Vps27p, Fab1p, Pib1p and Pib2p (Odorizzi et al., 2000). The yeast EEA1
homolog, Vac1p, interacts with PI(3)P and Vps21p, a rab5GTPase homologue.
Vac1p also interacts with Pep12p, an endosomal t-SNARE and with the Sec1 pro-
tein family member, Vps45p. This complex is involved in the sorting of vacuolar
proteins from a late Golgi sorting compartment to a prevacuolar endosome.
Different from EEA1, Vac1 proteins with a mutant FYVE domain still associate
with membranes but showed vacuolar protein sorting defects and reduced interac-
tion with Vps45p and Vps21p (Peterson et al., 1999; Tall et al., 1999). Vps27p is
another peripheral membrane protein associated with endosomal compartments.
The FYVE domain in Fab1p  functions as a PI(3)P-5-kinase and is involved in the
regulation of protein sorting in the multivesicular body (MVB) (Cooke et al., 1998;
Gary et al., 1998; Odorizzi et al., 1998).
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Other rab effectors
After the characterization of the first rab effector, rabphilin3, more and more rab
effectors have been identified and the amount of rab effectors is still increasing. For
example, rim, another effector for rab3 was characterized (Wang et al., 1997). Rab9
was shown to interact with p40 (Diaz et al., 1997). For rab6 the effector rabki-
nesin6, a motor molecule with high homology to proteins from the kinesin family,
(Echard et al., 1998), and GAPCenA, which stimulates the rab6 GTPase activity,
were isolated (Cuif et al., 1999). For rab11, rab11BP / rabphilin11 was cloned
(Mammoto et al., 1999; Zeng et al., 1999) and recently rip11 was characterized,
which is enriched in polarized epithelial cells (Prekeris et al., 2000). For rab8,
rab8ip, a putative G/C kinase was identified (Ren et al., 1996). The different isolat-
ed rab effectors have several functions. A description of the role of all these effec-
tors however is beyond the scope of this introduction.

Rab proteins and vesicle formation
Apart from a role in vesicle fusion, it is becoming clear that rab proteins also regu-
late the formation of transport vesicles. In search for novel cytosolic proteins
required for coated pit invagination at the plasma membrane, Smythe and cowork-
ers purified a stimulating activity that upon protein sequencing turned out be the
rab5-GDI complex. These results suggest a role for rab5 in ligand sequestration into
clathrin-coated pits (McLauchlan et al., 1998).
Rab1 regulates the transport of newly synthesized proteins from the ER to Golgi
(Plutner et al., 1991; Tisdale et al., 1992), and recruits the tethering factor, p115 to
COPII vesicles during budding from the ER. P115 in its turn interacts with a selec-
tive set of COPII vesicle-associated SNAREs to form a cis-SNARE complex that
promotes targeting to the Golgi apparatus (Allan et al., 2000). 
Possibly, the coordination of the activity of rab proteins at both vesicle budding-
and fusion sites would provide a feedback loop to ensure that the amount of vesi-
cles which is consumed through fusion with a target organelle, is balanced by the
number of vesicles that is formed from the donor organelle.

Rab function and diseases
Choroideremia (CHM) is an X-linked form of retinal degeneration. Affected hem-
izygous males develop progressive retinal degeneration leading to night blindness
in their teens, loss of peripheral vision and complete blindness by middle ages. The
gene responsible for CHM was localized to chromosomal band Xq21 and isolated
by positional cloning techniques (Cremers et al., 1994; Merry et al., 1992). The
CHM protein encodes REP-1 (Seabra et al., 1993; Seabra et al., 1992). A cell con-
tains two REP proteins, REP-1 and REP-2, which assist the geranylgeranyltrans-
ferase II in the prenylation of newly synthesized rab proteins. In choroideremia
lymphoblasts one unprenylated rab protein was identified, rab27 (Seabra et al.,
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1995). Rab27 is expressed in the pigment epithelium and choriocapillaris, the two
retinal cell layers that degenerate earliest in choroideremia. These results suggest
that unprenylated and thus non-functional rab27 is one of the causes of CHM.
Gun metal (gm) mice have a mutation in the α-subunit of Rab geranylgeranyl trans-
ferase. In gm platelets geranylation and membrane association of rab27 were sig-
nificantly decreased. These mice show prolonged bleeding, thrombocytopenia and
reduced α- and δ-granule contents (Detter et al., 2000). In both CHM patients and
gun metal mice, mutations lead to reduced prenylation of rab27. However the phe-
notypes differ from each other. This can be due to the fact that in CHM patients the
lose of REP-1 is partially compensated for by REP-2. Another possibility is that dif-
ferences between species play an important role.

Griscelli syndrome is a rare autosomal recesive disorder which results in pigmen-
tary dilution of the skin and the hair, the presence of large clumps of pigment in hair
shafts and an accumulation of melanosomes in melanocytes.  Most patients also
develop an uncontrolled T-lymphocyte and macrophage activation syndrome
(haemophagocytic syndrome HS). In these patients, mutations in two genes were
found, MYO5A and RAB27A (Menasche et al., 2000; Pastural et al., 1997; Pastural
et al., 2000). Only patients with mutations in the Rab27A gene developed HS, not
the patients with mutations in the MYO5A gene. Experiments showed that T lym-
phocytes from patients with mutated rab27a were defective in granule release, but
not patients with mutations in MYO5A. These results suggest that HS in patients
with Griscelli syndrome is caused by the absence of rab27a function. Rab27a
appears to be a key effector of cytotoxic granule exocytosis, which is important for
immune homeostasis.

In two families affected by X-linked non-specific mental retardation, mutations in
the GDI1 gene were found. One of these mutations caused a reduced GDI binding
and recycling of rab3a. Rab3a is involved in the regulation of synaptic vesicle exo-
cytosis in neuronal cells (D'Adamo et al., 1998). 

Mutations in Presenilin 1 (PS1) account for the majority  of early-onset dominant
cases of familial Alzheimer's disease. By using the yeast two hybrid system an
interaction between rab11 and the hydrophobic loop of human PS1 and PS2 was
found (Dumanchin et al., 1999). As rab proteins are involved in membrane trans-
port it seems likely that rab11 is involved in the regulation of transport of PS-1 and
PS-2. Furthermore an interaction between the amino-terminus of PS1 and GDI was
identified. In PS-1 deficient neurons a 2-fold decrease in the amount of membrane-
associated GDI was found (Scheper et al., 2000) and therefor a function for PS-1as
membrane receptor for GDI was suggested. If these interactions of PS with rab11
and GDI  have any implications for diseases have to be seen. It can be expected that
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in the future more examples of diseases linked to defects in rab function will be
identified.

Structural proteins in the Golgi complex

Family of golgins
Golgi cisternae are thought to be organized in stacks by a matrix of peripheral mem-
brane proteins (Seemann et al., 2000). These typically represent a family of coiled-
coil proteins, from which several members have been identified, giantin (Linstedt
and Hauri, 1993; Seelig et al., 1994; Sohda et al., 1994), golgin-160, golgin-95
(Fritzler et al., 1993) , GM130 (Nakamura et al., 1995), gcp170 (Misumi et al.,
1997), golgin-67 (Jakymiw et al., 2000), golgin-245 (Fritzler et al., 1995) and gol-
gin-84 (Bascom et al., 1999). These proteins possess large coiled coil domains.
Little is known about the function of the golgins. Only giantin, golgin-67 and gol-
gin-84 are known to be inserted in the membranes. Some of them are known to be
recruited to the Golgi membrane by association with other proteins, for example
GM130 binds via GRASP-65 to the Golgi (Barr et al., 1998). A domain in the car-
boxy-terminus of several other golgins, the so-called GRIP-domain, has been
described to be involved in Golgi recruitment of these proteins. The GRIP domain
of golgin-245 and golgin-97 binds rab6 in far-western assays suggesting a role for
golgin-245 and golgin-97 in rab6-regulated membrane-tethering events (Barr, 1999;
Kjer Nielsen et al., 1999; Munro and Nichols, 1999).
During apoptosis caspase-2 cleaves Golgin-60 at a unique site not susceptible for
cleavage by other caspases. Prevention of cleavage at the unique caspase-2 site
delays disintegration of the Golgi complex after delivery of a pro-apoptotic signal
(Mancini et al., 2000). 

Giantin
Giantin is a 400 kDa protein that was identified using antibodies raised against
Golgi membranes (Linstedt and Hauri, 1993). It is an integral membrane protein
with a carboxy-terminal single trans-membrane domain and forms dimers. The bulk
of the protein (350 kDa) is exposed to the cytoplasm (Linstedt et al., 1995). Others
cloned macrogolgin, renamed giantin, using auto-immune antibodies from a patient
with Sjörgen's syndrome (Seelig et al., 1994). At the same time a protein, called
gcp372, was cloned with auto-immune antibodies from a patient with chronic
rheumatoid arthritis (Sohda et al., 1994). Giantin and are gcp372 are very homolo-
gous. It is not clear whether or not giantin and gcp372 are two different proteins in
vivo. Giantin is associated with COPI vesicles, generated by incubating Golgi
membranes with GTPγS and cytosol. It binds to the cytosolic factor p115 and is
thought to assist in docking onto Golgi membranes via p115, as bridge, to giantin
on the COPI vesicles and GM130 at the Golgi stacks (Sonnichsen et al., 1998).  So
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far the proponents of this notion have not shown that giantin, p115 and GM130
form a ternary complex, while others failed to isolate the complex and even found
competition of giantin and GM130 binding to the amino-terminus of p115 (Linstedt
et al., 2000).  The exact role in membrane transport for giantin and the golgin pro-
teins still has to be established.
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Outline of this thesis

This introduction describes some of the aspects of intracellular membrane transport
and factors involved in the regulation of these events. Our work focussed on the
small GTPase rab4, which is localized on early endosomes and is involved in recy-
cling of transferrin receptor back to the plasma membrane (van der Sluijs et al.,
1992b; van der Sluijs et al., 1991). In chapter 2 we studied the fate of rab4 during
mitosis. We identified pin-1 as interacting protein of phosphorylated rab4. In chap-
ter 3 we studied the function of rab4a in MDCK cells, a polarized cell system. As
endogenous rab4 is found in MDCK cells and nothing is known about its function
in these cells, we studied its function by using morphological and biochemical
approaches. In chapter 4 we studied a rab4 chimeric mutant, which is permanently
membrane bound by the transmembrane domain of the endosomal SNARE protein,
cellubrevin.  In chapter 5 we describe methods to identify and characterize effector
proteins of rab4, focused on rabaptin4. Finally in chapter 6 we used the yeast two
hybrid system to identify the new interaction between rab4 with giantin. 
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Abstract

Transport through the endocytic pathway is inhibited during mitosis. The mecha-
nism responsible for this inhibition is not understood. Rab4 might be one of the pro-
teins involved since it regulates transport through early endosomes, is phosphory-
lated by p34cdc2 kinase, and translocated from early endosomes to the cytoplasm
during mitosis. We investigated the perturbation of the rab4 GTPase cycle during
mitosis. Newly synthesized rab4 was less efficiently targeted to membranes during
mitosis. By subcellular fractionation of mitotic cells, we found a large increase of
cytosolic rab4 in the active GTP-form, not associated with the cytosolic rabGDP
chaperone GDI. Instead, phosphorylated rab4 is in a complex with the peptidyl-pro-
lyl isomerase Pin1 during mitosis, but not in interphase. Our results show that less
efficient recruitment of rab4 to membranes, and a bypass of the normal GDI-medi-
ated retrieval of rab4GDP from early endosomes reduce the amount of rab4GTP on
membranes during mitosis. We propose that phosphorylation of rab4 inhibits the
recruitment of rab4 effector proteins to early endosomes and docking of rab4-con-
taining transport vesicles. This mechanism might contribute to the inhibition of
endocytic membrane transport during mitosis.
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Introduction

Small GTPases of the rab family play a key role in vesicular transport in eukaryot-
ic cells (Chavrier and Goud, 1999). More than 40 distinct rab proteins have been
identified, many of which are known to be associated with the cytosolic face of
intracellular organelles of the central vacuolar system. In the paradigm of the
rabGTPase molecular switch, rab proteins cycle between an active GTP bound con-
formation and an inactive GDP bound form (Chavrier and  Goud, 1999;  Rodman
and Wandinger-Ness, 2000). RabGDP is localized in the cytosol in complex with
GDI that is required for its delivery to the proper target organelle. In vitro assays
revealed that GDP-loaded rab5, rab4, or rab9 complexed to GDI or rab escort pro-
tein, specifically and saturably bind to yet to be identified receptor proteins on their
target membranes (Ayad et al., 1997;  Soldati et al., 1994;  Ullrich et al., 1994).
Once the rabGDI complex is bound to membranes, GDI is thought to be dissociat-
ed through a GDI displacement activity (Dirac-Svejstrup et al., 1997). The final step
in the activation of the membrane-bound rabGDP is the exchange of GDP for GTP
by a guanine nucleotide exchange factor. At this point rabGTP is thought to engage
transiently or indirectly with the conserved proteins of the SNARE vesicle fusion
machinery (McBride et al., 1999;  Peterson et al., 1999). Such interactions might be
stabilized by effector proteins that could serve to maintain rab proteins in the GTP-
bound state as has been shown for rab5 and one of its effectors, rabaptin5 (Rybin et
al., 1996). The lifetime of a productive interaction between proteins of the SNARE
complex would then depend on the intrinsic GTP hydrolysis rate of the particular
rab protein involved, or the activity of proteins regulating the GTP-hydrolysis rate.
It remains to be seen however whether this is a universal principle that also applies
to rab proteins with relatively slow intrinsic GTPase rates (Richardson et al., 1998).
Once the rab protein is converted to the GDP-state, it is extracted by GDI and avail-
able for an additional functional cycle. 

Membrane transport is coordinately inhibited in mammalian cells during mitosis,
and several intracellular compartments including the nuclear envelope, the ER and
the Golgi apparatus are disassembled or fragmented at this stage of the cell cycle
(Birky, 1983;  Warren, 1993). Fragmentation of organelles during mitosis might
ensure their equal partitioning between mother and daughter cells and is thought to
occur by inhibition of vesicle fusion in the face of ongoing transport vesicle bud-
ding (Lowe et al., 1998a;  Warren, 1993;  Warren and Wickner, 1996). For the Golgi
complex, these fragments are tethered to microtubules attached to kinetochores,
increasing the accuracy of distribution between the mother and daughter cell
(Shima et al., 1998) (for an alternative view however, see (Zaal et al., 1999)). In
telophase, homotypic vesicle fusion is re-activated prior to vesicle budding causing
the reassembly of the fragmented organelles. The molecular mechanisms responsi-
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ble for the inhibition of vesicular transport during cell division are incompetely
understood. It is clear however that protein modification by mitotic kinases is a key
event in this process. Many proteins required for or involved in the vesicle transport
machinery have been identified during the past decade (Rothman, 1994). Any one
of these might be regulated through phosphorylation by a mitotic kinase such as
p34cdc2 kinase. Most progress has been been made in the understanding how the
Golgi apparatus is fragmented during mitosis (Lowe et al., 1998a). Through the
work of Warren it is clear now that the cytosolic vesicle docking protein p115 that
is required for intra Golgi membrane fusion (Waters et al., 1992) associates with the
Golgi protein GM 130 (Nakamura et al., 1995). During mitosis, GM130 is phos-
phorylated by p34cdc2 kinase which inhibits its binding to p115 (Levine et al., 1996;
Lowe et al., 1998b;  Nakamura et al., 1997). Because p115 acts upstream of the
SNARE machinery (Cao et al., 1998), inhibition of its membrane association pro-
vides a mechanism for the abrogation of vesicle docking in the Golgi apparatus dur-
ing mitosis. Since COPI-dependent (Misteli and Warren, 1994) and independent
(Misteli and Warren, 1995) transport vesicle formation still continues during mito-
sis, the structural integrity of the Golgi complex will be lost. Rab1 and rab4, two
small GTPases with a role in membrane transport are also phosphorylated during
mitosis (Bailly et al., 1991; van der Sluijs et al., 1992a). Rab4 is involved in mem-
brane recycling from early endosomes to recycling endosomes (Daro et al., 1996;
van der Sluijs et al., 1992b) and Rab1 is required for transport from the endoplas-
mic reticulum to the Golgi complex (Pind et al., 1994;  Plutner et al., 1991). As rab
proteins are also thought to act upstream of the v/t-SNARE complex (Lupashin and
Waters, 1997;  Sogaard et al., 1994), phosphorylation of rabGTPases may provide
an extra layer of control over the activation of v/t-SNARE complexes. Because
many rab proteins lack consensus motifs for phosphorylation by p34cdc2 kinase,
rab1 and rab4 may have additional roles compared to their non-phosphorylated
counterparts. From these examples the concept emerges that several regulatory pro-
teins in membrane transport are targeted for phosphorylation during mitosis, and
that not a single molecule or mechanism is responsible for the inhibition of vesicu-
lar transport in dividing cells.

Rab4 is stochiometrically phosphorylated on Ser196, and dissociates from endo-
somes in cells entering mitosis (van der Sluijs et al., 1992a). Whereas rab4 is pre-
dominantly endosome-associated in interphase cells, during mitosis a large pool of
rab4 is in the cytoplasm. Point mutations in the p34cdc2 kinase phosphorylation
sequence (Ser-Pro-Arg-Arg) of rab4 produce a protein that is no longer phosphory-
lated and remains membrane-associated in all stages of the cell cycle (van der Sluijs
et al., 1992a). The mechanism of rab4 disociation is not understood.
Phosphorylation of (membrane-bound) rab4 could either enhance dissociation from
endosomes or inhibit the recruitment of cytosolic rab4 onto membranes, or both.
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Either event will increase the cytoplasmic pool of rab4. Recently it was shown in
vitro that phosphorylated rab4 in complex with GDI is not recruited to a membrane
fraction enriched in endosomes prepared from interphase cells (Ayad et al., 1997).
This would suggest that inhibition of membrane binding is the causative event
responsible for increased cytosolic rab4 during mitosis. Here we show that rab4 is
phosphorylated both on endosomes and in the cytosol in vivo and that the addition-
al cytoplasmic rab4 molecules are in the active GTP-bound conformation, not
bound to GDI. Instead we found that phosphorylated rab4 is associated with Pin1,
a recently identified peptidyl-prolyl isomerase (Lu et al., 1996) of the parvulin fam-
ily that catalyzes cis/trans isomerization of phosphorylated Ser/Thr-Pro peptide
bonds (Ranganathan et al., 1997;  Yaffe et al., 1997).

Material and Methods

Plasmid construction
NHrab4pCB6, NHrab4S22NpCB6, and NHrab4Q67LpCB6 were described before
(Nagelkerken et al., 1997). A bovine GDI cDNA was kindly donated by Dr. Y.
Takai (Osaka University Medical School, Osaka, Japan) and cloned in the BamH1
site of pcDNA3.1HisC (Invitrogen, Leek, The Netherlands). GOS28DTMpET3a
was provided by Dr. J. Rothman (Memorial Sloan Kettering Cancer Center, New
York, NY). Pin1 cDNA was generated by RT-PCR on total RNA isolated from Hela
cells as described (Chomczynski and Sacchi, 1987). The forward 5'-gag-aat-tca-
aga-tgg-cgg-acg-agg-aga-agc-tg-3' and reverse 5'-gag-aat-tct-cac-tca-gtg-cgg-agg-
atg-atg-tg-3' primers were based on the human Pin1 sequence (Lu et al., 1996). The
PCR product was ligated in the EcoRI site of pcDNA3.1HisC and pGEX1lT.
cDNAs created by the polymerase chain reaction were verified by dideoxy sequenc-
ing.

Antibodies
Antibodies against rab4, GDI, and the mouse monoclonal against the NH epitope
tag were described before (Bottger et al., 1996;  Nagelkerken et al., 1997;  Scheper
et al., 2000). Antibodies against Pin1 were raised by injecting rabbits with GST-
Pin1. The antibody against the cytoplasmic portion of GOS28 was obtained by
injecting rabbits with HisGOS28DTM, expressed in E. coli and purified under
denaturing conditions as described (Nagahama et al., 1996). The mouse monoclon-
al XpressTM antibody was purchased from Invitrogen (Leek, The Netherlands), and
HRP conjugated secondary antibodies and fluorescently labeled secondary antibod-
ies were from Jackson Immunoresearch labs (Westgrove, PA). 

Cell culture, transfections and synchronization
CHO cells, rab4 CHO cells, rab4N121I CHO cells, and rab4S196Q CHO cells were
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established and maintained as described (Bottger et al., 1996;  van der Sluijs et al.,
1992b). Rab4/HisGDI and rab4/HisPin1 double transfectants were generated by
transfecting rab4 CHO cells with GDIpcDNA3.1HisC and Pin1pcDNA3.1HisC.
The rab4S196Q/HisPin1 transfectant was made by transfecting rab4S196Q CHO
cells with Pin1pcDNA3.1HisC. Transfections were done using the calcium phos-
phate method (Graham and van der Eb, 1973). Stable transfectants were selected in
media containing 0.6 mg/ml G418. The cells received 5 mM sodium butyrate prior
to experiments to induce expression of CMV-driven constructs. Cells were syn-
chronized with 2 mM thymidine and arrested with 40 ng/ml nocodazole in
prometaphase (van der Sluijs et al., 1992a). The mitotic index of harvested cells was
90-95% as determined by Hoechst 33258 staining. 

In vivo phosphorylation
Cells were washed once with phosphate-free MEM (Sigma, St Louis, MO) con-
taining 40 ng/ml nocodazole (phosphate labeling medium (PLM)). Cells were
starved for 30 min at 37°C in PLM, washed and incubated with 175 µCi/ml 32P
ortho phosphate in PLM. Cells were then lysed in 1% Triton X-100, 10 mM NaF,
25 mM Na-β-glycerophosphate, 1 mM sodium vanadate, in PBS. For co-immuno-
precipitations, cells were labeled with 500 µCi/ml 32P ortho phosphate and lysed in
1% octylglucoside, 50 mM Hepes pH 7.6, 200 mM NaCl, 10 mM NaF, 25 mM Na-
β-glycerophosphate, 1 mM sodium vanadate, 1 mM PMSF, 10 µg/ml aprotinin, 5
µg/ml leupeptin, 10 µg/ml pepstatin A. To investigate phosphorylation of rab4 on
membranes, 32P labeled cells were homogenized in 250 mM sucrose, 1 mM EDTA,
10 mM NaF, 25 mM Na-β-glycerophosphate, 1 mM sodium vanadate, 1 mM PMSF,
3 mM imidazole pH 7.4 and homogenates were subjected to subcellular fractiona-
tion.

Metabolic labeling
To investigate the association-kinetics of newly synthesized rab4 to membranes,
cells were washed once with methionine and cysteine free MEM (Sigma, St. Louis,
MO) containing 40 ng/ml nocodazole (MCFM) and incubated for 30 min at 37°C
in MCFM. Next, the cells were labeled for 10 min with 200 µCi/ml 35S Trans label
in MCFM and chased for different periods of time in α-MEM containing 10% FCS.
Cells were lysed in Triton X-114, and lysates were subjected to phase separation
(Bordier, 1981) or used for subcellular fractionation. In some experiments, cells
were labeled with 200 µCi/ml 35S Trans label for 30 min and lysed at 4°C in 1%
TX-100, PBS containing 1 mM PMSF, 10 µg/ml aprotinin, 5 µg/ml leupeptin, 10
µg/ml pepstatin A. Detergent lysates were cleared by centrifugation for 10 min at
14000 rpm.
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Subcellular fractionation
Cells were washed once with ice-cold α-MEM and once with 250 mM sucrose, 1
mM EDTA, 1 mM PMSF, 3 mM imidazole pH 7.4. Cells were resuspended in 500
µl homogenization buffer and broken by passing them through a 25 G needle.
Postnuclear supernatants (PNS) were prepared by centrifugation of homogenates
for 15 min at 3500 rpm at 4°C. High speed supernatant and membrane pellet were
obtained by centrifugation of PNS at 150000 g for one hour at 4°C in a TLS55 rotor.

