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Rab proteins constitute the largest branch of the Ras GTPase
superfamily. Rabs use the guanine nucleotide-dependent switch
mechanism common to the superfamily to regulate each of the four
major steps in membrane traffic: vesicle budding, vesicle delivery,
vesicle tethering, and fusion of the vesicle membrane with that of
the target compartment. These different tasks are carried out by a
diverse collection of effector molecules that bind to specific Rabs
in their GTP-bound state. Recent advances have not only greatly
extended the number of known Rab effectors, but have also begun
to define the mechanisms underlying their distinct functions. By
binding to the guanine nucleotide exchange proteins that activate
the Rabs certain effectors act to establish positive feedback loops
that help to define and maintain tightly localized domains of
activated Rab proteins, which then serve to recruit other effector
molecules. Additionally, Rab cascades and Rab conversions appear
to confer directionality to membrane traffic and couple each stage
of traffic with the next along the pathway.

Rab GTPases

I
ntracellular organelles are a defining feature of eukaryotic
cells. Each organelle must maintain its characteristic struc-
ture, biochemical composition, and function, which repre-
sents a formidable challenge for the organelles of the

exocytic and endocytic pathways given the continuous flow of
protein and membrane along these pathways. The exocytic
pathway sorts newly synthesized proteins from the endoplasmic
reticulum, through the Golgi apparatus to their final destination
at the lysosome�vacuole or plasma membrane. Conversely, the
endocytic pathway is required for the uptake of nutrients and the
internalization of receptors. Newly internalized material is trans-
ported to the early endosome, a tubulo-vesicular network local-
ized to the cell periphery. Proteins destined for recycling are
sorted to recycling endosomes and then to the plasma mem-
brane, whereas proteins destined for degradation are trans-
ported to late endosomes (also called prelysosomes or prevacu-
oles) and subsequently to the lysosome�vacuole (reviewed in
ref. 1).

The mechanisms underlying membrane traffic can be divided
into four essential steps (Fig. 4, which is published as supporting
information on the PNAS web site). Cargo is selected, and
transport intermediates in the form of vesicles or tubules are
formed (2–4). For simplicity, we will refer to the transport
intermediates as vesicles. These vesicles are delivered to their
target membrane, often using molecular motors to transport
vesicles along the cell’s microtubule or actin filament system.
Tethering then brings the vesicle and the target membrane into
close proximity. The final step is the fusion of those vesicles with
the target membrane. As we will discuss, Rab GTPases have
been implicated in the regulation of each of these steps in
membrane traffic.

Rabs are a ubiquitously expressed family of small (20–29 kDa)
monomeric Ras-like GTPases (reviewed in ref. 5). To date, 11
Rabs have been identified in yeast (including Sec4p and the Ypt
proteins) and �60 in mammalian cells (6). The much larger
number of Rabs in mammals reflects the higher complexity of
transport events in higher eukaryotes, as indicated by the fact

that several mammalian Rab proteins are expressed only in
certain tissues and differentiated cell types, where they partici-
pate in specialized transport pathways (7–13).

Rab GTPases function as molecular switches, cycling between
GTP-bound and GDP-bound states (Fig. 1). This switch is
controlled by guanine nucleotide exchange factors (GEFs),
which trigger the binding of GTP, and GTPase-activating pro-
teins (GAPs), which accelerate hydrolysis of the bound GTP to
GDP (for review see refs. 14 and 15). Rabs also undergo a
membrane insertion and extraction cycle, which is partially
coupled to the nucleotide cycle (Fig. 1). Membrane insertion
requires the irreversible modification of two carboxyl-terminal
cysteines with isoprenyl lipid (geranylgeranyl) moieties (16). A
protein called GDP dissociation inhibitor (GDI) binds to pre-
nylated Rabs in their GDP-bound form (17–19), masking their
isoprenyl anchor (20) and thereby maintaining the Rab protein
in the cytosol (reviewed in ref. 21). Membrane attachment of
Rab proteins therefore requires the function of a GDI displace-
ment factor (GDF; reviewed in ref. 22). Once dissociated from
GDI the Rabs are available for GEF-stimulated GTP binding.
The active, membrane-bound Rabs are then able to fulfill their
various functions in membrane traffic by binding to their specific
effectors. After inactivation by their specific GAPs, the GDP-
bound Rabs can be extracted from the membrane by GDI and
recycled back to the cytosol (17–19, 23, 24).

The term effector implies a protein that responds to a specific
Rab and mediates at least one element of its downstream effects
(for review see refs. 14, 25, and 26). They have been operationally
defined through their ability to bind to a specific Rab, selectively
in its GTP-bound state, and have been identified through a
variety of approaches, such as the yeast two-hybrid system,
genetic screens, and affinity purification. We will review the
rapidly growing collection of Rab effectors and describe what is
known about Rab effector recognition. As we will describe, each
Rab appears to signal through a variety of different effectors that
together act to translate the signal from one Rab protein to
several diverse aspects of membrane transport. We will also
describe how effectors help establish membrane domains
marked by a specific Rab and how these domains mature by a
Rab cascade mechanism. These principles are fundamental to
understanding how Rabs and their effectors contribute to spec-
ificity in membrane traffic.

