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Regulation of membrane transport through the endocytic pathway by
rabGTPases

Karin Mohrmann and Peter van der Sluijs*

Department of Cell Biology, University of Utrecht School of
Medicine, 3584 CX Utrecht, The Netherlands

Summary
Small GTP binding proteins of the rab family are associated with
the cytoplasmic surface of compartments of the central vacuolar
system. Several of them, including rab5, rab4 and rab11, are
localized to early endocytic organelles where they regulate
distinct events in the transferrin receptor pathway. Whereas rab5
is controlling transport to early endosomes, rab4 and rab11 are
involved in the regulation of recycling back to the plasma
membrane. How GTP-hydrolysis of rab bound GTP is related to
the role of these proteins in endocytosis is not yet known, but
quick progress is being made towards this goal through the
identification of proteins regulating the activity of these rab
proteins.

Keywords: rab GTPases, effectors, endosomes, membrane recy-
cling.

Receptor-mediated endocytosis

All eukaryotic cells internalize solutes and macromolecules
from their environment in a process otherwise known as
(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 mildlyacidic pH (pH = 6.2± 6.5)
which causes dissociation of pH-sensitive receptor ligand
complexes. Receptors, such as the LDL receptor, are usually
recycled back to the plasma membrane, whereas ligands
enter the degradative pathway to late endosomes/lysosomes.
Thus, once internalized, the low internal pH of early endo-
somes 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-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 clearly is an oversimplification. This was
initially demonstrated by Yamashiro et al. (1984) in CHO cells

usingFITC-transferrinas endocytic tracer. Theyobservedthat
transferrin is first transportedfromthe cell surface tonumerous
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 compact
discrete organelle juxtaposed to the nucleus. Thus, the sorting
endosome where dissociation of ligand-receptor complexes
occurs, is distinct fromthe perinuclear recycling endosome. In
this organelle, intracellular FITC-transferrin accumulates 10±
15 minafter 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 endocy-
tosed 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 recyling
compartment to the plasma membrane.

Proteins involved in transport through early endosomes

As early endosomes are highly dynamic structures involved in
multiple vesicle buddingandfusionevents, it is clear that these
reactions have tobe tightly regulated tomaintain the structural
and functional integrity of the compartment. Although the
pathway is relatively well described at the phenomenological
level, it is only in the last decade that the first proteins were
identified regulating the various transport steps to and from
early endosomes. Probably the best characterized regulatory
proteins include members of the family of monomeric rab
GTPases that were shown tobe critically involved in transport
between compartments of the early endocytic pathway
(Novick and Zerial 1997). Although significant progress has
been made in elucidating the role of rab proteins in
endocytosis, it remains to be established howGTP hydrolysis
of rab proteins is wired to the activity of the conserved
membrane fusion machinery of SNARE proteins. Small
transmembrane proteins of the SNARE family were more
recently identified on early endocytic compartments (MCMa-
hon et al. 1993, Advani et al. 1998, Tang et al. 1998, Wong et
al. 1998a,b), a description of their role in the endocytic
pathway is, however, beyond the scope of this review.

The GTPase switch of rab proteins

After the initial discovery 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 homologues was
initiated in mammalian cells. Today, more than 40 of these so
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called rab GTPases are known in mammalian cells, many of
which 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).

Newly synthesized rab proteins are posttranslationally
modified on carboxy terminal 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 geranylgeranyltrans-
ferase type II andsubjectedto isoprenylation of bothcysteines
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 proteins 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 (Ullrich et al. 1994, Ayad et al.
1997, Dirac-Svejstrup et al. 1997), REP is dissociated and the
rab in its GDP-bound formis converted 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 (cf below) that, via an incompletely
understood mechanism, regulate the activity of a downstream
v/t SNARE complex. Possibly, the rabGTP-dependent as-
sembly of docking factors might confer vectoriality tovesicular

transport between two compartments. At some point in time,
intrinsic GTP hydrolysis 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 dissociation inhibitor (GDI)
and translocated to the cytosol as a rab-GDI complex (Ullrich
et al. 1993). GDI nowassists in the initiation of a newcycle 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 1).