Determination of GTP/GDP ratio
Cells were labeled for 2 hrs with 175 µCi/ml 32P ortho phosphate as described
above. Cells were lysed in 1 ml 1% Triton X-100, 100 mM NaCl, 5 mM MgCl2, 1
mM PMSF, 1 mM ATP, 0.1 mM GTP, 10 mM Na-phosphate, 50 mM Hepes pH 7.4
or homogenized in the same buffer in which TX-100 was replaced by 250 mM
sucrose and subjected to subcellular fractionation. Proteins were immunoprecipitat-
ed with either rabbit anti rab4 antibody or the monoclonal anti NH antibody
adsorbed to Protein A Sepharose CL-4B. After 1 hour at 4°C, beads were washed 3
times with 500 mM NaCl, 5 mM MgCl2 , 1% Triton X-100, 50 mM Hepes pH 7.4
and 3 times with 500 mM NaCl, 5 mM MgCl2, 1% Triton X-100, 0.005% SDS, 50
mM Hepes pH 7.4. Separation of guanine nucleotides and quantitation were done
as described (Nagelkerken et al., 1997). 

Isolation of rab4-HisGDI complex
Cells were washed once with ice-cold α-MEM, once with 0.1 mM GDP, 1 mM
MgCl2, 50 mM NaF, 25 mM Na-β-glycerophosphate, 1 mM sodium vanadate, 1
mM PMSF, 100 mM Hepes pH 7.4 and homogenized in 600 µl of this buffer. High
speed supernatants were prepared as described above. Samples were incubated with
Ni-NTA beads (Westburg, Leusden, The Netherlands) on an end over end rotator for
1 hour at 4°C. Beads were washed twice with 150 mM NaCl, 2 mM EDTA, 0.5%
NP40, 0.5% deoxycholate, 0.1% SDS, 100 mM TrisHCl pH 8.3 (RIPA buffer), and
resuspended in 16 µl TE and 8 µl 3 times Laemmli sample buffer. Proteins were
separated on 12.5% SDS-PAA minigels, transferred to PVDF membranes and ana-
lyzed by quantitative Western blot using affinity purified rabbit anti rab4 and mon-
oclonal anti-XpressTM antibodies. Detection was done by ECL or ECF (Amersham,
Roosendaal, The Netherlands) and quantitated using NIH Image and Imagequant
(Molecular Dynamics, Sunnyvale, CA) software, respectively.

Isolation of rab4-HisPin1 complex
Cells were washed once with ice-cold α-MEM and once with 0.1 mM GTP, 1 mM
MgCl2, 50 mM NaF, 25 mM Na-β-glycerophosphate, 1 mM sodium vanadate, 1
mM PMSF, 100 mM Hepes pH 7.4. The cells were pelleted and homogenized in
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500 µl of this buffer. High speed supernatants were prepared as described above.
After normalization for protein content, samples were incubated with Ni-NTA
beads on an end over end rotator for 1 hour at 4°C. Beads were washed 3 times with
RIPA buffer and further processed as described for rab4-HisGDI complex isolation.

Immunoprecipitation
Protein A Sepharose CL-4B beads were coated with primary antibodies for 1-10 hrs
at 4°C. Antibody-coated beads were added to cleared extracts, or detergent lysates
of subcellular fractions, and incubated for 1 hr at 4°C. After three washes with
RIPA buffer, the beads were resuspended in 16 µl 2 mM EDTA, 10 mM TrisHCl,
pH 7 to which 8 µl 3 times Laemmli sample buffer was added. Samples were boiled
for 5 min and electrophoresed on 12.5% acrylamide minigels. For co-immunopre-
cipitation of phosphorylated rab4 with GDI or Pin1, equal aliquots were incubated
for 60 min with GDI or Pin1 (pre) immune sera, adsorbed to Protein A Sepharose
CL-4B. The beads were washed three times with 0.2% octylglucoside, 200 mM
NaCl, 50 mM Hepes pH 7.6 at 4°C. After the last wash, beads were resuspended in
100 µl 0.5% SDS in PBS and boiled for 5 min. Subsequently, beads were pelleted,
and retrieved supernatants were diluted with 100 µl 5% TX-100, 10 mM EDTA,
750 mM NaCl, 250 mM TrisHCl pH 7.8 and 300 µl H2O. After 5 min on ice, rab4
antibody coated Protein A Sepharose CL-4B beads were added for 1 hour. Beads
were washed three times with RIPA buffer and processed as described for SDS-
PAGE analysis.

Results

Rab4 is phosphorylated during mitosis and more abundant in the cytoplasm than in
interphase cells. Although a rab4 binding activity was recently identified on early
endosomes (Ayad et al., 1997), the mechanism of rab4 regulation during the cell
cycle is not understood and clearly is different from most other rab proteins that are
not phosphorylated. We therefore set out to investigate the relation between rab4
phosphorylation and its localization in the cell in vivo.

Mitotic phosphorylation occurs on GDP- and GTP-bound rab4
The crystal structures of several small GTPases show that their GDP- and GTP-
bound forms have different conformations. We therefore first investigated if the
structurally distinct forms of rab4 can serve as a target for mitotic kinases. To this
aim we used a CHO cell line expressing the NHrab4S22N mutant that does not bind
Mg2+. This mutation most likely resembles an intermediate transition state form of
the GTPase during guanine nucleotide exchange and preferentially binds GDP. We
also generated the NHrab4Q67L mutant that is deficient in GTP-hydrolysis. This
mutant occurs for > 98 % in the GTP-bound form (Nagelkerken et al., 1997). The
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cells were synchronized, arrested with nocodazole in prometaphase and labeled
with 32P ortho phosphate. Rab4 was quantitatively immunoprecipitated from deter-
gent lysates with either the monoclonal NH antibody or a polyclonal antibody that
recognizes the different conformations of the small GTPase with equal efficiencies
(our unpublished results). Results of a representative experiment are shown in fig-
ure 1A. Upon correction for expression, this figure documents that the wild type
protein and the two mutants were phosphorylated to the same extent. Since the
NHrab4Q67L mutant is not entirely devoid of GTP hydrolysis, the small amount (<
5%) of NHrab4Q67L that is in the GDP-bound form, formally might represent the
phosphorylated species. We consider this unlikely given the nearly identical inten-
sities of the immunoprecipitated phosphorylated bands of the two mutants and their
similar expression levels shown in figure 1A. Despite the significantly different
amounts of the GDP-bound form in NHrab4Q67L, NHrab4S22N, and rab4
(Nagelkerken et al., 1997), each of the proteins is phosphorylated to the same
extent, ruling out the possibility that rab4GDP solely represents the kinase target.
As the above results showed that phosphorylation of rab4 occurred independently
of its guanine nucleotide status, we used a second approach to confirm this obser-
vation. For this purpose we employed the rab4N121I CHO cell line expressing a

Expression of this rab4 mutant was assayed by immunoprecipitation from detergent lysates that were
prepared after labeling mitotic cells with 200 µCi/ml 35S Trans label for 45 min. Immunoprecipitation
of the cis Golgi SNARE GOS28 served as internal control for the expression level of rab4 (B).
Normalization of the 32P signals with respect to rab4 expression in the four cell lines revealed that
phosphorylation was independent of its guanine nucleotide status.

Figure 1. Phosphorylation of rab4
mutants in vivo. 
Mitotic cells were labeled for 2 hours
with 175 µCi/ml 32P ortho phosphate
and lysed in 1% Triton X-100 in PBS.
Rab4 was immunoprecipitated with a
rab4 antibody or with the monoclonal
NH antibody from the cell lines
expressing the GDP -bound or GTPase
hydrolysis deficient mutants.
Immunoprecipitates were resolved by
SDS-PAGE on 12.5% minigels and
analyzed by phosphorimaging. Aliquots
of unlabeled mitotic cells were subject-
ed to Western blotting using rab4 anti-
bodies and results were quantitated
using Imagequant (A). To investigate
phosphorylation of the nucleotide free
transition state, CHO cells expressing
rab4N121I were labeled with 32P ortho
phosphate and immunoprecipitated.
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rab4 mutant that does not bind guanine nucleotides. As shown in figure 1B, the
empty form of rab4 is also phosphorylated during mitosis. The reduced level of
phosphorylation in this mutant as compared to wild type rab4 is due to lower
expression as evidenced by immunoprecipitation of rab4N121I from lysates of 35S-
methione/cysteine labeled mitotic cells. The Golgi SNARE GOS28 served as an
internal control in the immunoprecipitations. Collectively these experiments show
that mitotic phosphorylation of rab4 occurs independently of its guanine nucleotide
status.

Rab4 is less efficiently recruited to membranes during mitosis
We next investigated whether the reduced amount of rab4 on endosomes was
caused by less efficient recruitment to membranes. Newly synthesized rabGTPases
reside in the cytoplasm before they are prenylated by the catalytic subunit of cytoso-
lic geranylgeranyl transferase type II and subsequently delivered to their target
compartment by REP1 and GDI. The posttranslational modification of rabGTPases
with geranylgeranyl groups at C-terminal cysteines renders them hydrophobic and
is required for membrane attachment. We reasoned that monitoring the delivery of
newly synthesized rab4 would allow us to dissect the requirements for rab4 binding
to membranes and its regulation during mitosis and used a pulse chase approach to
investigate the kinetics of membrane association of newly synthesized rab4 during
interphase and mitosis. Cells were labeled for 10 min with 35S Trans label, chased
for up to one hour, and then either solubilized in TX-114 to assay for the acquisi-
tion of geranylgeranyl groups or fractionated to measure delivery of rab4 to endo-
somes. Newly synthesized rab4 is prenylated with the same kinetics during mitosis
and interphase and prenylation is essentially complete within 1 hr (our unpublished
results). By immunoprecipitating rab4 from cytosol and membrane fractions of
interphase cells, we found that the rate of membrane recruitment closely paralleled
the rate of prenylation. In contrast to prenylation, membrane recruitment of newly
synthesized rab4, was ~ 35% less efficient during mitosis than in interphase, where
90% of rab4 became membrane-bound within 1 hr (figure 2). The kinetics of rab4
recruitment to membranes in vivo is very similar to those obtained in vitro for other
endosome associated rab proteins (Ayad et al., 1997;  Soldati et al., 1994;  Ullrich
et al., 1994), thus validating our in vivo approach. The reduced membrane asocia-
tion and increased amount of cytoplasmic rab4 during mitosis is not due to
enhanced extraction of membrane-bound rab4 by GDI since binding of rab4 to GDI
is similar in interphase and mitotic cytosol (see below). In contrast to results
obtained in an in vitro assay (Ayad et al., 1997), rab4 in vivo, does become mem-
brane-associated during mitosis where we showed previously, that rab4 is stochio-
metrically phosphorylated (van der Sluijs et al., 1992a). Because the turnover rate
of rab4 is much slower than the rate of phosphorylation (our unpublished results),
it was technically impossible to discern between phosphorylated newly synthesized
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rab4 and the total pool of phosphorylated rab4. Irrespective of this, rab4 is delivered
less efficiently to membranes in mitosis than in interphase. By Western blot of
membrane and cytosolic fractions we found a 50% decrease in the amount of rab4
associated with membranes and the concomittant 5-fold increase in cytosolic rab4
during mitosis (our unpublished results). This is less than we previously reported
(van der Sluijs et al., 1992a), and due to the normalization of the amount of sample
loaded on the SDS-PAA gels.

Phosphorylated rab4 is associated with membranes
Using a rab4 truncation mutant that lacks the prenylation sequence and cannot bind
endosomes, we previously showed that rab4 is phosphorylated in the cytoplasm
(van der Sluijs et al., 1992a). To investigate whether rab4 is phosphorylated on
membranes has been more difficult to assess. Attempts to phosphorylate rab4 in

Figure 2. Newly synthesized rab4 is recruited to membranes during mitosis.
Interphase or mitotic rab4 CHO cells were labeled for 10 min with 200 µCi/ml 35S Trans label and
chased for various periods of time. At each time point, the same amount of cells was homogenized.
Postnuclear supernatants were fractionated into high speed supernatant (C) and pellet (M) fractions
that were lysed in equal volumes of lysis buffer. Rab4 was immunoprecipitated from membranes and
cytosol and subjected to SDS-PAGE (A). Quantitation was done as described in the methods section
(B) Closed circles; interphase cells, closed squares; mitotic cells. Note that in interphase up to 85% of
newly synthesized rab4 becomes membrane associated within 1 hour, whereas this is ~ 55% during
mitosis.
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vitro on endosomal membranes using recombinant p34cdc2 kinase/cyclin B complex
failed (our unpublished results) probably because essential components are lost or
inactivated during the preparation of endosomes. To address this question we
labeled mitotic rab4 CHO cells with 32P ortho phosphate for different periods of
time. The cells were then fractionated and phosphorylated rab4 was immunopre-
cipitated from membranes and cytosol fractions. The results of this experiment are
shown in figure 3A. Although phosphorylation of rab4 increased with longer label-
ing times, phosphorylated rab4 was divided evenly between membranes and
cytosol, even when cells were chased for 20 min in the absence of 32P ortho phos-
phate. When membranes were extracted with 1 M NaCl and re-isolated by high
speed centrifugation, the amount of membrane-associated immunoprecipitable 32P-
labeled rab4 only decreased by ~10% as shown in figure 3B. This showed that rab4
is phosphorylated on membranes and that phosphorylated rab4 is not loosely asso-
ciated with membranes.

Released rab4 is not in complex with GDI
The observations that the pool of rab4 was increased in the cytoplasm and that
membrane-bound rab4 was phosphorylated during mitosis, suggested that phos-
phorylation might cause rab4 to dissociate off endosomal membranes. As GDI is
the major acceptor for cytosolic rab proteins, we next investigated the association
of rab4 with GDI during mitosis. For this purpose we transfected HisGDI in a rab4
CHO cell line, since the level of endogenous GDI precluded detection by our anti-
body in coprecipitation assays. HisGDI expression in this cell line was ~5 fold high-
er than endogenous GDI and did not affect the localization of rab4 in interphase or

Figure 3. Rab4 is phosphorylated on mem-
branes.
Mitotic rab4 CHO cells were labeled for the indi-
cated periods of time with 175 µCi/ml 32P ortho
phosphate. At the 45 min time point, labeling
medium was removed and cells were incubated
with chase medium lacking 32P ortho phosphate
for 0, 10 or 20 min. Cells were fractionated and
rab4 was immunoprecipitated from membrane and
cytosol fractions as described in the methods sec-
tion (A). To investigate whether phosphorylated
rab4 was tightly associated with membranes, a
membrane pellet (m) was resuspended in homoge-
nization buffer containing 1 M NaCl. After 30 min,
salt-extracted membranes were re-isolated by high
speed centrifugation. Rab4 was immunoprecipitat-
ed from cytosol (c), supernatant (w) and washed
membranes (wm). Immunoprecipitates were
resolved by SDS-PAGE and quantitated by phos-
phorimaging (B). 
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mitotis (our unpublished results). Gel filtration of interphase cytosol on Sephacryl
HR-S200 showed that the entire cytoplasmic pool of rab4 cofractionated with
HisGDI confirming that HisGDI retained the activity to bind rab4 (our unpublished
results). Interphase and mitotic HisGDI/rab4 CHO cells were fractionated to pre-
pare cytosol that was incubated with Ni-NTA beads. As shown in figure 4A, rab4
was efficiently captured on the Ni-NTA beads in the presence of HisGDI, docu-
menting the presence of rab4-GDI complexes. When we analyzed rab4-HisGDI
complexes in mitotic cytosols, we found a limited (< 25%) increase in rab4 bound
to HisGDI as compared to interphase cytosols. In octylglucoside lysates from 32P
ortho phosphate labeled HisGDI/rab4 CHO cells, rab4 was co-immunoprecipitated
with a GDI antibody, but not with a pre-immune serum from the same rabbit as
shown in figure 4B, confirming that phosphorylated rab4 bound to GDI. The find-
ing that the increased pool of rab4 in mitotic cytosol, was not accounted for by GDI
association, suggested that the additional rab4 molecules in the cytoplasm are either
complexed to a different cytosolic protein and/or that they are in the GTP-bound
form. As we did not observe any differences in GDI expression and phosphoryla-
tion during mitosis and interphase (our unpublished results), we concluded that
phosphorylation of GDI does not regulate rab4-GDI interactions.

Figure 4. Released rab4 is not associated with
GDI.
Equal numbers of interphase (I) and mitotic (M)
rab4/HisGDI CHO double transfectants and con-
trol rab4 CHO cells were homogenized and frac-
tionated by high speed centrifugation. Cytosol was
retrieved and incubated with 50 µl Ni-NTA beads.
Beads were washed three times with ice-cold RIPA
buffer and boiled in Laemmli sample buffer.
Eluted proteins were separated by SDS-PAGE and
analyzed by Western blot using the anti XpressTM

antibody for HisGDI and a rabbit rab4 antibody.
Detection was with HRP-labeled secondary anti-
bodies and enhanced chemiluminescence.
Quantitation was done using the NIH image soft-
ware package (A). Mitotic rab4/HisGDI CHO dou-
ble transfectants were labeled 45 min with 500
µCi/ml 32P ortho phosphate. Cells were lysed in
1% octylglucoside as described in the methods
section. Equal aliquots cleared lysate were incu-

bated for 1 hr with a GDI antibody (+) or pre-immune serum (-) adsorbed to Protein A Sepharose CL-
4B and washed 3 times with octylglucoside wash buffer. Washed immunoprecipitates were boiled 5
min with 100 µl 0.5% SDS in PBS and pelleted. Supernatants were used to immunoprecipitate rab4
as described in the methods section, resolved on 12.5% SDS PAA mini gels and analyzed by phos-
phorimaging (B).
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Phosphorylated rab4 accumulates in the GTP-bound form in the cytoplasm
As the increased amount of rab4 in the cytoplasm was not associated with GDI, we
next investigated the guanine nucleotide status of rab4 during mitosis and in inter-
phase. Cells were metabolically labeled with 32P ortho phosphate and rab4 was
immunoprecipitated from detergent lysates. During the immune precipitation and
the washes, GTP hydrolysis was negligible. To ensure that cells remained in mito-
sis, we labeled the cells only two hours. In control experiments we ascertained for
interphase cells that labeling periods of 2-4 hours yielded identical values for the
guanine nucleotide status (our unpublished results). As shown in figure 5A the gua-
nine nucleotide ratio of rab4 is identical in mitotic and interphase extracts (80%),
suggesting that phosphorylation did not affect guanine nucleotide binding. We then
compared the guanine nucleotide ratio of cytoplasmic rab4 prepared from inter-
phase and mitotic cells. After metabolic labeling, the cells were fractionated and
rab4 was immunoprecipitated from membrane and high speed supernatants and
analyzed for guanine nucleotide content. As shown in figure 5B, a large fraction of
membrane-bound rab4 was in the GTP-form in interphase- and mitotic cells. In con-
trast, the increased level of rab4 in mitotic cytosol was accompanied by an increase

Figure 5. Released rab4 is in the
GTP-bound form.
Mitotic and interphase rab4 CHO cells
(A,B) or NHrab4Q67L CHO cells (D)
were labeled for 2 hours with 175
µCi/ml 32P ortho phosphate. A small
aliquot of the rab4 CHO cells was
lysed and saved for the determination
of rab4-bound guanine nucleotides.
The remainder of the cells was
homogenized and membrane and
cytosol were prepared by high speed
centrifugation. Rab4 was immunopre-
cipitated from the cell lysate (L),
membranes (M) and cytosol (C) frac-
tions. Guanine nucleotides were elut-
ed from immunoprecitates, resolved
by thin layer chromatography and
analyzed by phosphorimaging.
Quantitation was done with the
Imagequant software package.
Aliquots of non-labeled interphase
and mitotic NHrab4Q67L CHO cells
were subjected to Western blotting
using rab4 antibodies (C). 
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in the GTP/GDP ratio. Thus whereas in interphase cytosol < 16% rab4 was in the
GTP-form, in mitotic cytosol this was increased 3-fold to 45% as shown in figure
5B. Since rab4 guanine nucleotide exchange activity remains endosome-associated
during mitosis (Ayad et al., 1997), the higher guanine nucleotide ratio might be con-
tributed by phosphorylated rab4 that is released from endosomes. To investigate
whether the GTP-bound form of rab4 can dissociate from membranes during mito-
sis, we employed the NHrab4Q67L mutant. This GTP-hydrolysis deficient mutant
is phosphorylated to the same extent as wild type rab4 as we showed in figure 1.
NHrab4Q67L CHO transfectants were synchronized in prometaphase and rab4 dis-
tribution in interphase and mitosis was assessed in cytosol and membrane fractions.
As shown in figure 5C, the NHrab4Q67L mutant was predominantly membrane-
associated in interphase and like wild type rab4, the mutant accumulated in the
GTP-bound form in the cytoplasm during mitosis (figure 5D).

Phosphorylated rab4 is associated with the peptidyl-prolyl isomerase Pin1 
Although phosphorylated rab4GTP did not associate with GDI in the cytosol, we
consider it unlikely that the extra charge provided by the phosphate group would
render the protein sufficiently hydrophilic to remain soluble. Instead we hypothe-
sized that the protein is associated with a distinct cytosolic acceptor protein. In a
search for partners that associate with the peptidyl-prolyl isomerase Pin1, we
recently found that GST-Pin1 binds to rab4 in mitotic HeLa cells extracts, in vitro
(Yaffe et al., 1997). Hence, we next investigated whether rab4 was associated with
Pin1 in vivo during mitosis. For this purpose, HisPin1 was transfected in a rab4
CHO cell line. Again, as for GDI/rab4 overexpressing cells, we first confirmed that

Figure 6. Rab4 is in a complex with Pin1 in
cytosol during mitosis.
Equal numbers of interphase and mitotic
rab4/HisPin1 CHO double transfectants and
rab4 CHO cells (A,B), or rab4S196Q and
rab4S196Q/HisPin1 CHO transfectants (B)
were homogenized and fractionated by high
speed centrifugation. Cytosol was retrieved
and incubated with 50 µl Ni-NTA beads.
Beads were washed three times with ice-cold
RIPA buffer and boiled in Laemmli sample
buffer. Eluted proteins were separated by
SDS-PAGE and analyzed by Western blot
using the XpressTM antibody for HisPin1 and
a rabbit rab4 antibody. Detection was done
with HRP-labeled secondary antibodies and
enhanced chemiluminescence and quantitat-
ed using the NIH image software package. 
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Pin1 overexpression did not result in relocalization of rab4 in these cells (our
unpublished results). Cytosol prepared from rab4 CHO and HisPin1/rab4 CHO cell
lines was then incubated with Ni-NTA beads. As shown in figure 6A., little, if any
rab4 was bound to the beads in the absence of HisPin1 or when cytosol was pre-
pared from interphase HisPin1/rab4 transfectants. In contrast, a 7 fold increase of
bound rab4 was detected on Ni-NTA beads incubated with mitotic cytosol, docu-
menting the presence of a rab4-Pin1 complex. The same experiment was also done
with mitotic cytosol prepared from rab4S196Q/HisPin1 CHO cells. This rab4
mutant is not phosphorylated during mitosis (van der Sluijs et al., 1992a) and as
shown in figure 6B, fails to bind Pin1. To show directly that phosphorylated rab4 is
bound to Pin1, rab4 was co-immunoprecipitated with Pin1 from octylglucoside
lysates of 32P-labeled mitotic rab4 CHO cells. As shown in figure 7, phosphorylat-
ed rab4 was co-immunoprecipitated with Pin1 antibody, but not with a pre-immune
Pin1 serum. Binding of phosphorylated rab4 to Pin1 was not selective for the GTP
or GDP-bound forms, as the NHrab4S22N and NHrab4Q67L mutants were both co-
immunoprecipitated with Pin1 (figure 7). Since expression of NHrab4S22N was
lower than of rab4 and NHrab4Q67L (figure 1A), we also found less co-immuno-
precipitation with Pin1. Thus rab4 associated with Pin1 during mitosis, but not in
interphase and binding required phosphorylation of Ser196. 

Discussion

Protein phosphorylation plays a critical role in the regulation of membrane trans-
port and the maintenance of organelle architecture during the mammalian cell cycle
(Warren and  Wickner, 1996). In the past 10 years important progress has been made

Figure 7. Phosphorylated rab4 is associated
with Pin1 during mitosis.
Equal numbers of mitotic CHO cells expressing
rab4, NHrab4S22N, NHrab4Q67L, rab4/HisPin1
or control CHO cells were labeled for 45 min
with 500 µCi/ml 32P ortho phosphate and lysed
in 1% octylglucoside, 50 mM Hepes pH 7.6, 200
mM NaCl, 10 mM NaF, 25 mM Na-β-glyc-
erophosphate, 1 mM sodium vanadate, 1 mM
PMSF, 10 µg/ml aprotinin, 5 µg/ml leupeptin, 10
µg/ml pepstatin A. Detergent lysates were incu-
bated for 1 hour with a Pin1 antibody (+) or
matched pre-immune serum (-) adsorbed to
Protein A Sepharose CL-4B and washed 3 times

with octylglucoside wash buffer. Washed immunoprecipitates were boiled 5 min with 100 µl 0.5%
SDS in PBS and pelleted. Supernatants were used to immunoprecipitate rab4 as described in the meth-
ods section, resolved on 12.5% SDS PAA mini gels and analyzed by phosphorimaging (B).
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in unraveling the molecular principles that underly the inhibition of vesicular trans-
port through the Golgi complex (Lowe et al., 1998a;  Lowe et al., 1998b).

Membrane transport through the endocytic pathway is also inhibited during mitosis
(Berlin and Oliver, 1980;  Berlin et al., 1978;  Oliver et al., 1985;  Quintart et al.,
1979;  Sager et al., 1984). The mechanisms responsible for the mitotic arrest of
endocytosis have not yet been defined, but are likely to depend on phosphorylation
of regulatory components of the endocytic pathway by mitotic kinases. So far, at
least three distinct endocytic events, including clathrin coated pit invagination
(Pypaert et al., 1991), homotypic early endosome fusion (Tuomikoski et al., 1989),
and transferrin receptor recycling (Warren et al., 1984) were shown to be down-reg-
ulated during mitosis. Recently, proteins involved in each of these three distinct
transport steps were shown to be targeted by mitotic kinases. Epsin and Eps 15, two
proteins required for epidermal growth factor internalization, are phosphorylated by
p34cdc2 kinase, which causes them to dissociate from the AP-2 adaptor complex
(Chen et al., 1999). Furthermore, rab5b, which appears to be required for homotyp-
ic early endosome fusion can be phosphorylated by p34cdc2 kinase in vitro
(Chiariello et al., 1999). We previously showed that rab4 is involved in regulating
transport through early endosomes and that it is phosphorylated by p34cdc2 kinase.
So far rab4 is the only known endosome-associated protein that is phosphorylated
by this kinase in vivo. Thus rab4 might be one of the targets for the inhibition of
endocytic transport. Indeed, whereas > 90% of rab4 is associated with endosomes
in interphase, during mitosis, rab4 is translocated to the cytoplasm, presumably
unable to perform its endosome-associated function. Phosphorylation of Ser196 is
required and sufficient for the altered localization of rab4. How phosphorylation of
rab4 causes translocation in the cytoplasm is not clear. We now found that rab4 is
phosphorylated on membranes, and that most if not all of the additional cytosolic
rab4 molecules are in the GTP-bound form, not associated with GDI. Since we also
found that phosphorylated rab4 is bound to the peptidyl-prolyl isomerase Pin1 in
the cytoplasm, it is tempting to speculate that Pin1 may play a key role in the altered
localization of rab4.

Although GDI retained the ability to bind phosphorylated rab4 in vivo (figure 4B),
it fails to deliver phosphorylated rab4 to endosome-enriched interphase membranes
in vitro (Ayad et al., 1997). Our finding that the reduced association rate of newly
synthesized rab4 with membranes during mitosis does not necessarily conflict with
this observation of Ayad et al. Possibly some factor may have become limiting in
their in vitro binding assay, blocking recruitment of phosphorylated rab4 to mem-
branes under mitotic conditions. In interphase cells, GDI is solely responsible for
membrane retrieval of rab proteins after hydrolysis of their bound GTP molecules.
The small increase in GDI-bound rab4 during mitosis could possibly be due to
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intrinsic GTP-hydrolysis of the additional cytosolic rab4 molecules. This increase
however is significantly less (20 fold) than the increased amount of rab4 in cyto-
plasm during mitosis, suggesting that an alternative mechanism regulates the level
of membrane-associated rab4 during cell division. The observation that the pool of
phosphorylated cytosolic rab4GTP was increased 3-fold during mitosis is consistent
with the notion that enhanced dissociation of rab4GTP from early endosomes is
partially responsible for the increased cytosolic pool of rab4. This also explained
why GDI did not scavenge the extra rab4 molecules, since it specifically binds rab
proteins in the GDP bound form. Thus inhibited recruitment of cytosolic rab4 to
early endosomes and increased dissociation of membrane-associated rab4 both may
contribute to the depletion of rab4 from endosomes during mitosis. 

As the increase of cytosolic rab4 is not parallelled by increased association with
GDI, the question arose how the hydrophobic C-terminus of geranylgeranylated
rab4 is kept soluble in the cytoplasm. It is not likely that negative charge originat-
ing from a phosphate group on Ser196 will provide sufficient hydrophilicity, since
substitution of Ser196 with the phospho-serine mimicking acidic amino acids aspar-
tate or glutamate is predicted to decrease the isoelectric point of rab4 only 0.22 units
from 5.41 to 5.19. The observation that GTP-loading of cytosolic rab4 increased
several fold during mitosis while the fraction of rab4 associated with GDI was sim-
ilar in interphase and mitosis, suggested that rab4 which failed to be recruited to
membranes, is bound to a novel cytosolic acceptor. We here found that phosphory-
lated rab4 was in a complex with Pin1 in the cytoplasm during mitosis, but not in
interphase cells. 

Pin1 was recently shown to bind proteins recognized by the MPM-2 antibody in
mitotic extracts in vitro (Shen et al., 1998;  Yaffe et al., 1997). Evidently not all
phosphorylated cytosolic rab4 was bound to Pin1, as a fraction could be co-
immunoprecipitated with GDI. This is accounted for by the presence of phospho-
rylated rab4GDP in the cytoplasm of mitotic cells (figure 5). Binding of rab4 to
Pin1 might serve several purposes. First it maintains the rab4GTP pool that is not
bound to GDI, in a soluble form in the cytoplasm. Secondly, the enzymatic activity
of the peptidyl prolyl isomerase could alter the conformation of bound rab4, there-
by reducing the affinity of the C-terminal hypervariable region of rab4 for its cog-
nate receptor on early endosomes. In the immunoprecipitation assay we found sub-
stochiometric amounts of rab4 to co-immunoprecipitate with Pin1. This is due to
the fact that the Pin1-rab4 complex is not stable in detergents and dissociates dur-
ing the washes of immunoprecipitates. In support of this, in the HisPin1 pull-down
assay we observed that captured cytosolic rab4 is progressively removed from the
Ni-NTA beads. Given this, it is likely that the amount of rab4 that is co-immuno-
precipitated with Pin1, or co-isolated with HisPin1 represents an underestimate.
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Because the association of rab proteins (including rab4) with GDI is also not stable
in the presence of detergent (Soldati et al., 1993), it remains to be established what
fraction of rab4 is present in each of the complexes, and whether there is crosstalk
between the rab4-Pin1 and rab4-GDI complex.

Pin 1 specifically recognizes the phosphorylated (Ser/Thr)-Pro motif in target pro-
teins and catalyzes cis-trans isomerization of the (Ser/Thr)-Pro peptide bond. The
rate of Pin1 catalyzed isomerization is increased > 3 orders of magnitude after phos-
phorylation of these Ser or Thr residues (Yaffe et al., 1997). As the peptide bond
preceding a proline residue often occurs in the cis-conformation (Schreiber, 1991),
catalyzed isomerization to the energetically more favourable trans isomer relieves
conformational strain and thereby contributes to the folding state of proteins
(Schmid, 1995). Phosphorylation however, also creates a binding site for Pin1
(Yaffe et al., 1997). Either binding of rab4 to the WW domain of Pin1, or confor-
mational alterations in the C-terminal hypervariable region induced by prolyl iso-
merization might regulate interactions of rab4 with other proteins. Based on our
results, several models can be advanced to explain the reversible alteration of the
rab4 cycle during mitosis. Upon phosphorylation of membrane-bound rab4GTP by
p34cdc2 kinase, it binds to Pin1 which might cause rab4 to dissociate from a cog-
nate endosomal receptor. In addition, since cytosolically localized rab4GDP is
phosphorylated and part of which is bound to Pin1, this might inhibit recruitment of
cytoplasmic rab4 to endosomes. When cells exit mitosis, rab4 is rapidly dephos-
phorylated (van der Sluijs et al., 1992a) causing the Pin1-rab4GTP and Pin1-
rab4GDP complexes to dissociate as rab4 does not bind Pin1 in interphase. This
allows cytoplasmic rab4GDP, and rab4GTP (after intrinsic GTP hydrolysis) to re-
associate with GDI and be delivered to endosomes.

The precise mechanism how Pin1 and p34cdc2 kinase regulate rab4 activity during
cell division remains to be further explored. It is clear however that mitotic phos-
phorylation of rab4 increases the amount of rab4GTP in cytoplasm at the expense
of membrane-bound rab4GTP. This might cause less efficient recruitment of effec-
tor proteins such as rabaptin4 (Nagelkerken et al., 2000) to early endosomes and
downregulation of the rab4-dependent recycling route from early endosomes.
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Abstract

The small GTPase rab4 is associated with early endosomes and regulates recycling
from this compartment to the cell surface in fibroblasts. Rab4 is present in polarized
epithelial cells, however, neither its localization nor function have been established
in this cell type. We therefore transfected Madin Darby Canine Kidney (MDCK)
cells with rab4, the GTPase-deficient mutant rab4Q67L, and the dominant negative
mutant rab4S22N that poorly binds guanine nucleotides. Confocal immunofluores-
cence microscopy on filter-grown cells showed that rab4 was concentrated on inter-
nal structures at the lateral side of the cell around the nucleus. Quantitative immuno
electronmicroscopy revealed that the majority of rab4 was localized in the upper
third part of the cytoplasm. In cell surface-binding experiments with 125I-labeled Tf
we found a redistribution of TfR from the basolateral to the apical plasma mem-
brane in cells expressing rab4 and rab4Q67L. After accumulation of Tf at 16°C in
basolateral early endosomes, rab4 and rab4Q67L increased the amount of apically
targeted Transferrin receptor. A qualitatively similar effect was obtained in control
cells treated with Brefeldin A (BFA). The effect of BFA on apical Transferrin recy-
cling was not enhanced in transfectants expressing rab4 or rab4Q67L cells, sug-
gesting that BFA and rab4 act in the same recycling pathway from early endosomes.



69

Chapter 3

C
hapter 3

Introduction

Eukaryotic cells internalize cell surface proteins and material from their environ-
ment by endocytosis. The pathway is used for the uptake of nutrients, regulation of
cell surface receptors and for the recycling of proteins used in the secretory path-
way. Ligands are bound to receptors at the plasma membrane. The complex then
enters clathrin-coated pits, is internalized in clathrin coated vesicles, and transport-
ed to early endosomes (EEs), where sorting occurs to different compartments. The
mildly acidic pH in EEs causes dissociation of several ligand-receptor complexes.
Ligands are then targeted to late endosomes/lysosomes for degradation, while most
receptors are transported via recycling endosomes (REs) back to the cell surfaces
for re-utilization (reviewed in Mellman, 1996). Although receptor recycling is rel-
atively well understood at the phenomenological level, little is known about the
molecular principles that regulate vesicular transport from EEs to REs and the
plasma membrane. 

An additional layer of complexity in the regulation of endocytic pathways is pres-
ent in polarized epithelial cells. These have biochemically distinct apical- and baso-
lateral plasma membrane domains that are separated by tight junctions. Endocytosis
occurs at both poles of this cell type. Earlier studies in MDCK cells showed that
apically and basolaterally internalized fluid phase tracers enter distinct apical- and
basolateral EEs before they reach a common late endosomal compartment (Bomsel
et al., 1989). Likewise, it is now thought that an apically localized RE (ARE) is uti-
lized by polarized cells to recycle receptors that are endocytosed from either the api-
cal and basolateral plasma membrane (reviewed in Mostov et al., 2000). The ARE
is an extensively tubularized organelle that is accessible to basolaterally internalized
and recycled TfR, but also to basolaterally pIgR before it reaches the apical plasma
membrane (Apodaca et al., 1994). Fluid phase tracers enter the ARE at relatively
low concentrations because these have already been sorted in the basolateral or api-
cal EEs. Most likely recycling receptors such as TfR and the transcytosing pIgR are
sorted in the ARE. Since sorting of TfR occurs both in EEs and in ARE, it is not
clear whether transit through the ARE is a prerequisite for basolaterally recycling
receptors, or whether the CE and ARE are distinct compartments (Odorizzi et al.,
1996; Sheff et al., 1999). Although little is known about the biochemical composi-
tion of the ARE, its lumenal pH of 6.3-6.5 is considerably less acidic that that of
basolateral and apical EEs (Gagescu et al., 2000). Furthermore ARE appear to be
enriched in proteins and lipids typically found in rafts (Gagescu et al., 2000).

Testifying to the high degree of complexity of endosomal pathways is the increas-
ing number of small GTPases that have been localized to the cytosolic surface of
early endocytic organelles. For instance, rab5 is associated with basolateral and api-
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cal EEs (Bucci et al., 1994) while its effector EEA1 is predominantly associated
with basolateral EEs in MDCK cells, suggesting that the spatiotemporal regulation
of rab5 activity may be different at these two early endosome populations (Wilson
et al., 2000). We have been investigating the role of rab4 in transport through the
early endocytic pathway (Bottger et al., 1996; Gerez et al., 2000; van der Sluijs et
al., 1992b). Rab4 is localized to early endocytic compartments and transport vesi-
cles, but not to the plasma membrane (de Wit et al., 1999) and regulates recycling
of cell surface receptors. How rab4 mediates its function is not clear yet, but the
cloning and functional characterization of bifunctional effector proteins such as the
rabaptins suggest that the sequential and opposite activities of rab5 and rab4 on EE
membrane dynamics are coordinated through these effector proteins. We here gen-
erated stable MDCK transfectants ectopically expressing wild type and mutant
rab4. Our results show that rab4 controls recycling of TfR from EEs to the apical
plasma membrane.

Materials and methods

Antibodies and expression constructs
Rabbit antibodies against rab4 and the mouse monoclonal antibodies 9E10 and NH
against the myc and influenza X31 NH epitope tags were described before (Bottger
et al., 1996; Evan et al., 1985; Nagelkerken et al., 1997). The rat monoclonal anti-
body against ZO1, and rabbit antibodies against gp80 and EEA1 were generously
provided by Karl Matter (University of Geneva), Claudia Koch-Brandt (Johannes
Gutenberg University, Mainz) and Michael Clague (University of Liverpool),
respectively. A rabbit antibody against rab11 was purchased from Zymed (San
Francisco, CA). Fluorescently labeled secondary antibodies were from Molecular
Probes (Leiden, The Netherlands) and Jackson ImmunoResearch Laboratories
(Westgrove, PA). Myc-tagged human TfR cDNA was excised with SacI and XbaI
from mycTfR-pCB6 (Daro et al., 1996) and ligated in pCB7 (generously provided
by Jim Casanova, Harvard University). Rab4, rab4S22N, and rab4Q67L were
released with EcoRI from corresponding pGBT9 contructs (Nagelkerken et al.,
2000) and cloned in the same site of pcDNA3 (Invitrogen, Leek, The Netherlands).
NH-tagged rab4 constructs were described before (Gerez et al., 2000).

Cell culture
MDCK II cells were grown in MEM (GIBCO BRL, Breda, the Netherlands), 10%
FCS, supplemented with 100 U/ml penicillin and 100 µg/ml streptomycin. The cells
were transfected with mycTfR-pCB7 as described (Gerez et al., 2000) and trans-
fectants were selected in media containing 200 U/ml Hygromycin. Expression was
screened by immunofluorescence microscopy after 2 weeks. Positive clones were
assayed for their ability to internalize and recycle 125I-Tf. A representative clone
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with identical TfR kinetics as endogenous canine TfR (Podbilewicz and Mellman,
1990) was stably transfected with rab4, rab4S22N and rab4Q67L in pcDNA3.
Double transfectants were grown in media containing 200 U/ml hygromycin, 0.6
mg/ml G418, and screened by immunofluorescence microscopy. A MDCK II trans-
fectant expressing the rabbit polymeric immunoglobulin receptor was a kind gift of
Walter Hunziker (University of Lausanne) (Hunziker et al., 1991) and was stably
transfected with NH-tagged rab4 expression constructs (Nagelkerken et al., 1997).
For experiments with filter-grown cells, the cells were seeded on 6 mm or 24 mm
polycarbonate filters with 0.4 mm pore size (Corning Inc, Corning, NY) and cul-
tured for 4 days. Media were changed every two days, and 5 mM sodium butyrate
was added 16-18 hours before each experiment to enhance expression of CMV-
driven constructs.

Single cycle kinetics of 125I-Tf
Cells were grown on 24 mm Transwell filters as described above, washed twice in
MEM, 20 mM HEPES pH 7.4, 0.1% BSA (uptake medium) supplemented with 50
µM Deferoxamine, and depleted from endogenous Tf for 45-60 min at 37°C in the
same medium. 2 µg/ml 125I-Tf in uptake medium was bound at 4°C at either the
basolateral or apical side for 60-90 min. Next, the cells were washed 3 times with
icecold PBS++ (PBS containing 0.49 mM MgCl2, 0.91 mM CaCl2, 0.1% BSA) ,
transferred to a 37 °C waterbath and chased for different periods of time. After the
incubation, cells were washed 10 min with icecold acid-wash buffer (25 mM HOAc
pH 5, 150 mM NaCl, 50 µM Deferoxamine, 0.1% BSA), and PBS++, respectively,
followed by a second cycle of washes of 5 min. Filters were cut from the holders
and counted in the γ-counter as was done for media and washes. Results are repre-
sented as % of total 125I-Tf.

Distribution of TfR between apical and basolateral plasma membrane
Cells were grown on 24 mm Transwell filters, washed twice in MEM, 20 mM
HEPES pH 7.4, 0.1% BSA (uptake medium) supplemented with 50 µM
Deferoxamine, and depleted from endogenous Tf for 45-60 min at 37 °C in the
same medium. The cells were then incubated on ice for 2 hours with 2 µg/ml 125I-
Tf in 0.5 ml uptake medium at the basolateral or the apical side. Non specific bind-
ing was assayed in the presence of 100-fold excess unlabeled Tf and was less than
10%. The cells were washed with PBS++and subsequently with alternating acid and
neutral washes as described above. Filters were excised and 125I was assayed in the
acid washes and cells using a γ-counter.

Recycling of 125I-Tf after 16°C internalization 
Cells were grown on 24 mm Transwell filters and depleted of endogenous Tf as
described above. 1-3 µg/ml 125I-Tf was internalized at the basolateral side in 1 ml
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medium (without Deferoxamine) for 30 min at 16°C. The cells were put on ice,
washed twice with PBS++, once with MES-buffer (20 mM MES pH 5, 130 mM
NaCl, 2 mM CaCl2 , 0.1% BSA, 50 µM Deferoxamine) and once with PBS++ (each
10 min). The acid-neutral-wash cycle was repeated once more, but now for 5 min.
Cells were then chased at 37 °C. After different periods of time, media were col-
lected and saved for quantitation of 125I-Tf. The cells were washed twice with
icecold medium and cell-associated 125I-Tf was counted in the γ-counter. Results
are expressed as % of total 125I-Tf in the media and on the filter. For some experi-
ments 5 µg/ml BFA was added to the medium during the internalization and chase
periods.

Secretion of gp80
Cells were grown on 24 mm Transwell filters as above and depleted in 2 ml MEM
(Sigma, Zwijndrecht, The Netherlands) lacking methionine and cysteine (labeling
medium) for 30 min at 37°C. The cells were next incubated for 60 min at 37°C in
0.5 ml labeling medium containing 0.4 mCi/ml 35S-methione and 35S-cysteine
(Amersham). The cells were then washed on ice with MEM, 0.1% BSA, and chased
at 37°C. After 60 min, apical and basal media were harvested and NEM was added
to 20 mM. Gp80 was immunoprecipitated from the media as described (Gerez et al.,
2000) and boiled for 5 min in non-reducing sample buffer. Immunoprecipitates
were resolved by SDS-PAGE on 12.5% minigels and analyzed by phosphorimag-
ing.

Immunofluorescence microscopy and internalization of fluorescently labeled-
Tf 
Cells grown on coverslips were subjected to immunofluorescence microscopy as
described (Sprong et al., 1998). Filter-grown cells were fixed for 5 min in 3%
paraformaldehyde, 80 mM K-PIPES pH 6.8, 5 mM EGTA, 2 mM MgCl2 then for
10 min in 3% paraformaldehyde, 100 mM NaB4O7 pH 11. The filters were washed
three times in PBS, and quenched in 1 mg/ml NaBH4, PBS for 15 min. This cycle
was repeated once with a fresh NaBH4 solution. Filters were cut from their inserts,
permeabilized and labeled with antibodies as described for cells grown on cover-
slips. Filters were mounted in 50% glycerol, 50% PBS, 0.1% NaN3, 100 mg/ml 1,4-
diazabicyclo [2.2.2] octane (Fluka, Zwijndrecht, The Netherlands). For internaliza-
tion experiments, cells were washed twice with MEM, 0.1% BSA, and depleted
from endogenous Tf as described above. Tf labeled with Texas Red was internal-
ized at 50 µg/ml in MEM, 0.1% BSA in cells grown on coverslips, while 25 µg/ml
Alexa594 labeled Tf was used for  filter-grown cells. Steady state uptake was done
for 60 min at 37 °C. The cells were then washed twice in MEM, 0.1% BSA and
treated for immunofluorescence microscopy as described above. 
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Immunogold electron microscopy
NHrab4/pIgR double transfectants were grown on polycarbonate filters and fixed
with 2% paraformaldehyde, 1% acrolein in 0.1 M sodium phosphate buffer pH 7.4.
After 2 hrs at room temperature the cells were embedded in 10% gelatin and stored
for cryo ultramicrotomy as described (Peters et al., 1991). Ultrathin cryosections
were cut perpendicular to polycarbonate filters and labeled with rabbit antibody
against rab4 followed by 10 nm protein A gold. The intracellular distribution of
gold label was quantitated by counting gold particles associated with identifiable
organelles on sections prepared from transfected and non-transfected control
MDCK cells. To determine the labeling density per unit of membrane length, pic-
tures were taken at 15,000X magnification of rab4-labeled sections. A transparen-
cy displaying a squared lattice of lines that were 0.5 cm apart was put over the pic-
tures and analyzed for intersections with the membranes of interest (Staubli et al.,
1969; Weibel et al., 1969). To quantitate the distribution of rab4 throughout the api-
cal and basolateral cytoplasm, we divided the entire cytoplasm in three zones, above
the nucleus, at the height of the nucleus and below the nucleus. Gold particles in the
three zones were counted and expressed per unit of membrane length.