Several rab proteins are localized to organelles of the early
endocytic pathway. Rab4 and rab5 are both associated with
early endosomes and differentially regulate membrane trans-
port through this compartment (Chavrier et al. 1990, van der
Sluijs et al. 1991). Rab11 is on the pericentriolar recycling
endosome (Ullrich et al. 1996) and the TGN (Urbe et al. 1993)
and regulates recycling of the transferrin receptor to the
plasma membrane.

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. Most likely, the three
isoforms have the same intracellular localization. Although
initially identified on early endosomes, the presence of rab5a
was also demonstrated on the plasma membrane and
clathrin coated vesicles. In Saccharomyces cerevisiae, the
rab5 homologues Ypt51p, Ypt52p and Ypt53p are associated

Figure 1. 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 rabGDP-REP complex is targeted to a membrane receptor
onthe donororganelle or transportvesicle andREP is displacedbya membrane-bounddisplacementprotein. Subsequently, rabGDP is activated to
rabGTP bya guanine nucleotide exchange proteinwhichprevents associationwithREP andGDP DissociationInhibitor(GDI). The transport vesicle
buds off the donorcompartment and is transported tothe targetorganelle. Dockingof the transportvesicle at this site requires rabGTP andrecruited
effectorproteins. CatalyzedGTP hydrolysis bya GTPase activatingproteinconverts rabGTP toinactive rabGDP that is subsequentlyextractedfrom
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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with early endosomes and are required for transport to early
endosomes (Kruger et al. 1994) and protein sorting to the
vacuole (Horazdovski 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
mutantstimulate homotypic earlyendosome fusion(Stenmark
et al. 1994). In contrast, the dominant negative rab5aN133I
mutant with a low affinity for guanine nucleotides, and
rab5aS34N that preferentially binds GDP, both inhibit early
endosome fusion (Stenmark et al. 1994, Gorvel et al. 1991).
The fact that the XTP binding mutant rab5aD136N stimulates
early endosome fusionand even more when boundtothe non-
hydrolyzable analogue XTP c S shows that endosome fusion
does not require XTP or GTP-hydrolysis (Barbieri et al. 1994,
Rybin et al. 1996). It has, therefore, been proposed that rab5
may actas a timer in controlling the fusion of early endosomes
(AridorandBalch1996, Rybinetal. 1996). Althoughseemingly
attractive, it remains tobe seenwhetherthe timermodel forrab
action in membrane fusion is valid in vivo or for other rab
proteins 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, whereas expres-
sion of rab5aS34N and rab5aN133I causes fragmentation of
early endosomes. Wild type rab5a and rab5aQ79L selectively
increase the rate of fluid-phase endocytosis and transferrin
uptake, while rab5aS34N and rab5aN133I inhibit transferrin
endocytosis (Bucci et al. 1992, Stenmark et al. 1994),
suggestingthat rab5 is involvedinthe fusionof coatedvesicles
with early endosomes. In polarized epithelial cells transfected
rab5 localized to apical and basolateral endosomes and
enhanced fluid phase endocytosis from both plasma mem-
brane domains (Bucci et al. 1994). This indicates that rab5 is
involved in both apical and basolateral endocytosis. Consis-
tent with the previously observed parallels in membrane
transport between polarized MDCK cells and cultured hippo-
campal neurons (Dotti and Simons 1990), rab5a colocalizes
with synaptophysin-labelled structures and somatodendritic
and axonalearlyendosomes (de Hoop etal. 1994). Apart from
a role in vesicle fusion, rab5 also appears to regulate the
formation of transport vesicles. In the search for novel
cytosolic proteins required for coated pit invagination at the
plasma membrane, McLaughlan et al. (1998) purified a
stimulating activity that upon protein sequencing turned out
be the rab5-GDI complex. Possibly, the coordination of the
activity of rab proteins at bothvesicle budding and fusion sites
would provide a feedback loop to ensure that the amount of
vesicles consumed through fusion with a target organelle is
balanced by the number of vesicles formed from the donor
organelle.

Rab4

Two isoforms of rab4 have been cloned and named rab4a
and rab4b. Using subcellular fractionation and immunofluor-
escence microscopy it was previously shown that rab4a is
localized to early endosomes (van der Sluijs et al. 1991,
Bottger et al. 1996). Overexpression of wild-type rab4 in

mammalian cells reduces the intracellular 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. 1992a). Furthermore, the
discharge of iron from transferrin in early endosomes is
inhibited, suggesting that internalized transferrin is mistar-
geted 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 membrane. In pulse chase experiments
using FITC-labelled transferrin, it was shown at early time
points that the fluorescent label first appeared in rab4
containing endocytic organelles before it was transported to
a tubulovesicular organelle in the area of the microtubule
organizing centre (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 compartment in the
transferrin-recycling route is biochemically distinct from the
pericentriolar recycling endosome (Daro et al. 1996).

As rab4 is relatively depleted from recycling endosomes it
was difficulttoassess whetheritcontrols transport fromsorting
endosomes to the recycling endosome or direct recycling to
the plasma membrane. Several lines of evidence, however,
suggest that the indirect recycling pathway from early
endosomes to the recycling endosome is regulated by rab4.
First, in vivo, the Q67Lrab4 GTP hydrolysis deficient mutant
which is thought to be stabilized in its association with the
targetorganelle, is associatedwitha perinuclearcompartment
(Mohrmann and van der Sluijs, in preparation). Secondly,
cotransfection of rab4 and its effector rabaptin4 causes the
expansion of a perinuclear compartment that is enriched in
cellubrevin, and contains the majority of internalized Cy3
labelled transferrin at steady state. These are the hallmarks of
the perinuclear recycling endosome and suggest that rab4
acts in the indirect recycling pathway (Nagelkerken and van
der Sluijs, submitted).

Although it is thought that isoforms of ubiquitously ex-
pressed rab proteins have similar functions, it is unknown
whether these isoforms have similar ordistinct spatiotemporal
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 isoforms,
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 comparing the rab4a and rab4b
amino acid sequences. The carboxy terminal hypervariable
region of rab4a, but not of rab4b, contains a concensus
sequence for phosphorylation by p34cdc2 kinase (Bailly et al.
1991). Indeed, rab4a is reversibly phosphorylated on Ser196
during mitosis by p34cdc2 kinase or another cell cycle
dependent kinase (van der Sluijs et al. 1992b). Phosphoryla-
tion occurs on both the cytoplasmic and membrane-bound
pools of rab4a (Gerez and van der Sluijs, submitted) 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
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machinery regulating transport through the Golgi complex are
phosphorylated and do not exhibit their normal interphase
interactions (Lowe et al. 1998). It is thought that phosphoryla-
tion of key components is responsible for the inhibition of
membrane transport in the endocytic pathway. Mitotic
phosphorylation of rab4 might, therefore, be part of the
mechanism to downregulate endocytosis during mitosis.