Miscellaneous methods 
Human apo TF (Sigma, Zwijndrecht, The Netherlands) was saturated with Fe3+ as
described (van der Sluijs et al., 1992b), dialyzed against 20 mM HEPES pH 7.8,
150 mM NaCl at 4°C and stored at -80°C. Iron saturated Tf (500 µg) was incubat-
ed with 5 iodobeads (Pierce, Oud Beijerland, The Netherlands) and 1 mCi Na125I
(Amersham, Den Bosch, The Netherlands) in PBS. After 20 min at room tempera-
ture, the reaction mixture was applied to a PD-10 column (Amersham, Den Bosch,
The Netherlands), to remove non-incorporated 125I. 125I-Tf was stored in 20 mM
HEPES pH 7.8, 150 mM NaCl at -20°C. TX-114 extractions were done as described
before (Gerez et al., 2000). For subcellular fractionation, cells grown on a 6 cm dish
were washed twice in MEM, scraped into 1 ml MEM and resuspended in 3 ml 10
mM triethanolamine, 10 mM acetic acid, 1 mM EDTA, 0.25 M Sucrose, pH 7.4
(HB). The cells were next centrifuged at 1500 rpm for 10 min at 4°C. The pellet was
resuspended in 0.5 ml HB, incubated for 15 min on ice and broken by 5 passages
through a 25 G needle. Postnuclear supernatant, membrane- and cytosol fractions
were prepared as described and analyzed by Western blot (Gerez et al., 2000).
Detection was done with ECL reagent (Amersham, Den Bosch, The Netherlands). 

Results

Characterization of MDCK transfectants
To investigate the role of rab4 in recycling from EEs in MDCK cells, we generated
MDCK cell lines expressing rab4. Initially we attempted to utilize the endogenous
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dog TfR as read-out system to analyze the effects of rab4 overexpression. However
in our hands this system could not be routinely used for the purpose. We therefore
first generated MDCKII cells expressing human TfR with a myc epitope tag at the
end of the cytoplasmic tail. After selection of positive clones, these cells were trans-
fected with rab4, a GTP-hydrolysis mutant rab4Q67L, and the dominant negative
rab4S22N mutant that poorly binds guanine nucleotides. Human TfR was expressed
to the same extent in the cell lines as shown by the Western blot in figure 1A.
Expression of the rab4 constructs was determined by Western blot using a rab4 anti-
body that binds the mutants with the same affinity as wild type rab4 (Gerez et al.,
2000). The rab4 contructs were expressed ~ 5-10 times above endogenous canine
rab4, with ~ 2 fold lower expression in the rab4Q67L cell line. As loading control
for the amount of protein, we assayed endogenous rab11 in lysates of the transfec-
tants (figure 1A). 

Numerous studies have shown that rab proteins require prenylation of C- terminal
Cys residues for membrane association. It is less clear however whether or not the
GTP- and GDP-bound forms are efficient substrates for geranyl geranyltransferase
type II. Rab4 contains a canonical C-terminal C-G-C motif that is a typical substrate

Figure 1. Characterization of
transfected MDCK cells. 
Non-transfected MDCKII cells,
cells expressing myc-TfR (con-
trol), myc-TfR/rab4, myc-
TfR/rab4S22N, and myc-
TfR/rab4Q67L were lysed in 1 %
Triton X100. Detergent lysates
were analyzed by SDS-PAGE and
Western blotting (A).
Alternatively, cells were lysed in 1
% Triton-X114 and detergent and
water phases were separated and
subjected to SDS-PAGE and
Western blotting (B). The distribu-
tion of ectopically expressed rab4
constructs was determined by sub-
cellular fractionation as described
in the methods section, and
cytosol and membrane fractions
were analyzed by SDS-PAGE and
Western blot (C). Blots were
probed with antibodies against
rab4 (A, B, C), c-myc (A), and
rab11(A, loading control).
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for geranyl geranyltransferase type II. To determine if overexpressed rab4 proteins
were prenylated, we performed Triton-X114 extractions in which prenylated protein
partitions into the detergent phase while non-prenylated protein is distributed in the
aqueous phase (van der Sluijs et al., 1992a). The two phases were resolved by
SDS/PAGE and analyzed by Western blotting. As shown in figure 1B more than
90% of overexpressed rab4 and the two mutants partioned in the detergent phase,
suggesting that the mutations did not affect the acquisition of geranyl-geranyl
groups. To examine membrane-association of the rab4 mutants we performed sub-
cellular fractionation. Cells were homogenized and post nuclear supernatants were
resolved in membrane and cytosol fractions. Membrane and cytosolic proteins were
resolved by SDS-PAGE and analyzed by western blot. As shown in figure 1C,
rab4S22N and rab4Q67L were found to a similar extent in the membrane fraction
as wild type rab4. Thus rab4 and the two mutants were similarly prenylated and
associated with membranes in the MDCKII transfectants.

Distribution of rab4
We next established the localization of rab4 in rab4-MDCKII cells by double label
confocal microscopy. The cells were grown on coverslips and labeled with a poly-
clonal antibody against rab4. As shown in figure 2A, rab4 (green) localized to dis-
crete cytoplasmic structures that were concentrated in the perinuclear area. These
represented EEs since they also contained internalized Texas Red-labeled Tf (red).
We then compared the distribution of rab4S22N and rab4Q67L mutants with that of
rab4. In cells expressing rab4S22N (figure 2B, green), most of the label was typi-
cally found in tubular structures close to the nucleus while the scattered peripheral
cytoplasmic staining seen with wild type rab4 had disappeared. In rab4Q67L trans-
fectants (figure 2C, green), the GTPase deficient mutant predominantly labeled
ring-like structures around the nucleus. Consistent with these morphological alter-
ations, we found significantly less colocalization of the mutants with endocytosed
Texas Red-Tf in both cell lines. 

Given the distinct labeling patterns of the two rab4 mutants, we next examined the
distribution of EEA1 in rab4 transfectants. To facilitate detection of rab4 in double
labeling experiments, we used MDCK cells transfected with epitope-tagged
NHrab4, NHrab4S22N or NHrab4Q67L. Antibodies against the rab5 effector pro-
tein EEA1 labeled distinct punctate structures throughout the cytoplasm in NHrab4
cells (figure 2D, green). These were similarly distributed and of the same size as
those observed in non transfected cells (not shown), and partially co-labeled with
rab4 (red). In the cell lines expressing NHrab4S22N (figure 2E) and NHrab4Q67L
(figure 2F) , we found even less colocalization between EEA1 and the rab4 mutants.
Taken together these results suggested that rab4S22N and rab4Q67L induced dis-
tinct morphological alterations to regions of the early endosomal network in MDCK
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Figure 2. Rab4S22N
and rab4Q67L cause
morphological alter-
ations to Ees.
MDCKII cell lines
expressing non-tagged
rab4 (A), rab4S22N (B)
or rab4Q67L (C) were
grown on coverslips and
incubated for 30 minutes
at 37°C with 25 µg/ml
TexasRed-labeled Tf
(red, A-C). The cells
were labeled with a rab-
bit antibody against rab4
and stained with FITC-
anti-rabbit (green, A-C).
Note the colocalization
of rab4 and TexasRed
labeled Tf (A) and the
morphological changes
caused by the mutants
rab4S22N (B) and
rab4Q67L (C). MDCKII
cells expressing epitope
tagged rab4 (D),
rab4S22N (E) or
rab4Q67L (F) were
labeled with a rabbit
antibody against EEA1
and a monoclonal anti-
body against the epitope
tag. The NH-tag was
stained with Cy3-labeled
goat anti-mouse (red, D-
F) and EEA1 was detect-
ed with FITC-labeled
goat anti-rabbit (green,
D-F).

cells, that are relatively depeleted of EEA1 and internalized Tf.
Endocytosis occurs from both the apical and basolateral domains of filter-grown
MDCK cells and indeed rab5 is known to be involved in clathrin-mediated inter-
nalization from both surfaces (Bucci et al., 1994). Since rab4 and rab5 have oppos-
ing roles in EE membrane dynamics (Chavrier et al., 1997), we were interested to
know where rab4 localized in filter-grown MDCK cells. The rab4 MDCKII trans-
fectants were fully polarized by growing them on Transwell filters. After fixation
the cells were labeled for rab4 (green) and the tight junction marker ZO1 (red) and
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analyzed by double label confocal microscopy. In figure 3, consecutive 1.5 µm XY
sections are shown from the filter (A)- to the apical plasma membrane domain (H).
Most of the rab4 staining was concentrated close to the nucleus at the height of
ZO1. In addition we observed a weaker punctate labeling throughout the basolater-
al cytoplasm. 

To further define the location of rab4 at the ultrastructural level, we used immuno-
gold electronmicroscopy on ultrathin cryosections tangentially cut from filter-
grown MDCKII cells stably transfected with NHrab4. More than 70% of gold par-
ticles were localized to vesicles and tubulovesicular structures in the apical and lat-
eral cytoplasm, while very little label was present in the basal cytoplasm. The dis-
tribution of rab4 was quantitated from photographs taken at low magnification. The

Figure 3. Rab4 is concentrated at the level of the tight junction marker ZO1
Myc-TfR/rab4 MDCKII transfectants were grown on 24 mm Transwell filters for 4 days. Cells were
fixed with 3 % paraformaldehyde and labeled with a rabbit antibody against rab4 and a monoclonal
rat antibody against ZO1. Rab4 was detected with FITC-labeled goat anti-rabbit (green) and ZO1 with
Texas Red labeled goat-anti-rat (red). Merged images of consecutive optical sections are shown from
the basolateral-(A) to the apical side (H). 

prints were next assembled to visualize the entire cell including the filter and apical
plasma membrane. We divided the cytoplasm in three zones, one above, one below
and one at the height of the nucleus. In agreement with the confocal immunofluo-
rescence data, we found most of rab4 above the nucleus (Table 1). Since the basal
cytoplasm of MDCK cells contains a less well developed internal membrane net-
work than the apical cytoplasm, we next quantitated the relative distribution of rab4
per unit of membrane length over tubulovesicular endosomes. Although we found
most of the rab4 label associated with these structures in the upper third part of the
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cell, table I nevertheless shows that the density of rab4 labeling was similar in the
three zones. Identical results were obtained when we used the NH epitope tag anti-
body to detect NHrab4.

% gold % membrane density
length

Apical cytoplasm 73 65.7 1.1

Perinuclear cytoplasm 11.9 13.2 1.1

Basolateral cytoplasm 15.1 21.1 0.8

Table 1. Distribution of rab4 in filter-grown MDCKII cells.
Transfectants were grown on polycarbonate filters. After fixation, the cells were processed for
immuno EM as described. Sections were photographed at 15,000 X magnification, and prints from
adjacent parts of the cell were assembled so that the entire cell was covered in the collage. The cyto-
plasm was next divided in three zones, above, below and at the level of the nucleus. At least 300 gold
particles were counted per cell in four rab4 transfected cells. Note that although ~ 5 times more gold
particles were present on tubulovesicular endosomal membranes in the apical cytoplasm than in the
basolateral cytoplasm, the density (expressed as % gold particles/% membrane) of rab4 molecules per
unit of membrane length is similar between the three regions.

Wild type rab4 and rab4Q67L relocate TfR to the apical cell surface 
In CHO transfectants expressing high levels of rab4, we previously found that TfR
was redistributed from EEs to the plasma membrane (van der Sluijs et al., 1992b).
In polarized epithelia a role for rab4 has not been determined yet. We therefore
started to investigate the effect of rab4 on Tf recycling in filter-grown transfectants
in single cycle experiments. After pre-binding 125I-Tf at the basolateral plasma
membrane on ice, the cells were warmed at 37°C for different periods of time, and
cell-associated and recycled 125I-Tf in basolateral and apical media were quantitat-
ed. As shown in figure 4A we found similar 125I-Tf single cycle kinetics in the wild
type- and mutant rab4 cell lines. We also performed these experiments with 125I-Tf
that was prebound and internalized from the apical cell surface, and obtained the
same results (not shown). 

When moderate overexpression rab4 has a limited effect on the kinetics of TfR
cycle, a single round of Tf uptake and recycling conceivably may lack the requisite
sensitivity to discern specific effects of rab4 mutants. Accordingly, we next deter-
mined the steady state distribution of TfR over the apical and basolateral plasma
membranes. For this purpose 125I-Tf was bound on ice at the basolateral- or apical
plasma membrane. As shown in figure 4B, we found ~2 times more 125I-Tf bind-
ing at the apical side of the rab4 transfectants as compared to the non-transfected
control cells or cells expressing rab4S22N. In rab4Q67L transfected cells we also
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observed an increase in TfR at the apical plasma membrane, although somewhat
smaller than in the wild type rab4 transfectant. This might be caused by the slight-
ly lower expression level of rab4Q67L (see figure 1). Thus overexpression of rab4
and rab4Q67L caused a redistribution of TfR from the basolateral- to the apical sur-
face of the cell.

Rab4 enhances apical recycling of 125I-Tf from EEs
Since the cell surface binding assays showed an increase of 125I-Tf binding at the
apical cell surface in rab4 and rab4Q67L transfectants, we investigated whether
delivery of basolaterally endocytosed Tf to the apical membrane was affected by

Figure 4. Wild type rab4
and rab4Q67L relocate
TfR to the apical surface.
MDCK transfectants were
grown on 24 mm
Transwell filters for 4
days. 125I-Tf (2 µg/ml)
was bound to the basolat-
eral surface for 1.5 hr on
ice. The cells were washed
and subsequently incubat-
ed with fresh medium at
37°C for different periods
of time. Apical and basal
media were collected, and
125I-Tf on the plasma
membrane was removed
with an acid wash, 125I-Tf
is expressed as % of total
cpm recovered from
media and cells (A).
Alternatively, 125I-Tf was
bound to the basolateral-
and apical surfaces on ice.
After 1.5 hr, the cells were
washed and membrane-
associated ligand was
removed with several acid
washes. Filters and acid
wash fractions were
counted (B). 
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rab4. To this aim we made use of previous observations that endocytosed ligands
accumulate in sorting endosomes at 16°C (Clift-O'Grady et al., 1998). Since it is not
known whether this compartment is proximal to rab4-containing basolateral EEs,
we first established the distribution of Alexa594-Tf endocytosed at 16°C, with
respect to rab4 in filter-grown cells using confocal microscopy. As shown in the XY
sections of figure 5A-C, the internalized tracer (red) localized primarily to EEs in
the proximity of the lateral plasma membrane and did not reach to a significant
extent the rab4 containing EEs (green) at the level of ZO1. When the cells were
warmed to 37°C, within 5 min Alexa594-Tf started to fill the rab4 containing com-
partments as evidenced by figure 5D-F, while at 30 min, Tf reached the region con-
taining the tight junction marker ZO1 (G-I). After 60 min a large fraction of
Alexa594-Tf was chased out of the cells (not shown). Having shown that the 16°C
compartment was proximal to rab4 containing endosomes we next internalized I-Tf
for 30 min at 16°C from the basal surface. After removal of cell surface-bound 125I-
Tf, cells were chased for different periods of time at 37°C. As hown in figure 5J,
control cells transfected with TfR recycled up to 5% of basolaterally endocytosed
125I-Tf to the apical side, whereas in rab4 and rab4Q67L transfectants, 2-3 times
more 125I-Tf was recycled after 60 min into the apical medium. In contrast in
MDCK cells expressing rab4S22N, we found the same extent of apical recycling as
in the control cells. Similar results were obtained when 125I-Tf was internalized at
16°C from the apical plasma membrane (not shown). Thus in agreement with the
binding experiments, ectopically expressed rab4 and rab4Q67L, but not dominant
negative rab4S22N, perturbed polarized transport of 125I-Tf. 

Brefeldin A and rab4 regulate the same Tf recycling pathway from EEs
Previous ultrastuctural experiments showed that TfR is internalized into a common
endosomal (CE) compartment that is coated with clathrin lattices and decorated
with γ-adaptin coated buds (Futter et al., 1998). In the presence of BFA these coats
are not formed and polarized targeting of TfR in MDCK cells is lost (Futter et al.,

Figure 5 (page 80). Wild type rab4 and rab4Q67L enhance apical recycling of 125I-Tf.
MDCKII cells stably transfected with human transferrin receptor and rab4 were grown on 24 mm
Transwell filters for 4 days. Alexa594-transferrin was internalized for 30 minutes at 16°C from the
basolateral surface and cells were then either fixed with 3 % paraformaldehyde, or surface stripped at
4°C (except for the cells that were not chased). Internalized Alexa594-transferrin was subsequently
chased for different periods of time at 37 °C. Following fixation, filters were labeled with a polyclon-
al antibody against rab4. Rab4 was detected with Alexa488-anti-rabbit. Merged images of grouped
optical sections are shown from the basolateral side to the apical side (A-I). 
Or MDCKII cells stably transfected with the human transferrin receptor (control) or double transfect-
ed with human transferrin receptor and rab4, rab4S22N, or rab4Q67L were grown on 24 mm
Transwell filters for 4 days. Cells were loaded with 125I-transferrin at 16 °C for 30 minutes from the
basolateral plasma side and were incubated at 37°C. Apical and basolateral medium were collected at
different periods of time, and 125I-transferrin present is expressed as % of total . 
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1998). In fibroblasts BFA causes a small decrease in the rate of Tf recycling
(Lippincott-Schwartz et al., 1991; Schonhorn and Wessling-Resnick, 1994). Since
rab4 also reduced the polarity of TfR sorting, we next investigated whether BFA
and rab4 had synergistic effects on TfR recycling. When non-transfected MDCK
cells were treated with BFA, we found that 30% of basolaterally endocytosed 125I-
Tf was recycled into to the apical medium after two hours. In cells transfected with
rab4 or rab4Q67L there was no additional effect of BFA on apical recycling of 125I-
Tf (figure 6), while we found a slight decrease in basolateral recycling of 125I-Tf,
probably due to retarded transport causing intracellular accumulation of 125I-Tf.
These results suggested that rab4 and BFA regulate TfR recycling via the same
molecular mechanism and do not act in distinct pathways. 

Apical secretion of glycoprotein 80 is not altered in rab4 transfectants
To investigate whether enhanced recycling of 125I-Tf into the apical medium in
cells transfected with rab4 and rab4Q67L was due to pleiotropic effects of rab4-
expression, we next investigated secretion of glycoprotein 80 (gp80). This 80 kDa
sulfated protein is constitutively secreted in a polarized fashion into the apical medi-
um of filter-grown MDCK cells (Urban et al., 1987). Transfectants were metaboli-
cally labeled for 60 min with 35S Trans label and chased for 60 min. At the end of
the chase time, we immunoprecipitated gp80 from the apical and basolateral media.
Immunoprecipitates were resolved by SDS-PAGE under non-reducing conditions,
and analyzed by phosphorimaging. As shown in figure 7, most of the gp80 mole-
cules were apically secreted in control cells. When we quantitated the extent and
polarity of gp80 secretion in the rab4 transfectants, we found ~75% of gp80 was
apically secreted and that rab4 did not effect biosynthetic targeting of gp80. Given
these results, it is unlikely that the increased apical recycling of 125I-Tf we observed
in rab4 and rab4Q67L transfectants was caused by general effects of rab4 overex-

after 30 min, and and re-incubated at 37°C with fresh medium containing 5 µg/ml BFA. Apical and
basolateral medium were collected after different periods of chase time. The amount of 125I-Tf is
expressed as percentage of total cpm recovered from washes, media and cell fractions. 

Figure 6. BFA
enhances apical recy-
cling of 125I-Tf inde-
pendent of rab4.
MDCK transfectants
were grown on 24 mm
Transwell filters for 4
days. 125I-Tf (2 µg/ml)
was internalized at 16°C
from the basolateral
plasma membrane in the
presence of 5 µg/ml
BFA. Cells were washed
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pression on membrane transport. 

Discussion

Membrane transport through the endocytic pathway has been extensively investi-
gated in the MDCK cell line, a model system for polarized epithelia. Although the
basic outline of the intracellular transport pathways connecting the basolateral and
apical plasma membranes have been defined, it is clear that much remains to be
learned about the compartmental boundaries, the proteins that endow EEs with their
specific properties and the molecules regulating transport between these compart-
ments. We have been focussing on rab4, a small GTPase that is involved in mem-
brane recycling from EEs to the cell surface in fibroblasts. Initially we found that
rab4 is expressed in MDCK cells, its function in the endocytic pathway of polarized
epithelia however has not been addressed yet. 

We here generated an MDCK cell line ectopically expressing TfR to facilitate the
analysis of the Tf endocytosis and recycling from both the apical and basolateral
plasma membrane. This cell line was subsequently doubly transfected with rab4
cDNA, of an active mutant deficient in GTP-hydrolysis, and an inhibitory mutant
that poorly binds GDP, to investigate the role of the small GTPase in MDCK cells.
Our results show that rab4 is localized on early endocytic compartments or trans-
port vesicles that are positioned distally to basolateral EEs and concentrated in the
apical cytoplasm, and suggest that rab4 regulates transport through or from this
compartment. These conclusions are based on the following observations. First, all
intracellular structures that contain rab4 are accessible to endocytosed Tf. Second,
rab4 only partially colocalizes with EEA1, a marker of basolateral EEs in MDCK
cells (Wilson et al., 2000). Third, pulse-chase experiments with fluorescently
labeled Tf revealed that the rab4 containing endosomes were only reached during
the chase period at 37°C, while EEA1 labeled endosomes were already filled by the
tracer during the pulse at 16°C. Fourth, expression of rab4 caused missorting of
TfR, and enhanced recycling of 125I-Tf into the apical medium of filter-grown
MDCK cells.

Figure 7. Polarized secretion of gp80 is not
affected by rab4 
MDCK transfectants were grown on 24 mm
Transwell filters for 4 days. Cells were depleted
for 30 min in methionine and cysteine deficient
medium, labeled with 35S-Trans label for 60 min-
utes at 37°C, and chased for 60 minutes at 37°C.

Apical- and basolateral media were collected, from which gp80 was immunoprecipitated with a poly-
clonal antibody. Immunoprecipitates were resolved by SDS-PAGE under non-reducing conditions and
analyzed by phosphorimaging.
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Understanding the complexity of polarized endosomal compartments in epithelial
cells requires the availability of a set well-defined marker proteins. Transport of
membrane-bound ligands from the basolateral plasma membrane to the apical
membrane appeared to involve at least three endosomal compartments in MDCK
cells. Receptors internalized from the basolateral cell surface first reach basolater-
ally localized EEs, which contain IgA, Tf. The next compartment these ligands
enter is a 60-nm diameter tubularized endosome that contains IgA en Tf at the same
concentrations, but which is relatively depleted of proteins destined for degradation.
Endocytosed IgA and Tf from the apical or basolateral surface meet in this com-
partment, hence its name common endosomal compartment. The CE appears to be
positioned along microtubules and is oriented towards the apical cytoplasm (Gibson
et al., 1998). The third compartment consists of 100-150 nm cup-shaped vesicles
distributed immediately below the apical surface which is called the ARE. This
compartment is enriched in IgA and depleted of TfR with respect to the CE. More
recently, ultrastuctural and cell-fractionation studies suggested that the ARE and
tubular CE probably represent a single compartment that might be divided into dif-
ferent domains (Futter et al., 1998; Verges et al., 1999). This was largely based on
the observation that whenever TfR and IgA colocalized, their relative concentra-
tions appeared to be the same. The observations that rab4 to a limited extent colo-
calized with EEA1, and not with internalized Tf at 16°C show that basolateral EEs
represent only a limited subset of rab4-positive compartments. The density of the
membrane-associated rab4 signal increased from the basolateral cytoplasm towards
the apical cytoplasm just below the tight junction marker ZO1. This strongly sug-
gested that rab4 is associated with the tubular CE/ARE domains. Subcellular frac-
tionation data of MDCK cells and rat liver tissue are entirely consistent with our
morphological results. In both epithelial systems the relative abundance of rab4 was
similar in apical recycling endosomes and in sorting endosomes (Gagescu et al.,
2000; Verges et al., 1999). 