Rab4 and rab5 associate with distinct but overlapping
early endosomal structures

Although rab4 and rab5 are both associated with early
endocytic organelles, their comparative distribution within
the same cells has not been assessed before. Because the
available antibodies against rab4 and rab5 do not allow the
detection of the endogenous proteins in morphological
assays, VSV-G tagged rab5 and NH-tagged rab4 (Nagelk-
erken et al. 1997) were stably transfected in CHO cells. The
cells were processed for immunofluorescence microscopy
and labelled with the specific epitope tag antibodies. The
cells were then examined by confocal scanning laser
microscopy. As shown in figure 2, rab4 (green) is mainly
localized around the nucleus and scattered structures
throughout the cytoplasm. Rab5 (red), in contrast, is
localized to more peripheral locations in the cytoplasm. It
is clear from figure 2 that rab4 and rab5 have significantly
overlapping distributions in the perinuclear area, as evi-
denced by the yellow colour of the merged images. In
addition, a class of singly labelled rab4 structures, not
containing rab5, and vice versa, a class of rab5 labelled
structures not containing rab4, co-exist in the peripheral
cytoplasm. Thus, rab5 and rab4 appear to localize to
distinct but overlapping early endocytic organelles. As
overexpression of rab5 and rab4 produced opposing effects
on transport through the endocytic pathway the role of the
two GTPases in an in vitro assay reconstituting homotypic
early endosome fusion and fission were also assessed. As
expected, recombinant rab5 stimulates early endosome
fusion (Gorvel et al. 1991). Although rab4 does not affect
this fusion event, it specifically enhances fission of the
intermediate that arose from the rab5-dependent fusion of

early endosomes (Chavrier et al. 1997). These results are
consistent with the notion that rab5 regulates the influx of
molecules into early endosomes, whereas rab4 is important
for the exit of molecules from this compartment.

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 endosome. Rab11S25N
inhibits transport of internalized transferrin from the recycling
endosome compartment to the plasma membrane and
causes fragmentation of this compartment into the cyto-
plasm. 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 sorting endosomes and
the recycling endosome, Ren et al. (1998) recently showed
that rab11S25N inhibits transferrin recycling, whereas
rab11Q70L and wild type rab11 do not show this inhibitory
effect. This suggests that activation of rab11 by GTP is
required for the exit of the transferrin receptor, regardless of
whether this occurs towards the recycling endosome, from
the recycling endosome to the TGN, or directly fromthe early
sorting endosomes to the plasma membrane. In conclusion,
it is not entirely clear which transport steps during membrane
recycling is (are) regulated by rab11. Nevertheless, the
picture emerges that at least two rab proteins, rab4 and
rab11 are required for recycling of transferrin from sorting
endosomes to the plasma membrane.

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 lysosomal enzymes and material to be
degraded to the lysosomes (Cornfeld and Mellman 1989). Not
surprisingly, several rab proteins including rab7 (Chavrier et
al. 1990) and rab9 (Lombardi et al. 1993), but not rab4 and
rab5 (Bottger et al. 1996) have been localized to this
compartment. In cells transfected with the inhibitory mutants

Figure 2. Rab4 and rab5 have distinct but overlapping distributions. CHO cells were stably transfected with NH tagged rab4 and VSV-G tagged
rab5. Transfectants were grown on coverslips and double-labelled with rabbit antibodies against the NH tag and the mouse monoclonal P5D4
against the cytoplasmic tail of VSV-G protein. After washing, the cells were counterstained with DTAF-labelled goat anti-rabbit IgG (green, rab4)
and TRITC-labelled goat anti-mouse IgG (red, rab5) and examined with a confocal scanning laser microscope. Note that in the merged image
(C), in addition to organelles only containing rab4 or rab5, there are also membranes that appear to contain both small GTPases.
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rab7N125I and rab7S22N, internalized VSV-G protein be-
comes trapped in early endosomes (Feng et al. 1995). These
mutants also partially inhibit the cleavage of paramyxovirus
SV5 haemagglutinin neuraminidase, the degradation 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 Sacchar-
omyces cerevisiae homologue of rab7, primarily regulates
transport from late endosomes to the vacuole (Wichmann et
al. 1992), suggesting that transport pathways to late
endocytic compartments are not completely conserved
between mammals 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-MPR fromlate endosomes
to the TGN is enhanced by addition of recombinant rab9 and
selectively inhibited by antibodies against rab9 (Lombardi et
al. 1993) 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 lysosomalenzymes to late endosomes are
inhibited (Riederer et al. 1994).

Other rab proteins associated with endocytic organelles

Several other, less well-studied rab proteins are associated
with endocytic structures. 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
developing kidney (LuÈtcke 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 receptor 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 and
rab22 is mainly localized to large perinuclear vesicle-like
structures (Olkkonen et al. 1993). The role of these rab
proteins in endocytosis has not been investigated and awaits
functional expression studies.

Proteins regulating the activity of early endosomal
rabGTPases

Understanding the mechanism how rab4 and rab5 regulate
transport through early endocytic organelles, requires the
identification of accessory proteins regulating the activity of
the two GTPases and the identification of their downstream
target effector molecules. Using the yeast two-hybrid system,

Zerial and colleagues identified two effector proteins (Sten-
mark et al. 1995, Gournier et al. 1998). Rabaptin5 is a
cytosolic 100 kDa protein with several putative coiled-coil
domains that specifically interacts with the active GTP-bound
form of rab5. The extensive a -helical coils cause homo-
dimerization of rabaptin5. A fraction of rabaptin5 colocalizes
with rab5 on peripheral early endosomes, and transfection of
rab5Q79L causes recruitment of rabaptin5 to swollen early
endosomes. The rab5 binding site is situated in the carboxy
terminal 73 amino acids of rabaptin5 and is sufficient for
rab5-dependent recruitment to early endosomes. Overex-
pression of rabaptin5 alone already promotes the expansion
of the endosomes, 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
activities 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). Currently, the
putative role of the hamartin-tuberin protein complex in the
regulation of the endocytic pathway is being investigated. A
novel rabaptin was recently identified in a two hybrid screen
using rab4Q67L as a bait (Nagelkerken and van der Sluijs,
submitted). Rabaptin4 is highly homologous to rabaptin5 and
specifically interacts with rab4GTP. Rabaptin4 contains a
rab4 binding domain in the amino terminus, and rab5 binding
sites in the amino terminus as well as the carboxy terminus.
Rabaptin4 and rabaptin5 heterodimerize (van der Sluijs,
unpublished observation) suggesting that rabaptins may
provide a scaffold to coordinate the activity of rab proteins
in the early endocytic pathway.

Recently, Zerial and colleagues identified rabaptin5 b . This
62 kDa cytosolic protein shares 42% sequence identity with
rabaptin5 (Gournier et al. 1998). Rabaptin5 b is also recruited
to endosomes in a GTP-dependent manner. The relative
expression levels of rabaptin5 and rabaptin5b vary among
different cell types. Rabaptin5 b does not heterodimerize with
rabaptin5 and forms a distinct complex with the rab5-specific
guanine nucleotide exchange factor rabex5 (Horiuchi et al.
1997). Cytosol immunodepleted of rabaptin5b only partially
inhibits early endosome fusion in vitro. Stronger inhibition is
seen when rabaptin5 in addition to rabaptin5 b is depleted,
suggestingthatmaximalfusionefficiencyat leastrequires both
proteins. These results indicate that both effectors cooperate
in the regulation of the first step in endocytosis (Gournier et al.
1998). 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 related to, or part of the mechanism giving rise to,
general membrane fragmentation in apoptotic cells. It is not
known yet whether rabaptin4 and rabaptin5 b are to caspase-
mediated cleavage during apoptosis.
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Finally the early endosome associated antigen EEA1
(Stenmark et al. 1996), was recently shown to be a third rab5
effector, and required for homotypic early endosome fusion
(Jones et al. 1998). In addition to an amino-terminal rab5
binding domain, EEA1 contains a carboxy-terminal FYVE
finger that is required for early endosome association as well
as PtdIns(3) binding (Gaullier et al. 1998, Simonsen et al.
1998). The presence of twospatiallyseparate bindingdomains
for rab5 and PtdIns(3) might promote specific recruitment of
EEA1 toearlyendosomes andconferdirectionalitytotransport
through the endocytic pathway. 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.

Conclusion

In conclusion, it is anticipated that the robust approaches
used to identify the first proteins regulating membrane
transport in the early endocytic pathway, in the near future
will assist in unravelling the molecular mechanism underlying
the biogenesis of early endosomes.
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