What might be the function of rab4 on the CE? Important clues with respect to this
question are provided by the effect of BFA on basolateral recycling of Tf. BFA, and
to a lesser extent rab4, abrogate polarized transport of TfR to the basolateral plas-
ma membrane in MDCK cells, and significantly more TfR is recycled to the apical
plasma membrane, suggesting an effect on polarized sorting (Futter et al., 1998). In
agreement with this, BFA treatment disperses γ-adaptin containing clathrin lattices
from the CE in filter-grown MDCK cells, while in CHO (Daro et al., 1996) and
A431 cells (Sönnichsen et al., 2000), BFA causes extensive tubulation of endoso-
mal membranes enriched in rab4 containing domains and Tf. These independent
observations suggested that rab4 and BFA act in a same transport pathway from
EEs. We tested this hypothesis by examining the effect of BFA on Tf sorting in rab4
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transfected cell lines. If rab4 and BFA would regulate distinct routes of Tf transport
through endosomes, a synergistic effect of rab4 and BFA on Tf missorting would be
anticipated. In contrast, when rab4 and BFA regulate the same pathway, such syn-
ergism would not be expected and this is precisely what we found. 

It is clear now that the activity of the rab GTPase switch in membrane transport
requires the recruitment of effector proteins which link the rab protein to an effec-
tor complex such as tethering assemblies or the cytoskeleton (reviewed in (Zerial
and McBride, 2001). Rabaptin variants have been identified that interact with rab4
(and rab5) (Nagelkerken et al., 2000; Vitale et al., 1998). Interestingly, rabaptin also
binds to γ-adaptin and the ARF1 effector GGA2 (Boman et al., 2000; Hirst et al.,
2000) and thereby might regulate ARF1-dependent trafficking in EEs. The func-
tional significance of the link between rab4 effector proteins and ARF1 interacting
proteins however will have to await further experimental evidence. 

A few rab proteins have been localized to early endocytic compartments in epithe-
lial cells. Ubiquitously expressed rab5 is associated with apical EEs and basolater-
al EEs and its overexpression enhances delivery of endocytosed material from both
plasma membrane domains to EEs (Bucci et al., 1994). The function of three other
rab GTPases, rab11, its epithelial homolog rab25, and epithelial-specific rab17 has
recently been evaluated. Rab11 and rab25 associate with the ARE (Casanova et al.,
1999; Wang et al., 2000) which probably represents a sub-domain of the CE. They
are thought to regulate the delivery of transcytotic IgA cargo molecules to the api-
cal plasma membrane, and have little or no effect on basolateral Tf recycling. The
situation with rab17 is less clear. It is also localized to the apical endosomal recy-
cling system of MDCK and Eph4 cells, overexpression of wild type rab17 howev-
er had contradictory effects on the transcytotic pathway (Hunziker and Peters, 1998;
Zacchi et al., 1998). These data suggest that rab11/rab25, and rab17 appear to be
localized more apically than rab4 in the pathways connecting the basolateral and
apical plasma membrane domains. At least with respect to rab4 and rab11, this sit-
uation is reminiscent to their functional domain organization in non-epithelial cells
(Sönnichsen et al., 2000), where rab11 regulates transport distal to rab4. Possibly
rab4, rab11/rab25, and rab17 through interactions with bifunctional effector form
overlapping subdomains of the endosomal system and regulate transfer of ligands
between subdomains to various destinations in MDCK cells as has been proposed
for rab5, rab4, and rab11 in non polarized cells (Sönnichsen et al., 2000). This
hypothesis is in agreement with the observation of an interconnected endocytic
compartment in which polarized sorting to apical and basolateral domains occurs in
epithelial cells (Odorizzi et al., 1996). A first test of this hypothesis will require a
critical evaluation of the comparative localization of these rab proteins in the same
cell. 
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Abstract

The monomeric GTPase rab4 is associated with early endosomes and regulates
recycling of transferrin receptor from early endosomes back to the plasma mem-
brane. Since the function of rab proteins in the biosynthetic pathway of S. cerevisi-
ae appears not to depend on cycling between membranes and cytosol, we were
interested to investigate this question in the endocytic pathway. To study whether
rab4 function requires a membrane to cytoplasm cycle, we created a chimeric rab4
protein (NHrab4cbvn) in which its carboxy-terminal prenylation motif was replaced
with the transmembrane domain of cellubrevin. The chimeric protein was largely
associated with early endosomes in interphase cells as assayed by cell fractionation
and immunofluorescence microscopy. In functional in vivo transport assays we
found that apical recycling of transferrin in MDCK cells was enhanced by wild type
rab4, but not by NHrab4cbvn. These results suggest that rab4 function depends on
ongoing cycles of association and dissociation from early endsomes. 
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Introduction

Small GTPases of the rab family are key regulators of vesicular transport in eukary-
otic cells. More than 40 rab proteins have been identified, many of which are local-
ized to intracellular organelles of the central vacuolar system (reviewed in
Mohrmann and van der Sluijs, 1999; Pereira-Leal and Seabra, 2000). The active
GTP-bound form of rab proteins associates with multiple other proteins which may
serve to relay the GTPase switch to effector systems such as SNARE complexes
involved in membrane docking and fusion (Zerial and McBride, 2001) and the
cytoskeleton for the coordination of organelle motility (Echard et al., 1998; Nielsen
et al., 1999; Wu et al., 2001). It is thought that rab proteins may work as timers
whose setpoint is determined by the relative rates of GTP-hydrolysis and GDP-
exchange (Rybin et al., 1996). Rab GTPases cycle on and off membranes through
the activity of a protein known as GDP dissociation inhibitor (GDI). GDI extracts
the GDP-form of rab proteins from membrane, shields their lipophilic carboxy-ter-
minus from the aqueous cytoplasm, and can present complexed rab protein again to
a donor membrane for a new activity cycle. The significance of a membrane to
cytoplasm cycle for rab activity in the biosynthetic pathway has been called into
question recently. Evidence for this notion derives from studies with ypt1p
chimerae in which the hydrophobic tails of the v-SNAREs sec22p and snc2p,
replaced the ypt1p carboxy-terminus. These chimeric proteins appear to be correct-
ly targeted, and retain the function of ypt1p in the biosynthetic pathway (Ossig et
al., 1995), although they are resistent to GDI extraction (Cao and Barlowe, 2000).

We have been investigating the role of rab4 in transport through the early endocyt-
ic pathway. Rab4 is involved in the recycling of transferrin receptor (TfR) from
early endosomes, and is localized to early endocytic compartments and transport
vesicles, but not to the plasma membrane (Bottger et al., 1996; de Wit et al., 1999;
van der Sluijs et al., 1992b; van der Sluijs et al., 1991). Rab4 is phosphorylated on
Ser196 during mitosis (Bailly et al., 1991; van der Sluijs et al., 1992a). This increas-
es the cytoplasmic pool ~ 5-10 fold, possibly due to the interaction with the mitot-
ic peptidyl-prolyl isomerase Pin1 (Gerez et al., 2000). Surprisingly these phospho-
rylated rab4 molecules are in the GTP-form, suggesting that they are dissociated
from early endosomes. So far it has been difficult to formally assess whether mem-
brane-bound rab4 is a target for mitotic kinases. Perturbation of the normal rab4
cycle by phosphorylation of either the cytoplasmic or membrane-bound pools may
both result in an increased cytoplasmic steady state localization during mitosis. To
address this question, and to investigate whether membrane transport through early
endosomes depends on cycles of rab4 dissociation and association with early endo-
somes, we
constructed NHrab4cbvn in which we replaced the carboxy-terminal cys-gly-cys
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motif of rab4 with the transmembrane domain of cellubrevin, an endosomal v-
SNARE. We found that NHrab4cbvn was fixed permanently on endosomal mem-
branes and phosphorylated during mitosis, showing that membrane-bound rab4 is
targeted by mitotic kinases. This construct did not cycle between endosomes and
the cytoplasm, we therefore also investigated whether it supports rab4 function in
membrane transport. 

Material and Methods

Plasmid construction and antibodies
NHrab4pCB6 was described before (Nagelkerken et al., 1997). Mycrab4S196Q
encodes rab4S196 with an amino-terminal myc tag and was made with PCR using
rab4S196QBSKS as template (van der Sluijs et al., 1992a). Mycrab4S196Q was
cloned into the EcoRI site of pCB6 to generate mycrab4pCB6. The NHrab4cellu-
brevin chimera consists of NHrab4 in which the carboxy-terminal prenylation motif
CGC was replaced by the putative transmembrane domain of cellubrevin. This con-
struct was generated by overlap extension PCR using NHrab4 and cellubrevin (gen-
erously provided by Thomas Südhof, Southwestern Medical Center, Dallas, TX) as
templates and ligated between the KpnI and BamHI sites of pcDNA3 (Invitrogen,
Leek, The Netherlands) and pCB7 (generously provided by Jim Casanova, Harvard
Medical School, Boston, MA). Myc-tagged human TfR (mychTfR) cDNA was
excised with SacI and XbaI from mychTfR -pCB6 and ligated in pCB7. cDNAs cre-
ated by the polymerase chain reaction were verified by dideoxy sequencing. The
rabbit antibody MC16 against the amino-terminus of cellubrevin (Galli et al., 1994)
was generously provided by Thierry Galli (Institute Curie, Paris). Rabbit antibodies
against rab4 (Bottger et al., 1996) and the antibodies against the NH epitope
(Nagelkerken et al., 1997) the myc epitope (Evan et al., 1985) and tubulin (Kreis,
1987) were described before. Labeled secondary antibodies were obtained from
Molecular Probes (Leiden, the Netherlands) and Jackson ImmunoResearch
Laboratories (Westgrove, PA). 

Cell culture, transfection synchronization
CHO cells, rab4 CHO, rab4mycS196Q CHO cells have been described (van der
Sluijs et al., 1992b). CHO cells were transfected with NHrab4cbvnpcDNA3.
MDCKII cells were grown in MEM (Gibco BRL, Breda The Netherlands) contain-
ing 10 % FCS, 100 U/ml penicillin and 100 µg/ml streptomycin. To facilitate the
analysis of Tf kinetics, we generated a stable mycTfRMDCKII cell line by trans-
fecting MDCKII cells with NHrab4cbvnpcDNA3. These cells were grown in media
containing 200 U/ml hygromycin. mychTfRMDCKII cells were double-transfected
with NHrab4cbvnpcDNA3, or rab4pcDNA3, and maintained in media containing
0.6 mg/ml G418. The cells received 5 mM sodium butyrate 18 hr prior to experi-
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ments to induce expression of CMV-driven constructs.

In vivo phosphorylation and immunoprecipitation
CHO transfectants were washed once with phosphate-free MEM (Sigma, St Louis,
MO) containing 40 ng/ml nocodazole (PFMN). Cells were starved for 30 min at
37°C in PFMN, and labeled for 45 min with 175 µCi/ml 32P ortho phosphate in the
absence or presence of 10 µg/ml cycloheximide. The cells were then lysed in 1 %
Triton X-100, 10 mM sodium fluoride, 25 mM sodium β-glycerophosphate, 1 mM
sodium vanadate, 1 mM PMSF in PBS and rab4 was immunoprecipitated from
detergent lysates as described (Sprong et al., 1998).

Subcellular fractionation
CHO transfectants were washed once with ice-cold medium and once with 250 mM
sucrose, 1 mM EDTA, 1 mM PMSF, 3 mM imidazole pH 7.4. Cells were resus-
pended in 0.5 ml homogenization buffer and broken by passing them through a 25
G needle. Postnuclear supernatants (PNS) were prepared by centrifugation of
homogenates for 15 min at 3500 rpm at 4°C. High speed supernatants and mem-
brane pellets were obtained by centrifugation of PNS at 150000 g for one hour at
4°C in a TLS55 rotor. Membrane fractions enriched in early and late endosomes
were resolved on discontinuous sucrose gradients in an SW60 rotor as described
(Gorvel et al., 1991).

Recycling of 125I-Tf
Human Tf was saturated with Fe (van der Sluijs et al., 1992b), and iodinated as
described (Van Weert et al., 1995). MDCK transfectants were grown on 24 mm
Transwell filters and depleted of endogenous Tf during a 60 min incubation in
MEM, 20 mM HEPES pH 7.4, 0.1 % BSA, 50 µM Deferoxamine (medium), and
depleted from endogenous transferrin for 60 min at 37°C. 125I-Tf (2 µg/ml ) was
internalized basolaterally for 30 min in 1 ml medium without Deferoxamine at
16°C. The cells were transferred to ice, washed twice with PBS++, once with MES-
buffer (20 mM MES pH=5.0, 130 mM NaCl, 2 mM CaCl2, 0.1 % BSA, 50 µM
Deferoxamine) and once with PBS++ (PBS containing 0.49 mM MgCl2, 0.91 mM
CaCl2, 0.1% BSA), each 10 min. The acid-neutral-wash cycle was repeated once
and the cells were then chased in prewarmed medium at 37°C. Chase media were
collected after different periods of time, and the cells were washed twice with ice-
cold medium. 125I-Tf in media and cells was established in a γ-counter, and results
are expressed as % of total in media and on filters. 

Miscellaneous methods
Immunofluorescence microscopy, isolation of prometaphase cells, and western blot
were done precisely as described isolation of prometaphase cells (Gerez et al., 2000;
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Sprong et al., 1998). 

Results

NHrab4cbvn is constitutively associated with membranes during the cell cycle.
Rab4 contains a carboxy-terminal cys-gly-cys prenylation motif that is required for
its association with endosomes. Rab4 cycles between a membrane-bound status and
a cytosolic form, complexed with GDI (Ayad et al., 1997). However the function of
this cycle in the control of membrane transport through early endosomes is incom-
pletely understood. We therefore constructed an epitope-tagged rab4 chimera in
which the cys-gly-cys was replaced with the putative transmembrane anchor of the
endosomal v-SNARE, cellubrevin. A schematic of the chimera's domain structure
is shown in figure 1A. We stably transfected the contruct into CHO cells and inves-
tigated its distribution over membranes and cytosol using high speed centrifugation.
As we previously showed for wild type rab4, the NHrab4cbvn chimera was found
mainly in the membrane fraction of interphase cells. In contrast to wild type rab4,
which is predominantly found in the cytoplasm during mitosis, NHrab4cbvn
remained associated with membranes (figure 1B). These results show that replace-
ment of the carboxy-terminal prenylation motif with the hydrophobic transmem-
brane domain of cellubrevin, fix rab4 permanently on membranes. 

Figure 1. NHrab4cbvn is
bound to membranes and
phosphorylated during mito-
sis.
Domain structure of
NHrab4cbvn, consisting of NH
tagged rab4 in which the car-
boxyterminal cys-gly-cys motif
has been replaced by the mem-
brane anchor of cellubrevin
(A). Interphase and mitotic
NHrab4cbvnCHO cells were
fractionated by ultracentrifuga-
tion. NHrab4cbvn was analyzed
by western blot in PNS (P),
membrane (M) and cytosol (C)
fractions using a rabbit anti-
body against rab4. Note that
NHrab4cbvn cofractionated

with membranes during interphase and mitosis (B). Mitotic rab4CHO and NHrab4cbvnCHO cells
were metabolically labeled with 32P ortho phosphate for 45 min in the absence or presence of cyclo-
heximide. Cells were lysed in detergent. Rab4 was immunoprecipitated from cleared detergent lysates
and analyzed by SDS-PAGE and phosphorimaging (C).
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We next investigated whether membrane-associated NHrab4cbvn is targeted by a
mitotic kinase during cell division. For this purpose, mitotic cells expressing wild
type rab4, or NHrab4cbvn were labeled with 32P orthophosphate. Proteins were
then immunoprecipitated from detergent lysates with a rab4 antibody and analyzed
by SDS-PAGE. As shown in figure 1C, NHrab4cbvn became phosphorylated dur-
ing mitosis, albeit to a lesser extent than wild type rab4. Because the chimeric pro-
tein contains the NH epitope tag and cellubrevin membrane anchor, it has a reduced
electrophoretic mobility as compared to wild type rab4. Although the expression
levels and turnover of rab4 and NHrab4cbvn were similar (not shown), we consis-
tently found a lower overall 32P orthophosphate incorporation in the
NHrab4cbvnCHO cell line than in rab4CHO cells. After correction for the different
32P labeling efficiencies between the two cell lines, NHrab4cbvn was ~60 % as effi-
ciently phosphorylated as rab4. To exclude the possibility that the phosphorylated
NHrab4cbvn band represented newly synthesized protein that was not yet associat-
ed with membranes, we repeated the experiment in the presence of the protein syn-
thesis inhibitor cycloheximide. As shown in figure 1C, cycloheximide did not pre-
vent phosphorylation of the chimeric protein. This documented that phosphoryla-
tion of the existing pool of membrane-associated NHrab4cbvn accounted for the
band in figure 1C.

NHrab4cbvn is associated with early endosomes
The availability of the chimeric protein also allowed us to investigate whether rab4
function critically relied on a membrane to cytoplasm cycle. We first biochemical-
ly analyzed whether NHrab4cbvn was targeted to early endosomes.
NHrab4cbvnCHO transfectants were homogenized and postnuclear supernatants
were fractionated on discontinuous sucrose gradients to separate early and late
endosome-enriched membranes. As shown in figure 2A, > 60 % of the NHrab4cbvn
chimera was distributed in the high density interfase representing early endocytic
compartments. In a parallel gradient we analyzed the distribution of rab4 using
membranes obtained from rab4 CHO cells. In these cells rab4 was exclusively dis-
tributed in the high density membrane fraction. The smaller amount of NHrab4cbvn
in the low density sucrose interfase most likely represented NHrab4cbvn molecules
in biosynthetic compartments since endoplasmic reticulum membrane is known to
co-fractionate with late endosomes in these gradients (Annaert et al., 1997). 

To further define the localization of NHrab4cbvn, we compared its distribution with
that of cellubrevin and rab4 using confocal immunofluorecescence microscopy. For
double label experiments in which we wanted to establish the distribution of the
chimera with respect to cellubrevin, we took advantage of the fact that the epitope
of the MC16 antibody against cellubrevin is in the amino terminus of the protein.
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This domain of cellubrevin is not present in NHrab4cbvn. The chimera was detect-
ed with the monoclonal against the NH epitope tag, As shown in figure 2B and doc-
umented previously, endogenous cellubrevin (green) was present in a compact
structure around the nucleus, and in small peripheral structures in the cytoplasm.
The chimeric protein (red) codistributed with endogenous cellubrevin into this per-
inuclear compartment, and also localized to the ER/nuclear envelope (arrow). To

Figure 2. NHrab4cbvn is associated with early endosomes.
Interphase rab4CHO and NHrab4cbvnCHO were homogenized, and PNS was resolved by discontin-
uous sucrose gradient centrifugation in membrane fractions enriched in early endosomes (EE) and late
endosomes (LE). The presence of rab4 and NHrab4cbvn was assayed by western blot using a rab4
antibody. Open- and closed arrowheads denote the position of rab4 and NHrab4cbvn, respectively (A).
Double label confocal immunofluorescence microscopy of NHrab4cbvnCHO cells in which endoge-
nous cellubrevin (green) was labeled with a rabbit antibody against an amino-terminal epitope, and
NHrab4cbvn (red) with a monoclonal antibody against the NH epitope tag. The red and green images
were separately scanned, and subsequently merged to emphasize the areas of overlapping distribution
which appear as yellow (B) Double label confocal immunofluorescence microscopy of the
NHrab4cbvn/mycrab4S196QCHO double transfectant. NHrab4cbvn (green) was detected with a rab-
bit antibody against the NH epitope tag, while mycrab4S196Q (red) was detected with the monoclon-
al antibody 9E10 against myc (C).
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analyze the distribution of NHrab4cbvn with respect to rab4, we transiently trans-
fected NHrab4cbvnCHO cells with mycS196Qrab4. This rab4 mutant lacks the
p34cdc2 kinase phosphorylation site and has the same distribution as wild type rab4
in interphase cells (van der Sluijs et al., 1992a; van der Sluijs et al., 1992b). Cells
were stained with the monoclonal antibody 9E10 to detect mycS196Qrab4, and a
polyclonal antibody against the NH epitope tag to detect NHrab4cbvn. Figure 2C
shows a significant overlap in localization between mycS196Qrab4 (red) and
NHrab4cbvn (green) on ER/nuclear envelope and in vesicular structures in the cyto-
plasm. This confirmed the results of figure 2A, in which we found that a fraction of
NHrab4cbvn was found in the region of the gradient to which the ER sedimented.
Because cellubrevin and rab4 have overlapping but distinct distributions, it is not
surprising that NHrab4cbvn does not precisely colocalize on the same structures
with these two proteins.

A membrane-cytoplasm cycle is necessary for rab4 function 
Finally, we analyzed whether rab4 needs to cycle between membrane-bound and
cytoplasmic pools to perform its function in regulating membrane recycling from
early endosomes. To address this question we used filter-grown Madin Darby
Canine Kidney cells, a well characterized model system to investigate vesicular
transport in polarized epithelial cells. MDCK cells recycle internalized Tf nearly
quantitatively to the basolateral plasma membrane, and perturbation of Tf transport
through early endosomes can be conveniently monitored by measuring enhanced
recycling of Tf into the apical medium.

To investigate the function of NHrab4cbvn, we generated stable MDCK double
transfectants expressing mychTfR and NHrab4cbvn, or mychTfR and rab4. As
shown in figure 3A, the expression levels of rab4 and NHrab4cbvn were similar in
these cell lines as was the case for mychTfR. Next we analyzed recycling of 125I-
Tf in these cells. For this purpose, we internalized 125I-Tf at 16°C, to accumulate
the tracer in basolateral early endosomes. After 60 min, the three cell lines con-
tained the same amount of 125I-Tf suggesting that NHrab4cbvn did not effect inter-
nalization (not shown). The cells were then chased at 37°C and recycled 125I-Tf was
measured in apical and basolateral media. In this assay, the wild type rab4 trans-
fectant showed increased recycling of 125I-Tf into the apical medium as compared
to control MDCK cells not transfected with rab4 (figure 3B). In
NHrab4cbvnMDCK cells however, we observed the same recycling kinetics of
125I-Tf as in the control MDCK cells. These results showed that the permanent
attachment of rab4 to membranes, generates an inactive rab4 mutant, unable to per-
form wild type rab4 function.



98

Rab4 function in membrane recycling depends on a membrane to cytoplasm cycle

C
ha

pt
er

 4

Discussion

Protein phosphorylation plays a key role in the regulation of membrane transport
and organelle inheritance during the mammalian cell cycle. Intracellular transport is
coordinately inhibited in dividing cells and organelle fragmentation is thought to
occur due to ongoing transport vesicle formation while membrane fusion is inhibit-
ed. The molecular mechanisms underlying the inhibition of membrane transport
during mitosis are only partially understood. Rab4 regulates membrane transport
through early endosomes and is phosphorylated by p34cdc2 kinase. Thus rab4 is
likely to be one of the targets for the inhibition of endocytic transport. Indeed,
whereas rab4 is associated with endosomes in interphase, during mitosis it is local-
ized to the cytoplasm in a complex with the peptidyl prolylisomerase Pin1 and pre-
sumably unable to perform its normal endosomal function. Why phosphorylated
rab4 is localized to the cytoplasm is not clear. Phosphorylation of the cytoplasmic
rab4 pool might inhibit its recruitment to endosomes. Alternatively phosphorylation

Figure 3. Functional charac-
terization of NHrab4cbvn in
MDCK transfectants. 
Characterization of MDCK
cells transfected with
mychTfR, and rab4 or
NHrab4cbvn. Cells were
lysed in 1 % TX-100, and the
levels of mycTfR, rab4 and
NHrab4cbvn were analyzed
by western blot. The three cell
lines expressed similar levels
of mychTfR, while the rab4
constructs were expressed ~5-
7 times above endogenous
rab4. Tubulin served as load-
ing control (A). MDCKII cells
stably transfected with the
mychTfR (control) or double
transfected with mychTfR and
rab4, and NHrab4cbvn , were
grown on 24 mm Transwell
filters for 4 days. Cells were
loaded with 125I-transferrin at
16°C for 60 min from the
basolateral side, washed and
chased at 37°C. Apical and

basolateral media were collected at different periods of time, and 125I-Tf is expressed as % of total.
Data are means +/- SD of 3 independent experiments (B). 
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of membrane-bound rab4 may enhance its dissociation into the cytoplasm. Both
scenarios or a combination thereof will result in the depletion of rab4 from early
endosomes and the built-up of a cytoplasmic pool of rab4 molecules. A rab4 trun-
cation mutant that is constitutively expressed in the cytoplasm does become phos-
phorylated during mitosis, which is consistent with a model in which phosphory-
lated cytoplasmic rab4 molecules fail to be recruited to endosomes. Informative as
it is, this result can not be used as evidence against the second model, since it is not
known whether the endosomal pool of rab4 might be targeted by a mitotic kinase. 

We addressed this question in expression experiments with a rab4 construct that was
permanently attached to early endosomes because its consensus sequence for car-
boxy-terminal isoprenylation was replaced by the transmembrane domain of the
endosomal v-SNARE, cellubrevin. The chimeric protein was membrane-associated
in both interphase and mitotic cells. During mitosis NHrab4cbvn was phosphory-
lated, showing for the first time that phosphorylation of rab4 can also occur on
membranes. This also explains the previous finding that phosphorylated cytoplas-
mic rab4 is in the GTP-bound form (Gerez et al., 2000). Because the rab4 guanine
nucleotide exchanger remains membrane-associated during mitosis (Ayad et al.,
1997), enhanced dissociation of phosphorylated rab4-GTP from endosomes
increases the number of cytoplasmic rab4 molecules in the GTP-bound form. 

GTP hydrolysis on rab proteins was initially thought to be required for membrane
docking and fusion or recycling of the GDP-bound form back to the donor organelle
(Bourne, 1988). More recent experiments with ypt1p and sec4p that were perma-
nently attached to membranes have called this concept into question (Ossig et al.,
1995). These mutants appeared to be targeted to the correct membranes and were
reported to retain the capacity in maintaining vesicular transport through the
biosynthetic pathway. In contrast to these rab proteins that act between the ER and
the plasma membrane, our recycling experiments in MDCK cells, however, clearly
showed that the NHrab4cbvn can not substitute for wild type rab4. This suggests
that a cycle of rab4 between membrane and cytosol is important for its function in
membrane recycling from early endosomes. Why would rab4 behave different in
this respect than ypt1p and sec4p? At least two explanations can be put forward to
account for this disparity. First, even though the biosynthetic and endocytic path-
ways are regulated by members of conserved protein families, there appear to be
clear differences. For instance deletion of theYPT1 or SEC4 genes in yeast is lethal
(Salminen and Novick, 1987; Segev et al., 1988), whereas knockout strains of
YPT5, whose product regulates the endocytic pathway, are viable (Horazdovski et
al., 1994). Second, since rab GTPases exert their functions in membrane transport
through multiple effector proteins (reviewed in (Zerial and McBride, 2001)), this
may simply indicate that there is not necessarily a common principle by which rab
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proteins control membrane traffic. An example of this idea is provided by rab27a,
which in melanocytes cooperates with myosin Va (Wu et al., 2001), but not in cyto-
toxic T lymphocytes (Haddad et al., 2001). Presently three rab4 effector proteins
have been characterized. These are rabaptin-4 (Nagelkerken et al., 2000), rabaptin-
5 (Vitale et al., 1998), and rabip4 (Cormont et al., 2001), the first two of which are
bifunctional ones also interacting with rab5. Clearly a further understanding of
membrane recycling via early endosomes requires the identification and character-
ization of additional rab4 effector proteins. 
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Introduction

Rab4 is associated with early endocytic compartments and regulates receptor recy-
cling from early endosomes back to the plasma membrane (Bottger et al., 1996;
Daro et al., 1996; van der Sluijs et al., 1992a; van der Sluijs et al., 1992b; van der
Sluijs et al., 1991). To understand how rab4 mediates its function, we searched for
effector proteins interacting with the GTP-bound form of rab4 using the two hybrid
system. One of the clones we identified in this screen encoded a rabaptin5 homolog
(Stenmark et al., 1995), which we named rabaptin4 (Nagelkerken et al., 2000).
Rabaptin4 interacts preferentially with rab4 and rab5 in the GTP-bound form, a
property shared by rabaptin5 (Vitale et al., 1998). Rab4 binds to an N-terminal
domain of rabaptin4, whereas two binding sites are present for rab5, one in the N-
terminal and one in the C-terminal half or rabaptin4. Rabaptin4 is recruited by rab4
to the perinuclear region where it colocalizes with internalized Tf and cellubrevin.
Since rabaptin4 reduces the intrinsic GTP hydrolysis rate of rab4, and binds
rab4GTP on recycling endosomes, we postulate that rab4 and rabaptin4 coordi-
nately regulate transport from early endosomes to recycling endosomes. We here
describe some of the assays that we used to study the function of rabaptin4. in reg-
ulating transport through early endosomes. 

Methods

Expression of Hisrab4 and Hisrabaptin4∆∆C in E. coli

Expression constructs
To investigate binding of rab4 to the N-terminus of rabaptin4 in vitro, we generat-
ed the expression plasmid pRSET/C-rabaptin4∆C. This construct encodes amino
acids 11-388 of rabaptin4 and is prepared by releasing an EcoRI-HindIII fragment
from pGADGH-#16B(Nagelkerken et al., 2000) and ligating it in the same sites of
pRSET/C. (Invitrogen, Leek, The Netherlands). 

Buffers
Buffer A: 300 mM NaCl, 50 mM Tris.HCl pH 8.0, 20 mM imidazole, 1 mM EDTA,
2 mg/ml lysozyme, 3 µg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride, 10
µg/ml leupeptin, 1 µM pepstatin. 
Buffer B: 300 mM NaCl, 50 mM KOH-MES pH 6.5, 10% glycerol, 20 mM imida-
zole 3 µg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride, 10 µg/ml leupeptin, 1
µM pepstatin. 
Buffer C: 50 mM KOH-PIPES pH8.0, 150 mM KCl, 1 mM EGTA, 5 mM MgCl2,
1 mM DTT, 0.1% CHAPS.
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Expression and purification protocol
Hisrab4 and Hisrabaptin4∆C are produced as fusion proteins in E. coli. Constructs
are transformed into competent E. Coli BL21(DE3)pLysS. Transformants are
grown at 37°C and selected on Luria-Bertani (LB) agar plates containing 100 µg/ml
ampicillin + 50 µg/ml chloramphenicol. The next day a colony is transferred to 2
ml LB + 100 µg/ml ampicillin + 50 µg/ml chloramphenicol. Precultures are grown
for 6 hrs at 37°C, diluted into 50 ml and grown overnight. Next morning the culture
is diluted 20 times with LB + 100 µg/ml ampicillin + 50 µg/ml chloramphenicol.
After the culture reached OD600 ~ 0.6, IPTG is added to a final concentration of 0.1
mM and the cells are grown for 3 hours at 37°C. Bacteria are harvested after cen-
trifugation of the culture for 10 min at 5000 rpm in a Sorvall GSA rotor. Pellets are
resuspended with cold PBS, combined and re-centrifuged for 10 min at 5000 rpm
in a Sorvall SS34 rotor. At this stage pellets are snap-frozen in liquid nitrogen and
stored at -80°C.
The cell pellet is resuspended in cold 50 ml buffer A and sonicated 3 times 45 sec
on ice. Cell debris is pelleted by centrifugation for 15 min at 16000 rpm in a Sorvall
SS34 rotor. The supernatant containing soluble protein is retrieved and loaded on a
5 ml HiTrap affinity column (Pharmacia Biotech, Roosendaal, The Netherlands)
and washed with buffer B until OD280 ~ 0. Proteins are eluted at a flow rate of 0.4
ml/min using a continuous 0.02 - 0.5 M imidazole gradient in buffer B and collect-
ed in fractions of 0.25 ml. Column fractions (5 µl) are analyzed by 12.5% SDS-
PAGE and stained with Coomassie Brilliant Blue. Peak fractions are pooled and
deslated into buffer on two PD10 columns (Pharmacia, Roosendaal, The
Netherlands) that are equilibrated with buffer C. Fractions of 0.5 ml are collected,
and protein content is measured with the BCA protein assay (Pierce, Rockford, IL).
Peak fractions are pooled, snap-frozen in liquid nitrogen and stored at -80°C. 

Comments
For the expression of Hisrab4 and Hisrabaptin4∆N, we recommend to start with
fresh transformants since they provide the most reproducible results. We have tried
to increase the yield of Hisrabaptin4∆N by growing cultures at room temperature,
however this provided little improvement. For purification of Hisrab4, all buffers
are suplemented with 5 µM GDP to stabilize the small GTPase. Typical yields are:
1.5 mg of Hisrab4 and 0.3 mg of Hisrabaptin4∆C per liter culture. The purity of
recombinant proteins is ~ 90% as assessed by silver staining.

In vitro binding assay
A simple and rapid procedure to assay guanine nucleotide dependent binding of
rab4 to rabaptin was developed using an enzyme-linked immunosorbent assay
(ELISA) format in which Hisrabaptin4 is coated in microtiter plates. Subsequently
wells are incubated with increasing amounts of Hisrab4 in the presence of GDP or
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GTP and bound rab4 is determined with rab4 antibody.

Reagents
Binding buffer: 100 mM NaHCO3/Na2CO3 pH 9.5.
TBST: 10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.05% Tween-20
Blotto: 5% skimmed milk powder in TBST
Stock solutions of GDP (0.25 M) and GTP (0.25 M) 

Procedure
Wells are coated for 1 hour at room temperature with 300 ng Hisrabaptin4∆C in
binding buffer and blocked for 1 hour with blotto. Increasing amounts of Hisrab4
are added in the presence of 5 mM MgCl2, and 1 mM GDP or GTP (final concen-
trations) in TBST and incubated for 1 hour in a cold room. Wells are washed with
5 times with 200 µl blotto and incubated for 45 min with a rabbit antibody against
rab4 (1:2000). Wells are again washed 5 times with blotto, and incubated 45 min
with HRP conjugated goat anti rabbit antibody (Jackson ImmunoResearch
Laboratories, Westgrove, PA). HRP enzyme activity is detected colorometrically
with 0.1 mg/ml 3,3',5,5'-tetramethylbenzidine (Sigma, Zwijndrecht, The
Netherlands) in 0.03‰ H2O2, 0.111 M NaOAc pH 5.5. Reactions are stopped after
5-10 min by addition of 100 µl 2M H2SO4 and OD450 is assayed in a microtiter
plate reader. Results of a representative binding assay are shown in 
figure 1.

Comments:
As controls we used GST, or Hisrabaptin4∆N (amino acids 469-830). When wells
are coated with these proteins, a constant background signal is obtained at all
Hisrab4 concentrations tested. Background is ~ 0.15 OD450 units and subtracted
from experimental datapoints in figure 1. Three to four times more rab4 is bound to
rabaptin in the presence of GTP as compared to GDP. Replacement of GTP by the
non-hydrolyzable analog GTPγS should further increase this ratio. 

Figure 1. In vitro binding of Hisrab4 to
Hisrabaptin4∆∆C.
Hisrabaptin4∆C is immobilized in a microtiter
plate and incubated with Hisrab4 in the presence
of GDP (open squares) or GTP (closed squares).
Binding is detected using anti-Rab4 antibodies and
a HRP-conjugated secondary antibody. An
approximately fourfold increase in binding is
observed in the presence of GTP as compared to
GDP, showing that the interaction prefers the
GTP-bound conformation of HisRab4.
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Intrinsic GTPase assay for Hisrab4 in the presence of Hisrabaptin4∆∆C 
To investigate the effect of the bound effector molecule on the intrinsic GTPase
activity of rab4 we use a slightly modified charcoal precipitation assay (Kabcenell
et al., 1990) that measures release of hydrolyzed [32P]P from [γ-32P]GTP prebound
to Hisrab4.

Procedure
Reactions are done at 37°C in a volume of 350 µl and contain 200 nM active
Hisrab4 (determined as described in Shapiro et al., 1993), 500 nM [γ-32P]GTP
(7.4x1011 Bq/mmol), and 2 µM Hisrabaptin4∆C or BSA (control) in 50 mM KOH-
PIPES pH 8.0, 150 mM KCl, 1 mM EDTA, 10 mM MgCl2, 1 mM DTT, 0.1%
CHAPS. After different periods of time, 50 µl aliquots are retrieved and added to
750 µl 5% (w/v) activated charcoal (Serva, Heidelberg, FRG) in 50 mM NaH2PO4
on ice. The mixture is vortexed and centrifuged in microcentrifuge at 3000g for 10
min at 4°C. The supernatant is saved and 500 µl is mixed with 5 ml Ultima Gold
scintillation fluid (Packard Biosystems, Groningen, The Netherlands) to quantitate
hydrolyzed [32P]Pi. Background signals are determined in parallel reactions lack-
ing Hisrab4 and subtracted from experimental values.

Comments
In the presence of a 10-fold molar excess of Hisrabaptin4∆C, the intrinsic GTP
hydrolysis rate of Hisrab4 is reduced from 0.046 to 0.025 min-1, as shown in fig-
ure 2. An equimolar amount of Hisrabaptin4∆C does not effect GTP hydrolysis. To
show that rabaptin4 is a true effector of rab4, also requires knowledge whether it
can effect the exchange of rab4 bound guanine nucleotide. We have tested this in an
in vitro guanine nucleotide exchange assay and found that a 10-fold molar excess
of Hisrabaptin4∆C does not effect guanine nucleotide exchange on Hisrab4. 

Figure 2. Effect of His6-tagged rabaptin4∆∆C
on intrinisc GTP hydrolysis of His6-tagged
rab4.
[γ-32P]GTP loaded Hisrab4 was incubated with
Hisrabaptin4∆C (closed squares) or BSA (open
squares) for different periods of time. In the
presence of Hisrabaptin4∆C the intrinsic rate of
GTP-hydrolysis was reduced with 45% as com-
pared to the incubations with BSA. 
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Expression in mammalian cells 
Expression constructs 
For the analysis of rab4 binding to rabaptin4, and recruitment assays of rabaptin4
to early endosomes, we generated constructs from which rabaptin4, the N-terminal
region (aa 11-388) and C-terminal region (aa 469-830) are expressed in mammalian
cells. An EcoRI-XbaI rabaptin4 fragment encoding aa 11-830 is excised from
pGADGH-#16B to generate pcDNA3.1His/B-rabaptin (Invitrogen, Leek, The
Netherlands).The N-terminal rabaptin4 construct pcDNA3.1His/B rabaptin4∆C is
made by inserting a BamHI-DraI fragment between the BamHI-EcoRV sites of
pcDNA3.1His/B. The C-terminal construct pcDNA3.1His/A-rabaptin4∆N is made
by inserting a rabaptin4 HindII-XbaI fragment between the EcoRV-XbaI sites of
pcDNA3.1His/A. For NHrab5 expression (canine rab5a with an N-terminal X31
influenza hemagglutin epitope tag, we use the previously described rab5 expression
plasmid pcDNA3-NHrab5.

Transfection protocol
20 µg sterile DNA is mixed with 0.5 ml 137 mM NaCl, 5 mM KCl, 0.7 mM
Na2HPO4, 6 mM dextrose, 21 mM Hepes pH 7.1 (HBS) in a polycarbonate tube. A
calcium phosphate precipitate is prepared by adding 31 µl 2 M CaCl2 while flick-
ing the tube 2-3 times. After 45 min, the cloudy suspension is added to an aspirat-
ed 10 cm plate of CHO cells that are grown to 25% confluency. Cells are incubat-
ed 30 min at room temperature on a rocking platform. At the end of this period, cells
receive 10 ml of αMEM, 10% FCS and are grown in a 37°C incubator. After 4
hours, medium is aspirated and 2.5 ml 15% glycerol in HBS is added for precisely
3.5 min at 37°. The cells are washed twice with culture medium and grown in
αMEM, 10% FCS. After 24 hours, cells are trypsinized and grown for a week in
αMEM, 10% FCS, 0.6 mg/ml G418 (Gibco BRL, Breda, The Netherlands). For
immunofluorescence microscopy, cells are seeded on #1 coverslips (11 mm diame-
ter). Transfectants receive 5 mM sodium butyrate (Fluka, Buchs, Germany) 17 hr
prior to the experiments to enhance expression of cmv driven expression plasmids.

Comments
The glycerol shock is used to enhance transfection efficiency and is optional. When
this step is omitted, the medium containing Calcium phosphate and DNA should be
replenished with fresh culture medium the next morning. Sodium butyrate effects
the ultrastructure of secretory and endocytic compartments at concentrations above
5 mM. We grow transfected cells for a week on selection to increase the number of
transfectants and because it improves morphology of the cells.

Immunofluorescence microscopy
To detect compartments of the transferrin pathway, Cy3-labeled transferrin is inter-
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Figure 3. Recruitment of Hisrabaptin4 to early endosomes.
In CHO cells transfected with Hisrabaptin4, Hisrabaptin4 predominantly shows a diffuse cytosolic
labeling (a). In Hisrabaptin4-rab4 transfectants, Hisrabaptin4 (b) and rab4 (c) colocalize on aciniform
organelles in the perinuclear region. This is an endocytic organelle since it comtains endocytosed cy3-
labeled transferrin (d) that also is decorated with Hisrabaptin4 (e). The region required for targeting
His6-tagged rabaptin4 to rab4 containing endosomes is localized in the N terminus of rabaptin-4, as
the Hisrabaptin4∆C (f) colocalizes with rab4 (g) in a Hisrabaptin4∆C-rab4 transfectant, while
Hisrabaptin4∆N (h) does not colocalize with rab4 (i)  in His6-tagged rabaptin-4∆N-rab4 CHO cells.
Both Hisrabaptin-4∆N (j)and Hisrabaptin4∆C (l) are recruited to rab5 containing endosomes (k, m) in
Hisrabaptin4∆N-NHrab5 and Hisrabaptin4∆C-NHrab5 CHO cells, showing that rabaptin4 contains
two domains that bind rab5.
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nalized in cells grown on coverslips as described (Daro et al., 1996). Coverslips are
fixed in 1 ml 3% paraformaldehyde for 1 hr. Excess fixative is quenced in 1ml 50
mM NH4Cl in PBS for 5 min. The cells are permeabilized and blocked for 30 min
in 0.1% saponin, 0.5% bovine serum albumin in PBS (blocking buffer) and incu-
bated with primary antibodies. Rab4 and NHrab5 are detected with affinity purified
antibodies raised against GSTrab4 and the NH epitope tag (Bottger et al., 1996;
Nagelkerken et al., 1997). The rabaptin constructs are detected with the XpressTM

monoclonal mouse antibody (Invitrogen, Leek, The Netherlands) The coverslips are
washed for three periods of 15 min in blocking buffer and then incubated for 30 min
with Indocarbocyanine Cy3-conjugated goat anti mouse IgG and 5-[(4,6-dichloro-
triazin-2-yl)amino] (DTAF) -Fluorescein-conjugated goat anti rabbit IgG (Jackson
ImmunoResearch Laboratories, Westgrove, PA), diluted 200 times and 50 times,
respectively, in blocking buffer. The coverslips are finally mounted in Moviol 4-88
(Calbiochem, La Jolla, CA) containing 2.5% 1,4-diazabicyclo [2.2.2]octane
(Sigma, Zwijndrecht, The Netherlands) and examined with a 63x planapo objective
on a Leitz DMIRB fluorescence microscope (Leica, Voorburg, The Netherlands).

Coprecipitation of rab4 with His-rabaptin4 on Ni-NTA resin
To demonstrate the association of rab4 and rabaptin4 in vivo, we use rab4CHO
transfected with pcDNA3.1/BHis6rabaptin and control (mock transfected)
rab4CHO cells. 

Procedure
Three 10 cm plate subconfluent cells are homogenized in 1 ml 100 mM KOH-
HEPES pH 7.4, 0.1 mM GTP, 1 mM MgCl2, 50 mM NaF, 1 mM PMSF by passing
them 10 times through a 25 G needle. Homogenates are spun 10 min at 1500 rpm
to prepare a post nuclear supernatant. The post nuclear supernatant is next incubat-
ed with 50 µl NiNTA beads (Qiagen-Westburg, Leusden, The Netherlands) by end-
over end rotation for 1 hour at 4°C to collect His6rabaptin4-rab4 complexes. Resin
fractions are washed four times with 1ml 150 mM NaCl, 100 mM Tris.HCl pH 8.3,
0.1% SDS, 0.5% DOC, 0.5% NP40. After the third wash, the resuspended beads are
transferred to a clean tube, pelleted and boiled for 5 min in reducing Laemmli sam-
ple buffer. Samples are resolved by SDS-PAGE on 12.5% minigels, transferred to
PVDF membrane and analyzed by western blotting using the anti Xpress antibody
to detect His6rabaptin4 and a rabbit antibody against rab4 (figure 4).
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Abstract

The small GTPase rab4 is localized on early endosomes and involved in the recy-
cling of the transferrin receptor to the plasma membrane. In an attempt to charac-
terize novel effector proteins for rab4 we used the yeast two hybrid system and
screened a human skeletal muscle cDNA library with rab4Q67L, the active mutant
of rab4, as a bait. We isolated clone 36, which showed a specific interaction with
rab4Q67L. After sequencing, this clone was identified as the amino-terminal part of
the Golgi-protein giantin. In immunofluorescence microscopy and electron
micoscopy studies we found a small but significant colocalization between the
endogenous giantin and rab4.  Furthermore in coimmunoprecipitation experiments
we showed that rab4, rab4S22N and rab4Q67L were co-precipitated with giantin.
When newly synthesized proteins were first accumulated in the ER by using the
drug BFA, and following chased in the absence of BFA, we found a time depend-
ency in the interaction between rab4 and giantin. These results indicate that there is
a specific interaction between giantin and rab4. We speculate that this interaction
might be involved in the biosynthetic pathway of rab4.
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Introduction

Rab proteins belong to a large family of small GTPases, which play an important
role in intracellular membrane transport. There are 11 homologues known in yeast
(Lazar et al., 1997) and in mammalian cells more than 50 rab proteins have been
identified (Pereira-Leal and Seabra, 2000; Takai et al., 2001). In its GTP-bound
conformation a rab protein is in its active, membrane-bound form and can interact
with down-stream effector proteins. The complex formed by the recruitment of sev-
eral effectors plays a role in the stabilization of the SNARE complex involved in
docking and fusion of the transport vesicle with the target membrane as has been
shown for rab5, ypt7 and vps21p (McBride et al., 1999; Simonsen et al., 1999; Tall
et al., 1999; Wurmser et al., 2000). Rab5 is localized on early endosomes and is one
of the best studied rab proteins in literature. Several rab5 effector proteins, with dif-
ferent functions, are identified, like rabaptin5 (Stenmark et al., 1995), rabaptin5β
(Gournier et al., 1998), rabenosyn5 (Nielsen et al., 2000), hVPS34 and p85α-
p110β, two phosphatidylinositol-3-OH (PI(3))-kinases (Christoforidis et al., 1999).
hVPS34, produces phosphatitylinositol-3-phosphate  (PI(3)P), which is required for
the recruitment of another rab5 effector, EEA1, a FYVE domain containing protein
(Simonsen et al., 1998). On its turn EEA1 associates with two SNARE proteins,
syntaxin 13 (McBride et al., 1999) and syntaxin 6 (Simonsen et al., 1999). 
Rab proteins also can play a role in vesicle budding. Rab1 regulates transport from
newly synthesized proteins from the ER to the Golgi (Plutner et al., 1991; Tisdale
et al., 1992). For correct budding from the ER active rab1 recruits p115 to COPII
vesicles during budding. p115 associates with a specific set of SNARE proteins
associated with COPII vesicles (Allan et al., 2000). However the exact molecular
mechanisms involved in the regulation of budding, docking and fusion of transport
vesicles by rab proteins remain to be defined. The identification of effector proteins
for the different rab proteins will required to define the mechanisms involved.

In our lab we study the function of rab4 in intracellular transport. Rab4 is localized
on early endosomes and is involved in recycling from transferrin receptor back to
the plasma membrane via recycling endosomes (Nagelkerken et al., 2000; van der
Sluijs et al., 1992b; van der Sluijs et al., 1991). Recently we identified rabaptin4 as
rab4 effector protein in the yeast two hybrid system. Rabaptin4 is highly homolo-
gous with rabaptin-5 and stabilizes the GTP-bound conformation of rab4
(Nagelkerken et al., 2000). During mitosis rab4 is phosphorylated and associates
with pin-1, a mitotic peptidyl prolyl isomerase (Gerez et al., 2000; van der Sluijs et
al., 1992a).

Golgi cisternae are thought to be organized in stacks by a matrix of peripheral mem-
brane proteins (Seemann et al., 2000). Several members of this family have been
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identified, including giantin (Linstedt and Hauri, 1993; Seelig et al., 1994; Sohda et
al., 1994), golgin-160, golgin-95 (Fritzler et al., 1993), GM130 (Nakamura et al.,
1995),gcp170 (Misumi et al., 1997), golgin-67 (Jakymiw et al., 2000), golgin-245
(Fritzler et al., 1995) and golgin-84 (Bascom et al., 1999). All these proteins pos-
sess large coiled coil domains, only giantin, golgin-67 and golgin-84 have a puta-
tive trans-membrame domain. Little is known about the exact function of the gol-
gins. Some of them are recruited to the Golgi membrane by association with other
proteins. For example GM130 binds via GRASP-65 to the Golgi (Barr et al., 1998).
A domain in the carboxy-terminus of several other golgins, the so-called GRIP-
domain, has been shown to be involved in their recruitment to the Golgi complex.
The GRIP domain of golgin-245 and golgin-97 binds to rab6 in far-western assays
suggesting a role for golgin-245 and golgin-97 in rab6-regulated membrane-tether-
ing events (Barr, 1999; Kjer Nielsen et al., 1999; Munro and Nichols, 1999).
Giantin was first identified using antibodies raised against a membrane fraction
enriched in Golgi markers (Linstedt and Hauri, 1993), that recognized a 400 kD
Golgi-protein and named giantin. Giantin is an integral membrane protein with a
carboxy-terminal single trans-membrane domain and forms dimers. Its 350 kDa N-
terminal part is facing the cytosol (Linstedt et al., 1995). Seelig and colleagues
cloned macrogolgin, renamed giantin, using auto-immune antibodies from a patient
with Sjörgen's syndrome (Seelig et al., 1994). At the same time a protein, called
gcp372, was cloned by using auto-immune antibodies from a patient with chronic
rheumatoid arthritis (Sohda et al., 1994). Giantin and are gcp372 are highly homol-
ogous and possibly giantin and gcp372 are the same protein. Giantin is associated
with COPI vesicles, generated by incubating Golgi membranes with GTPγS and
cytosol. Giantin interacts with the cytosolic factor p115, that is thought to assist in
docking onto Golgi membranes as bridge between giantin on the COPI vesicles and
GM130 at the Golgi stacks (Sonnichsen et al., 1998). Sofar, a ternary complex
between giantin, GM130 and p115 was not been isolated, while others even found
a competition of giantin and GM130 for binding of p115 (Linstedt et al., 2000). The
exact function and the ultra-structural localization of giantin therefore still remains
to be established.

To get more insight in the function of rab4 we searched for rab4 interacting proteins
using the yeast two hybrid system and screened a human skeletal muscle cDNA
library with rab4Q67L as a bait. We found a specific interaction between the endo-
somal GTPase rab4 and the Golgi-matrix protein giantin. Our results suggest a role
for giantin in the biosynthetic pathway of rab4.
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Material and Methods

Constructs
R36 was released with BglII from pGAD10 (ClonTech -Westburg,) and cloned into
the BamHI site of pcDNA3.1HisA (Invitrogen). R36 was released with SalI from
pGAD10 and cloned into the XhoI site of pGADGH. pGBT9 with inserts of rab2,
rab4a, rab4b, rab5a, rab6, rab7, rab4aQ67L rab4aS22N or rab5aQ79L have been
described before (Nagelkerken et al., 2000). cDNAs encoding GM130 and Golgin-
84 were kindly provided by respectively, Y. Ikehara  (Fukuoka University, Japan)
and R.L Nussbaum (National Institutes of Health, Bethesda, Maryland, USA). The
GM130 and Golgin-84 were amplified by PCR and cloned into pGADGH.

Yeast two-hybrid screening
The yeast reporter strain YGH1 (ClonTech -Westburg) was cotransformed with
pGBT9-rab4Q67L (Nagelkerken et al., 2000) and a random primed human skeletal
muscle library cDNA in the vector pGAD10 (ClonTech -Westburg). Colonies were
tested for β-galactosidase activity using a replica filter assay. 

Cell lines and Cell culture
MDCK II cells were grown in MEM (GIBCO BRL, Breda, the Netherlands) con-
taining 10% FCS (GIBCO BRL,Breda, the Netherlands), supplemented with 100
units/ml penicillin and 100 µg/ml streptomycin. The MDCKII transfectants
expressing human transferrin receptor and rab4, rab4S22N or rab4Q67L were
described in chapter 3, as were the MDCKII transfectants expressing the rabbit
polymeric immunoglobulin receptor (pIgR) and the NH-tagged rab4 constructs
(Gerez et al., 2000).
Hela cells were grown  in DMEM (GIBCO BRL) containing 10 % FCS (GIBCO
BRL, Breda, the Netherlands), supplemented with 2 mM L-glutamine, 100 U / ml
penicillin and 100 µg / ml streptomycin. Hela cells expressing GFP-rab6A and
GFP-rab6A' were described (Echard et al., 2000). Transient transfections were done
with Fugene (Roche Diagnostics Corporation) according to the manufactory's  pro-
tocol. Cells were treated with 5 mM sodium butyrate 16-18 hours before every
experiment .

Antibodies
Rabbit antibodies against rab4 and the monoclonal antibodies against the NH epi-
tope were generated and affinity-purified as described (Bottger et al., 1996;
Nagelkerken et al., 1997). His6-tagged proteins were detected with the monoclonal
antibody XpressTM (Invitrogen). The rabbit polyclonal antibodies against gcp372
and GM130 were generously provided by Y. Ikehara (Fukuoka University, Japan).
The rabbit polyclonal antibodies against EEA-1 and lgp120 were generously pro-
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vided by respectively M. Clague (University of Liverpool) and I. Mellman (Yale
University School of Medicine, New Haven). Antibodies against rab6B and against
GFP were described elsewhere (Echard et al., 2000; Opdam et al., 2000). Labeled
secondary antibodies were purchased from from Molecular Probes, Jackson
ImmunoResearch Laboratories and Pierce.

SDS/PAGE and western blot 
Postnuclear supernatant was prepared as described and analyzed by  SDS-PAGE
and Western blot (Gerez et al., 2000). 

Immunofluorescence microscopy and internalization of Alexa594-transferrin
Cells grown on coverslips were subjected to immunofluorescence microscopy as
described (Sprong et al., 1998). For labeling with the anti-lgp120 antibody the cells
were permeabilized in blocking buffer containing 0.01% saponine and 0.2% BSA.
For the internalization experiments, the cells were grown on coverslips to 50% con-
fluency. The cells were washed twice with MEM / 0.1% BSA , depleted from
endogenous transferrin by an incubation at 37°C for 60 minutes, incubated with 10
µg / ml Alexa594-transferrin (Molecular Probes) in MEM / 0.1 % BSA for 15 min-
utes at 37 °C or 16°C and washed twice in MEM / 0.1% BSA on ice.  The cells were
chased for 0, 10 or 30 minutes at 37°C in MEM/0.1%BSA/ 50mM desferal, fixed
and treated for immunofluorescence microscopy.  

Co-immunoprecipitation
Cells were grown to 60-80% confluency in 6 cm dishes. Cells were washed twice
with PBS. Cells were depleted in MEM without methionine and cysteine (Sigma)
for 30 minutes at 37°C. Cells were labeled for 2 hours with 35S redivue promix
(Amersham) in MEM without methionine and cysteine. Cells were lysed in PBS/
1% TritonX100 / protease inhibitors (10 µg/ml aprotinin, 1 mM PMSF, 5 µg/ml leu-
peptin, 1 µg/ml pepstatin), for 30 minutes on ice. Cells were scraped and the lysate
was centrifuged for 10 minutes at 12.000 rpm. Giantin was immunoprecipitated
from the lysates as described (Gerez et al., 2000). The beads were washed twice
with RIPA-buffer (150 mM NaCl, 2 mM EDTA, 100 mM TrisHCl, 0.1 % SDS, 0.5
% DOC, 0.5 % NP40 pH 8.3). Beads were split into two aliquots, 20% was kept as
direct sample and 80% was dried and 100 µl PBS / 1% SDS was added. The beads
were boiled for 8 minutes, the supernatant was removed and added to 600 µl H2O.
This procedure was repeated once. To the diluted supernatans 200 µl quench-buffer
was added (0.25 M Tris pH= 7.8, 0.75 M NaCl, 10 mM EDTA, 10% TritonX100, 5
times protease inhibitors). This mixture was kept 5 minutes at room temperature
and rab4 or GFP-rab6A' or GFP-rab6B were immunoprecipitated from the mix-
tures. Immunoprecipitates were resolved by SDS / PAGE (4% polyacrylamide
stacking gel, 12.5 % running gel for rab4 and 3% polyacrylamide stacking gel, 5%
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running gel for giantin) and analyzed by phosphorimaging.

Results

Identification of rab4-interacting proteins in the yeast two hybrid system
To search for proteins interacting with the GTP-bound form of rab4 we used the
yeast two hybrid system and screened a human skeletal muscle cDNA library with
the hydrolysis-deficient mutant, rab4Q67L as a bait. In this screen we identified a
clone, r36, that showed a specific blue staining with rab4Q67L. The clone r36 did
not interact with rab4, rab4S22N or rab4b in the yeast two hybrid assays (figure
1A). We investigated this clone further.

and r36 is shown (D). The insertion of 5 amino-acids (indicated in black) as found in gcp372 after
amino-acid 216 was not found in r36. We concluded that r36 is a part of giantin and not of gcp372 .

Figure 1.
Identification of
clone r36.
β-Galactosidase
reporter activation
of YGH1 cells co-
transformed with
p G A D G H # r 3 6
and the indicated
cDNAs (A-B) or
YGH1 cells co-
transformed with
p G A D G H -
GM130 or
p G A D G H -
Golgin94 and the
indicated cDNAs
(C). In panel A we
used pGADGH-
rabaptin4 and
p G B T 9 -
rab4Q67L as a
postive control.
After sequencing
Blast searches
showed that clone
r36 was homolo-
gous with giantin
and gcp372. A
schematic repre-
sentation of
giantin, gcp372
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Identification of giantin
After recovery plasmid DNA from yeast, a fragment of about 2300 nucleotides was
released from the library vector pGAD10. Clone r36 was sequenced and Blast
searches showed that clone r36 was homologous with giantin (Linstedt and Hauri,
1993; Seelig et al., 1994) and gcp372 (Sohda et al., 1994). Giantin and gcp372 are
almost identical except for two insertions in the cDNA of gcp372 compared to
giantin and a few point mutations. It is not clear if gcp372 and giantin represent dis-
tinct cDNAs encoding two different proteins. The first insertion in the cDNA
sequence of gcp372 is not in frame with the predicted open-reading frame in
giantin. Therefore the predicted open-reading frame in gcp372 is starting 117 bases
down-stream compared to the open-reading frame in giantin. Both ATG codons,
one predicted start codon for gcp372 and one for giantin, are surrounded by
sequences similar to the consensus motifs for eukaryotic translation initiation
(Kozak, 1991). In the cDNA of gcp372 another insertion of 15 bases compared to
cDNA of giantin is found. Because of these two insertions in its cDNA, gcp372 is
missing 39 amino acids at the amino-terminus compared to giantin and contains a
5 amino acid insertion between amino-acid 216 and 217 in giantin. Clone r36 does
not have this last insertion (see figure 1D). Therefore we concluded that clone r36
encodes amino-acid 92 to 840 of giantin.

Specificity of the interaction of r36 
To investigate the specificity of the interaction between clone r36 and rab4Q67L we
tested several other rab proteins for their interaction with clone r36. Rab5 is local-
ized on early endosomes and rab11 is found on the recycling endosomes and TGN.
Both rabGTPases show a partial overlap in localization with rab4 on early endocytic
compartments (Sonnichsen et al., 2000).  Figure 1B and 1C show that neither rab5
and rab11 nor their GTP-hydrolysis deficient mutants, rab5Q79L and rab11Q70L or
their GDP-mutants, rab5S34N and rab11S34N show interaction with clone r36.
Several rab proteins are associated with the Golgi complex where they have been
reported to interact with coiled coil proteins. Rab1 binds to p115 (Allan et al., 2000)
whereas rab6 interacts with a small motif in golgin-97 and golgin-245 (Barr, 1999;
Kjer Nielsen et al., 1999; Munro and Nichols, 1999). Rab1, rab6 and rab6Q72L did
not interact with clone 36 in the yeast two hybrid system (figure 1B). We next inves-
tigated whether two other golgins interacted with rab4Q67L. GM130 does not have
a transmembrane domain and is localized on Golgi membrane by the formation of
a tight complex with GRASP65. Golgin-84 is a membrane protein without known
function. Both proteins gave no blue staining with clone r36 when tested in the two
hybrid system as shown in figure 1C. In summary no interaction of r36 was found
with two endocytic rab proteins, rab5 and rab11 and not with the Golgi proteins,
rab1 and rab6. Golgin-97 and GM130 did also not interact with r36. We concluded
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that the interaction of r36 and rab4Q67L is specific as tested in the two hybrid sys-
tem.

Immunofluorescence of cells transiently transfected with r36 
To extend the results of the two hybrid system we next investigated the localization
of overexpressed r36 in mammalian cells. Hela cells were transiently transfected
with His-tagged r36. After 38-40 hours the cells were fixed and labeled for
immunofluorescence microscopy with an antibody against the His-tag. R36 labels
large spots throughout the cytoplasm (figure 2A-F). R36 does not contain the
transmembrane domain of giantin and can not associate with membranes without
interaction with other proteins. We also investigated if r36 could associate with
endogenous giantin. When cells were double labeled for giantin and r36 (figure 2A)
we found no overlap between r36 and endogenous giantin. This indicates that the
partial giantin construct does not dimerize with endogenous giantin and that it is not
recruited to the Golgi complex. To further characterize the r36 structures, transfect-
ed cells were double labeled for EEA1 and r36 (figure 2B). In untransfected cells
EEA1 labels small vesicular organelles which have been characterized as early
endosomes. In r36 transfected cells, EEA1 showed clear co-localization with r36.
The distribution of EEA1 was changed upon overexpression of the partial protein.
EEA1, is a coiled-coil protein and is partially located in the cytoplasm. An expla-
nation for the colocalization of r36 and EEA1 could be that both proteins interact
via their coiled coils. Next we looked if rab4 colocalized with r36. Transfected cells
were double labeled for r36 and endogenous rab4 (figure 2C). In r36 transfected
cells we detected clear rab4 staining on the r36 structures. The rab4-pattern differs
from that seen in non-transfected cells. This could be due to up-regulating of the
rab4 expression. Another possibility is that after transfection with r36 rab4 is con-
centrated by an interaction with r36 and therefore easier to detect by immunofluo-
rescence microscopy. We can not discriminate between these two possibilities from
these experiments. To exclude that r36 was localized on lysosomes we double
labeled  transfected cells for r36 and lgp120 (figure 2D). No overlap was found
between r36 and lgp120, indicating that r36 is not localized on lysosomes.

To investigate the characteristics of the r36 structures further we internalized
Alexa594-transferrin for 30 minutes at 16°C or 37°C in transfected cells. In non-
transfected cells, internalized transferrin at 16°C accumulates in early endosomes.
In r36 transfected cells the distribution of transferrin was unchanged compared to
non-transfected cells. We detected little if any overlap between r36 and transferrin
(figure 2E). When transferrin was internalized at 37°C we could find a limited co-
distribution between r36 and transferrin (figure 2F). A possible explanation for the
results of the immunofluorescence experiments is that r36 is associated with mem-
brane organelles after overexpression, probably via rab4 binding. These membranes
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Figure 2. Clone r36 expression in Hela cells 
Hela cells transiently transfected with pcDNA3HisA-r36 were grown on coverslips, direcly fixed in
3% paraformaldehyde, double labeled with anti-XpressTM (A-F, green)  and with anti-giantin (A, red),
anti-EEA1 (B, red), anti-rab4 (C, red) or anti-lgp120 (D, red) and stained with Alexa488-anti-mouse
and Cy3-anti-rabbit, or the cells were incubated for 30 minutes at 16°C (E) or 37°C (F) with 10 µg/ml
Alexa594-Transferrin (E, F red), fixed and labeled with the mouse monoclonal antibody XpressTM

against the His-epitope tag (E, F, green) and stained with Alexa488-anti-mouse. 
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are then most likely endosomes because we found two endosomal markers, rab4
and EEA1, on these structures and no lysosomal- or Golgi-marker.  However trans-
ferrin is almost excluded from these compartments either because the entry is
blocked or the export is very fast. Another possibility is that upon overexpression,
r36 forms protein aggregates in which EEA1 and rab4 are included. Both possibil-
ities need further investigation.

Figure 3. Co-localization endogenous giantin and rab4
MDCKII cells overexpressing the pIgR (A), or doubly transfected with pIgR and NH-tagged rab4 (B),
NH-tagged rab4S22N (C) or NH-tagged rab4Q67L (D) were grown on coverslips and fixed with 3%
paraformaldehyde. The cells were labeled with a monoclonal mouse antibody against the NH-tag (A,
B, C, D, red) and a rabbit polyclonal antibody against giantin (A, B, C, D, green) and stained with
Alexa488-anti-rabbit and Cy3-anti-mouse. 
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Localization endogenous giantin and overexpressed rab4
To examine the interaction of giantin and rab4 in vivo, we first tested the localiza-
tion of giantin and rab4 by immunofluorescence microscopy. MDCKII cell lines,
overexpressing NH-tagged rab4 (figure 3B), rab4S22N (figure 3C) or rab4Q67L
(figure 3D) were fixed and labeled with antibodies against the NH-tag and giantin.
Figure 3B shows that rab4 has limited overlap with giantin. This was expected as
rab4 is localized on endosomes and giantin to the Golgi complex. Also rab4S22N
and rab4Q67L showed partial overlap with giantin (figure 3C-D). As we compare
the giantin labeling in the different rab4 expressing cells with untransfected cells
(compare figure 3A with figure 3B-D) we see that the giantin labeling did not
change upon overexpression of the different rab4 contructs. Quantitative electron
immuno microscopy studies showed that indeed a small, but significant percentage
of rab4 is found in the Golgi stacks. The percentage of rab4 in the Golgi does not
change upon overexpression of rab4 (data not shown).

Co-immunoprecipitation experiments giantin and rab4
To confirm the association of rab4 and giantin in vivo, we did a co-immunoprecip-
itation experiment. We metabolically labeled rab4 MDCK transfectants and
immunoprecipitated giantin from the detergent lysates. After the first immunopre-
cipitation we removed all material of the beads by heating in the presence of SDS.
After quenching the SDS with Triton-X100 we precipitated the supernatant with
antibodies against rab4, GFP or rab6B. When we used in the second immunopre-
cipitation an antibody against rab4 we found that rab4 was indeed associated with
giantin (figure 4A). When we used in the first immunoprecipitation pre-immune-
serum, no rab4 was detected. We also used rab4S22N or rab4Q67L transfectants
and detected both rab4S22N and rab4Q67L associated in giantin immunoprecipi-
tates. From this experiment we concluded that in vivo there was less preference for
one of the two nucleotide states of rab4 to associate with giantin, then in the yeast
system. However in the two hybrid system we used truncated giantin and in the co-
immunoprecipitation experiments we looked  at full length endogenous protein. As
control we used Hela cells which overexpressed GFP-rab6B or GFP-rab6A'. Rab6B
and rab6A' are small GTPase which are localized in the Golgi (Echard et al., 2000;
Opdam et al., 2000). When we first imunnoprecipitated giantin from these cells and
in a second immunoprecipitation used antibodies against rab6B or GFP we could
not detect any GFP-rab6B (figure 4A) or GFP-rab6A' (data not shown).
As another control we also immunoprecipitated GM130 from MDCKII cells, over-
expressing rab4 and then used an antibody against rab4 in the second immunopre-
cipitation. We could not detect any rab4 associated with GM130 (data not shown).
From these results we concluded that rab4 also in vivo interacts specifically with
giantin.
Next we labeled MDCK rab4 transfectants in the presence of  BFA to accumulate
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different periods of time, lysed and giantin and rab4 were co-immunoprecipitated
as in the former experiment. As shown in figure 4B, after 60 minutes of chase time
the amount of rab4 co-immunoprecipitated with giantin was increased, while the
amount of precipitated giantin and total rab4 did not change. This result suggests
that the interaction between rab4 and giantin could be involved in the transport of
newly synthesized rab4. However this suggestion has to been investigated further.

Figure 4. Co-immunoprecipitation giantin and rab4.
MDCKII cells doubly transfected with the human transferrin receptor and rab4 (1), rab4S22N (2) or
rab4Q67L(3) or Hela cells transfected with GFP-rab6B(4), were depleted for 30 minutes in methion-
ine and cysteine deficient medium, labeled with 35S-Redivue labeling-mix for 2 hours in the absence
(A) or presence of 5 µg/ml BFA (B) and lysed directly (A) or chased for different periods of time (B)
and lysed. The lysates were divided into two aliquots, 95%  was used to co-immunoprecipitate giantin
and rab4 or rab6B (1st IP and 2nd IP) and 5% was used to immunoprecipitate directly rab4 or rab6B
(direct IP). After the first immunoprecipitation of giantin, 20% of the immunoprecipitates was ana-
lyzed direct (1st IP) and 80% of the beads were cooked twice in PBS / 1% SDS, the SDS was quenched
by Triton and mixture was used to immunoprecipitate rab4 or rab6B. All immunoprecipitates were
resolved by SDS-PAGE and analyzed by phopsphorimaging.
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Discussion

An important goal of studying membrane transport is to identify and characterize
the regulatory proteins. Rab proteins are a family of proteins known to play an
important role in the regulation of membrane transport by recruiting effector pro-
teins to the membrane. The complex formed by the recruitment of these proteins
plays a role in the stabilization of the SNARE complex involved in docking and
fusion of the transport vesicle with the target membrane (McBride et al., 1999;
Simonsen et al., 1999; Tall et al., 1999; Wurmser et al., 2000). The yeast two hybrid
system is an excellent method to identify novel effector molecules for rab proteins
(Cormont et al., 2001; Cuif et al., 1999; Diaz et al., 1997; Echard et al., 1998;
Gournier et al., 1998; Nagelkerken et al., 2000; Stenmark et al., 1995). In an attempt
to identify novel rab4 effectors we screened a human skeletal muscle cDNA library
with rab4Q67L as a bait and isolated clone 36, that specifically interacted with
rab4Q67L. It did not interact with rab5 and rab11, two other early endosomal rab
proteins. Furthermore, we tested if rab4 interacted with two other proteins from the
golgin-family, GM130 and Golgin-84. These proteins gave also no reporter gene
activation. After sequencing, clone 36 was shown to be a part of the amino-termi-
nus of the Golgi-protein, giantin. In vivo we could confirm the interaction of rab4
and giantin by co-immunoprecipitation experiments and we showed a time depend-
ency in the interaction between rab4 and giantin. 

The interaction between the early endosomal GTPase rab4 and the Golgi-protein
giantin was an unexpected result. As we showed by immunofluorescence and elec-
tron microscopy only a small pool of rab4 co-localizes with giantin in the Golgi
stacks in vivo. The question arises what the function of the interaction between rab4
and giantin in vivo could be. After synthesis a rab protein is prenylated by the ger-
anylgeranyltransferase and targeted to the membrane, where it binds to unknown
rab receptor (Ayad et al., 1997; Dirac-Svejstrup et al., 1997; Ullrich et al., 1994).
As rab proteins localize to distinct membranes every rab protein has to be targeted
to the a specific transport vesicle or organelle. It is known that the carboxy-termi-
nal hypervariable region is required but not sufficient for correct targeting of rab
proteins to their specific locations in the cell (Brennwald and Novick, 1993;
Chavrier et al., 1991; Stenmark et al., 1994). However the exact mechanism by
which a rab protein reaches the correct membrane is not clarified yet. 
Recently  it is has been shown that the plasma membrane localized GTPase Nras is
transiently localized in the Golgi prior to the targeting to the plasma membrane.
GFP-tagged Nras labeled peri-Golgi vesicles and after BFA treatment the plasma
membrane expression was inhibited (Choy et al., 1999). Ras GTPases have a
CAAX motif in their carboxy-terminus, which is prenylated by soluble prenyl-
transferases, following a specific protease cleaves the AAX residues of the CAAX
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motif and the modified cysteine motif is methylated. The CAAX motif alone was
necessary and sufficient to target proteins to the endomembranes where the proteins
were methylated. For rab4 we found a time-dependency in the interaction with
giantin after accumulation with BFA. Maybe a same model could be proposed for
rab4. After synthesis, rab4 is first localized to the Golgi membranes before it is
finally targeted to the early endosomes. The interaction between giantin and rab4
could be involved in the transport step in the biosynthetic pathway of rab4. It will
of great interest to investigate this model further.
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Abstract

An important goal of studying membrane transport is to identify and characterize
the regulatory proteins. RabGTPases are known to play an important role in the reg-
ulation of membrane transport (Mohrmann and van der Sluijs, 1999; Olkkonen and
Stenmark, 1997; Takai et al., 2001). Initially it was thought that a rabGTPase binds
to the membrane of a transport vesicle and recognizes a docking protein on the
acceptor membrane. Hydrolysis of GTP was then thought to catalyze membrane
fusion (Bourne, 1988). Also SNARE proteins are known to be important in deter-
mining specificity in membrane transport. In the original model specific t-SNAREs
on the target membrane recognize and interact with specific v-SNAREs on the
transport vesicle (Rothman, 1994; Sollner et al., 1993). Nowadays it is becoming
clear that the mechanisms involved in docking and fusion of transport vesicles with
the acceptor membrane are not that simple as was first thought. A close interplay
between rab proteins and SNARE proteins has been shown to regulate membrane
fusion. Rab proteins recruit specific effector proteins to membranes, which on their
turn attract other cytoplasmic proteins to form a large hetero-oligomeric complex,
involved in docking and fusion (McBride et al., 1999; Simonsen et al., 1999; Tall et
al., 1999; Wurmser et al., 2000). This thesis describes work focussed on rab4, that
is functionally associated with early endosomes. Chapter 2, 3 and 4 deal with the
characterization of the function of rab4 in early endocytic membrane transport in
both interphase and mitotic cells. Chapter 5 and 6 describe the search and isolation
of rab4 interacting proteins.
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Accumulation of rab4GTP in the cytoplasm and association with the peptidyl-
prolyl isomerase pin1 during mitosis
During mitosis membrane transport is inhibited by phosphorylation of several pro-
teins. In mitotic cells rab4 is phosphorylated by p34cdc2 kinase and is translocated
from the membrane into the cytosol (van der Sluijs et al., 1992a). In chapter 2 we
investigated the fate of rab4 during cell division. Newly synthesized rab4 was less
efficiently recruited to membranes than in interphase cells. We found a large
increase of cytosolic rab4 in its active form in mitotic cells, which was not associ-
ated with GDI. Importantly we found that phosphorylated rab4 was bound to the
peptidyl-prolyl isomerase, pin-1, while rab4 in interphase cells does not bind to this
protein. These data suggest that a less efficient recruitment of rab4 to membranes,
in combination with an increase of cytosolic rab4 due to the role of pin1, is an
important mechanism, involved in the inhibition of membrane transport in mitotic
cells.

Rab4 regulates transport to the apical plasma membrane in Madin-Darby
Canine Kidney cells
Rab4a localizes on early endosomes and is involved in the recycling of  transferrin
receptor back to the plasma membrane (van der Sluijs et al., 1992b; van der Sluijs
et al., 1991). Former studies on rab4 were done in non-polarized fibroblasts. Rab4
is also present in MDCK cells, a polarized epithelial cell line (van der Sluijs et al.,
1991). Neither its function nor its localization has been established in these cells
before. We therefore studied the localization and function of rab4 in MDCKII cells
as is described in chapter 3. We made use of two mutations, which were first
described for ras (Der et al., 1986; Feig and Cooper, 1988). Rab4Q67L is deficient
in GTP hydrolysis and stabilizes the active form. Rab4S22N has a low affinity for
GTP and GDP binding and therefore is stabilized in the inactive form. We stably
doubly transfected MDCKII cells with the human transferrin receptor and rab4,
rab4S22N and rab4Q67L. We studied the localization of rab4 in the transfected
MDCK cells by using immunofluorescence microscopy. Rab4 was concentrated on
internal structures at the lateral side of the cell around the nucleus. Quantitative
immuno electron microscopy revealed that the majority of rab4 was localized in the
upper third part of the cytoplasm. We also found that rab4 redistributed transferrin
receptor from the basolateral plasma membrane to the apical plasma membrane and
caused a mistargeting of internalized transferrin into the apical medium. We pro-
pose that rab4 is associated with the CE, which maybe contain some domains of the
ARE and is involved in polarized transport.

Cycle between membrane and cytosol required for rab4 function in early
endocytic pathway
A rab protein cycles between a cytosolic and a membrane form during its life. The
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exact function of this rab cycle is not completely understood. During mitosis rab1
and rab4 are phosphorylated by the mitotic kinase p34cdc2 and a redistribution of
the proteins to the cytosol is found (Bailly et al., 1991).  It is known that rab4 can
be phosphorylated in the cytosol as is shown for the rab4 mutant without prenyla-
tion motif (van der Sluijs et al., 1992a).  It is not known whether the membrane-
bound pool of rab4 is also targeted by the mitotic kinase. In chapter 4 we investi-
gated a chimeric rab4 protein that is permanently membrane bound by replacing its
carboxy-terminal prenylation motif by the putative transmembrane domain of the
endosomal SNARE protein, cellubrevin. We found that the chimera partially colo-
calized with rab4 and cellubrevin on early endosomes. Furthermore this chimeric
protein was phosphorylated in mitotic cells. These data show that membrane asso-
ciated rab protein can also be phosphorylated. For ypt1 and sec4, rabGTPases in the
yeast biosynthetic pathway, it has been shown that replacing the carboxy-terminal
prenylation motif by a transmembrane domain of SNARE proteins sly2p and snc1p,
did not influence the function of ypt1 and sec4 (Ossig et al., 1995). However when
we tested rab4cellubrevin in the recycling of, at 16°C internalized, transferrin in
MDCK cells, we found that rab4cellubrevin did not effect the transcytosis into the
apical medium as rab4 did (see chapter 3). We concluded that rab4 function requires
the cycling between membrane and cytosol. These results differ from what was
found for ypt1 and sec4  in the biosynthetic pathway suggesting that not all rab
GTPases function via exactly the same mechanism.

Expression and properties of rab4 and its effector rabaptin4 in endocytic recy-
cling
To understand how rab4 mediates its function, we searched for rab4 interacting pro-
teins by using the two hybrid system. In former studies we identified a novel pro-
tein, that specifically interacts with  rab4GTP and named it rabaptin4 (Nagelkerken
et al., 2000). Rabaptin4 is homologous to rabaptin5 (Stenmark et al., 1995) and
rabaptin5β (Gournier et al., 1998), two effectors of rab5. In chapter 5 we describe
in detail the tools used for the further characterization of the interaction between
rabaptin4 and rab4. Recombinant proteins made with bacterial expression systems
were used to perform an in vitro binding assay and measure the GTPase activity of
rab4 in absence or presence of rabaptin4. Furthermore a overexpession system in
mammalian cells was used to facilitate immunofluorescence microscopy and copre-
cipitation studies of rab4 and rabaptin4.

Identification of interaction of rab4a with giantin
The yeast two hybrid system is a highly successful method to identify effector mol-
ecules for rab proteins (Cormont et al., 2001; Cuif et al., 1999; Diaz et al., 1997;
Echard et al., 1998; Gournier et al., 1998; Nagelkerken et al., 2000; Stenmark et al.,
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1995). In chapter 6 we describe the identification of the interaction of rab4 with
giantin using the two hybrid system. In two hybrid assays the interaction was high-
ly specific for rab4GTP. No interaction with the other tested rab proteins was detect-
ed. Immunofluorescence microscopy experiments show a small but significant
overlap of rab4 and giantin in the Golgi area. In co-immunoprecipitation studies we
found that rab4, rab4S22N and rab4Q67L could be precipitated with giantin. We
now started to adress the function of the rab4-giantin interaction.  
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Organismen, zoals mensen en dieren hebben een aantal organen met ieder een eigen
specifieke functie. Ieder orgaan is opgebouwd uit een groot aantal bouwstenen, de
cellen. De cel is afgeschermd van zijn omgeving door de plasmamembraan, een bar-
rière opgebouwd uit vetten en eiwitten, die een laag vormt rondom de cel. Voor het
correct functioneren van een cel is het van belang dat stoffen, bijvoorbeeld voed-
ingsstoffen en afvalstoffen, de cel respectievelijk in en uit getransporteerd kunnen
worden. Verder is het belangrijk dat een cel kan reageren op signalen van buiten af. 

Zoals een organisme verschillende organen heeft met verschillende functies, bevin-
den zich in de cel diverse compartimenten, genaamd organellen, met een specifieke
functie. Deze organellen zijn op hun beurt gescheiden zijn van de rest van de cel
door een membraan met een specifieke samenstelling. Tussen de organellen bevin-
dt zich het zogenaamde cytosol, een waterige omgeving.  Tussen deze verschillende
compartimenten moeten ook stoffen kunnen worden uitgewisseld. Zo moeten nieuw
gesynthetiseerde membraan-eiwitten van de plaats waar ze gemaakt worden, het
endoplasmatisch reticulum (ER) naar de plaats waar ze hun functie uitoefenen
getransporteerd worden. Voor het transport van de verscheidene membraaneiwitten
door de cel, en tussen de plasma membraan en de verschillende organellen wordt
gebruik gemaakt van transportblaasjes. 

Een belangrijke transport is de endocytische route. Om het mogelijk te maken mol-
eculen uit hun omgeving op te nemen bevinden zich op het plasma membraan
receptoren, die bepaalde moleculen uit de omgeving, liganden, kunnen binden.
Nadat er een complex gevormd is tussen de receptor en het ligand, kan dit complex
opgenomen en verder getransporteerd worden door de cel. Dit gebeurt doordat de
plasma membraan naar binnen toe een instulping maakt op de plaats waar de recep-
tor-ligand complexen zijn geconcentreerd. Vervolgens kan er een transportblaasje
afknoppen aan de binnenzijde van de plasmamembraan. Dit blaasje wordt vervol-
gens getransporteerd naar vroege endosomen, organellen betrokken bij de sortering
van moleculen, waarmee het fuseert. Door een lage pH van het milieu in de vroege
endosomen valt het receptor-ligand complex uit elkaar en kunnen de receptoren
terug worden vervoerd, gerecycled, naar de plasma membraan, waar ze opnieuw
liganden kunnen binden. De liganden kunnen verder getransporteerd worden naar
andere organellen in de cel, late endosomen en lysosomen, waar de liganden uitein-
delijk kunnen worden afgebroken. Omdat de samenstelling van de verschillende
membranen niet mag veranderen is de vorming, transport en fusie van de transport-
blaasjes in hoogte mate gereguleerd. Speciale eiwitten in de cel zijn betrokken bij
de regulatie van de verschillende transportrouten. Een grote familie van regulatie-
eiwitten zijn de rab-eiwitten. Rab-eiwitten komen in twee verschillende vormen
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voor, een actieve en een niet-actieve vorm. De actieve vorm bindt aan de buitenkant
van het membraan van een specifiek organel of transportblaasje. Ieder rab-eiwit
heeft een eigen locatie en functie in de cel.Het geactiveerde rabeiwit bindt op zijn
beurt andere eiwitten uit het cytosol, en vormt zo een groot complex van verschil-
lende eiwitten op de membraan. Dit complex reguleert nu de fusie van het trans-
portblaasje met ee membraan van een specifiek organel. Het rabeiwit en de eiwit-
ten die binden aan het rabeiwit zorgen ervoor dat het transportblaasje met de juiste
membraan fuseert.

In dit proefschrift wordt onderzoek beschreven dat is gedaan aan het rab-eiwit, rab4.
Van eerdere experimenten weten we dat rab4 is gelokaliseerd op vroege endosomen
en is betrokken bij de recycling van receptoren van vroege endosomen terug naar
het plasma membraan. 
Om te kunnen overleven is het voor een organisme van belang dat cellen kunnen
delen. Dit gebeurt tijdens een proces dat mitose genoemd wordt. Tijdens mitose
ontstaat uit één cel, twee nieuwe cellen. Hierbij worden de organellen verdeeld over
de twee cellen. Een belangrijk kenmerk van mitose is dat membraan transport in de
cel wordt gestopt. Een manier om dit te reguleren is het modificeren van regu-
latieeiwitten tijdens de celdeling. Rab4 is een voorbeeld van een eiwit dat wordt
gemodificeerd. In hoofdstuk 2 wordt een onderzoek beschreven naar het lot van
rab4 tijdens de mitose

In hoofstuk 3 wordt een onderzoek beschreven naar de functie van rab4 in gespe-
cialiseerde cellen, gepolariseerde epitheliale cellen. Deze cellen hebben twee ver-
schillende domeinen op het plasma membraan, een basolateraal en een apicaal
domein. Deze domeinen verschillen in samenstelling en zijn strict van elkaar
gescheiden door de zogenaamde 'tight junctions', een complex van eiwitten. Op
beide domeinen van het plasma membraan kunnen stoffen binden, opgenomen wor-
den en naar vroege endosomen worden getransporteerd. Aan beide zijden in de cel
bevinden zich vroege endosomen, die van elkaar verschillen, de apicale en basolat-
erale vroege endosomen. Rab4 komt tot expressie in deze gespecialiseerde cellen,
maar tot nu toe is er echter geen onderzoek gedaan naar de lokalisatie en functie van
rab4 in gepolariseerde cellen. Wij hebben nu onderzoek gedaan naar de localisatie
van rab4 met behulp van fluorescentie en electronen microscopie en naar de func-
tie van rab4 in gepolariseerd celtransport. We hebben gevonden dat rab4 betrokken
is bij transport van de transferrine receptor (een receptor die ijzer-ionen trans-
porteert) van vroege endosomen naar de apicale zijde van de cel. 

In hoofdstuk 4 hebben we het eiwit rab4 zodanig veranderd dat het altijd aan de
membraan is gebonden en niet meer van de membraan kan afkomen zoals het nor-
maal doet. Wij hebben vervolgens gekeken of rab4 nog steeds kan functioneren in
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de cel. Wij hebben gevonden dat rab4 nog wel gemodificeerd kan worden tijdens
mitose, maar dat het niet meer correct functioneert in de endocytotische route.
In hoofdstuk 5 en 6 hebben we gezocht naar eiwitten die aan rab4 binden. Van
eerdere experimenten weten we al dat rab4 aan het eiwit rabaptin4 bindt. In hoofd-
stuk 5 hebben we proeven beschreven om deze interactie tussen rab4 en rabaptin4
verder te bestuderen. In hoofdstuk 6 beschrijven we de karakterisering van een
nieuwe interactie, namelijk tussen rab4 en giantin. Giantin is een zeer groot eiwit
dat in de Golgi, een organel betrokken bij de modificatie en sortering van nieuw
gesynthetiseerde eiwitten, is gelokaliseerd. Aangezien slechts een kleine hoeveel-
heid rab4 in het Golgi complex wordt gevonden, speculeren wij dat de interactie
tussen rab4 en giantin te maken heeft met het transport van nieuw gesynthetiseerd
rab4.
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De tijd is zo ontzettend snel gegaan. Het lijkt als de dag van gisteren dat ik in het
grote AZU-complex zenuwachtig op zoek ging naar de vakgroep celbiologie waar
ik voor een sollicitatiegesprek moest zijn. Ik kan het nog steeds niet geloven, maar
na bijna vijf jaar pipeteren is het dan toch zover, mijn proefschrift is bijna af.
Natuurlijk ben ik nog steeds van mening: eerst zien dan geloven!

Als eerste wil ik kwijt, dat ondanks mijn geklaag en mijn vaak wat negatieve kijk
op de zaken, ik een ontzettend fijne tijd bij celbiologie heb gehad. Daarvoor wil ik
alle celbiologen bij biochemie, EM en histo ontzettend bedanken. Natuurlijk zijn er
een aantal mensen in het bijzonder die mijn promotie mogelijk hebben gemaakt.

Ger en Peter, jullie wil ik als eerste bedanken voor de mogelijkheid die jullie mij
gegeven hebben om te werken bij celbiologie en mijn promotie te realiseren. Peter,
bedankt voor je begeleiding en coaching. We waren het dan regelmatig niet hele-
maal eens over een aantal zaken, (ik ben nog steeds van mening dat een kopje thee
‘s ochtends echt niet leidt tot mindere wetenschappelijke prestaties en dat kinderfo-
to’s in het lab niet leiden tot een minder serieuze kijk op het rab-lab. Het bewijst
alleen dat wetenschappers ook maar mensen zijn!), maar over het uiteindelijke,
hogere doel van het werk waren we het wel degelijk eens, het oplossen van de rab4-
mysteries. Nu ben ik niet van mening dat alle mysteries zijn opgelost (gelukkig niet
anders zou je zonder werk zitten), maar we zijn in ieder geval een stukje verder
gekomen. Van je kritische kijk op mijn presentaties, figuren en wetenschappelijke
teksten heb ik ontzettend veel geleerd. Bedankt. 
Ik wil natuurlijk mijn mentor en vriendin, Lisya, bedanken voor alle hulp en steun
die ik heb gekregen in de afgelopen jaren. Toen ik als net afgestudeerde het lab bin-
nenstapte heb jij mij opgevangen en met veel geduld en inzet onzettend veel
geleerd! 
Het huidige rab-lab-team bedankt voor alle gezelligheid en discussies over het werk
en andere zaken. Mandy, ontzettend bedankt voor alle inzet van de laatste tijd, ook
op momenten dat ik nog maar weinig op het lab was. Ik ben er van overtuigd dat
we onze giantin-story dankzij deze inzet nog af gaan krijgen! 
Magda, pas op voor slangen in Afrika.....
Tja, en dan een speciaal bedankje aan de drie roodharige mannen, Jürgen, Giel en
Martin, die het zwaar hebben moeten verduren de afgelopen tijd. Ik hoop dat mijn
klappen nooit te hard zijn aangekomen en dat jullie geen blijvende schade van mijn
gedrag zullen ondervinden. Martin en Giel ontzettend lief dat jullie, ondanks mijn
anti-roodharige-mannen-gedrag mijn introductie toch wilden doorlezen en van kri-
tiek wilden voorzien. (Uiteindelijk vallen mannen misschien toch wel mee.....,
alhoewel???). En Giel bedankt voor het helpen met de allerlaatste zware loodjes.
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Ellen, met jou heb ik een bijzondere band. We hadden oorspronkelijk beiden op
dezelfde baan gesolliciteerd (en niet gekregen), bleken een aantal jaren slechts een
paar huizen van elkaar vandaan in Oegstgeest te hebben gewoond zonder elkaar te
kennen, werden op dezelfde dag losgelaten bij celbiologie, werkten de eerste tijd
beiden aan rab4, gingen regelmatig samen sporten en nu gaan we beiden omstreeks
dezelfde tijd promoveren. Ik moet eerlijk toegeven dat jij uiteindelijk gewonnen
hebt, je gaat drie weken eerder promoveren.......Gefeliciteerd! Ik hoop dat je een
ontzettend leuke tijd in Australië hebt en ik hoop dat je er lang genoeg blijft wonen
zodat ik je kan op komen zoeken. Laten we contact houden!
Verder wil ik alle activiteitencommissieleden bedanken. Het was, op wat wrijvin-
gen over afwas en andere zaken na natuurlijk, erg gezellig om met jullie verschil-
lende activiteiten te bedenken en te organiseren! Julia, de paasbrunch blijft een
beetje ons kindje!
Fotografie-mannen bedankt voor jullie hulp bij het maken van de posters! (“Nee dat
plaatje wil ik toch misschien een beetje anders, alhoewel....”).

Buiten het lab wil ik natuurlijk mijn ouders bedanken. Ondanks dat het meeste van
mijn werk abracadabra voor jullie is zijn jullie me altijd blijven steunen. Papa, ik
ben je erg dankbaar voor die grote investering.....(hoeveel was het ook al weer?). Ik
vrees dat je er geen winst van zult krijgen. (Een direct gevolg is dat je nu 45 minuten
moet stil zitten bij mijn promotie! Had je dat van tevoren geweten...).
Annemieke, jij bedankt voor al je steun en belangstelling. Ik weet dat wetenschap
milieubelastend is (“Na 1 keer gebruiken gooide ze die plastic dingen (=pipetten)
weer weg! Dat kan toch niet!”), maar sommige dingen gaan nu eenmaal zo. Erg
leuk dat jij, ondanks mijn milieuonvriendelijk werk toch de omslag van mijn proef-
schrift wilde maken.
Laurens, bedankt voor de wetenschappelijke gesprekken die we stiekem achter
Annemiekes rug hebben gevoerd......
Lieve Dennis, ontzettend bedankt voor al je steun en het aanhoren van al mijn
gemopper over mijn werk de afgelopen jaren. Bedankt voor al die maaltijden die
klaar stonden als ik weer eens laat thuis kwam, omdat mijn planning in de soep was
gelopen. Ik vind het heel fijn dat je ondanks alles me ook nu nog steeds steunt, mij
helpt bij computercrisissen en dat je mijn fotograaf wilt zijn.
Marieke, fijn dat je mijn paranimf wilt zijn. Je hebt altijd veel interesse getoond
voor mijn werk, ook al maken cellen geen geluid en kunnen ze niets horen!

Een ieder bedankt voor alles en succes in de toekomst!

Karin

Dankwoord


	title
	contents
	abbr
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	sam
	cv
	publ
	dank