Specific Roles of Rab Effectors in Membrane Traffic
Although the list of known Rab effectors is growing ever longer
(see Tables 1 and 2, which are published as supporting infor-
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mation on the PNAS web site), because of space limitations, we
must focus on selected examples chosen from a variety of
different systems.

A Potential Sorting Function for Rab Effectors in Vesicle Formation. In
forming a transport vesicle, the correct cargo and the appropri-
ate transport and fusion machinery must be incorporated into
the vesicle before scission from the donor membrane. Several
lines of evidence implicate Rabs in cargo selection and vesicle
formation (27–31). However, only one effector with a clearly
defined role in vesicle formation has been found to date, TIP47
(Fig. 5, which is published as supporting information on the
PNAS web site).

Mannose 6-phosphate receptors (MPRs) transport newly syn-
thesized lysosomal hydrolases bearing mannose 6-phosphate
from the trans-Golgi network to late endosomes (prelysosomes),
but the receptor must be recycled back to the Golgi for additional
rounds of transport. Diaz and Pfeffer (32) identified a protein
required for recycling and established that it binds to the
cytoplasmic tail of MPRs, hence its name, tail-interacting pro-
tein of 47 kDa (TIP47). TIP47 also binds GTP-Rab9, thus it is
a Rab9 effector (31). Rab9 is principally localized to late
endosomes and, like TIP47, is required for the recycling of MPRs
(33, 34). GTP–Rab9 increases the association of TIP47 with late
endosomes and, furthermore, increases the affinity of TIP47 for
MPRs (31). Therefore, GTP–Rab9 stimulates the capture of
MPRs through its effector TIP47, which leads to enrichment of
the MPRs within vesicles that carry the appropriate Rab GTPase
for their transport back to the Golgi (Fig. 5). Additional studies
will be needed to determine whether this type of mechanism is
used at other stages of membrane traffic.

Motors or Motor Adapters Are Rab Effectors in Intracellular Transport.
Vesicles are often actively transported through the cytoplasm
toward their target membrane by using either actin-dependent
motors (myosins) or microtubule-dependent motors (kinesins or
dyneins) (reviewed in ref. 35). A number of studies have
implicated Rabs and their effectors in the regulation of this
transport step.

A screen for yeast mutants that block secretion (36) identified
one of the first Rab GTPases, Sec4p (37, 38) and its specific
GEF, Sec2p. Further studies showed that sec2 mutants display an
accumulation of vesicles randomly distributed throughout the
cell, implying that the activation of Sec4p by Sec2p is needed for
the polarized delivery of secretory vesicles (39). Supporting the
proposal that activated GTP–Sec4p promotes myosin-dependent
movement of secretory vesicles along actin cables, Sec4p was

found to coimmunoprecipitate with the type V myosin, Myo2p
(40). However, it is not yet known how Sec4-containing vesicles
are attached to the myosin motor.

In some cases, it appears that a motor protein is directly
attached to a Rab (see Table 2). For instance, yeast two-hybrid
data suggest that active Rab6 binds the microtubule motor
Rabkinesin-6 and could thereby promote the delivery of vesicles
from the Golgi to the endoplasmic reticulum (41). More typi-
cally, Rabs interact with motors via an intermediary protein (see
Table 2). Perhaps the best-studied example is the recruitment of
myosin-Va, to melanosomes by Rab27a (Fig. 6, which is pub-
lished as supporting information on the PNAS web site). Rab27a
is localized to the pigment-containing melanosome granules and
is essential for their retention at the cell periphery of melano-
cytes (42). The Rab27a effector melanophilin links Rab27a-
positive melanosomes to the actin motor myosin-Va (43–45).
Without myosin-Va-dependent capture of these organelles on
actin filaments, melanosomes are not retained in the cell pe-
riphery and, subsequently, cannot be transferred to neighboring
keratinocytes (46). As a result, mouse mutants of Rab27, its
effector melanophilin, or myosin-Va display a pigmentary dilu-
tion of their skin hence their names, ashen, leaden, and dilute
mice, respectively (47, 48). Genetic alterations of human Rab27a
lead to Griscelli syndrome that is manifest as light skin and hair
color. Additionally, Griscelli patients display various immuno-
deficiencies because Rab27a and its effectors are also required
for various exocytic transport events (reviewed in ref. 49).

Rab Effectors in Vesicle Tethering. The next step of membrane
traffic is the tethering of transport vesicles to the target mem-
brane, a process that brings the vesicle and target membrane into
close proximity. Tethering factors can be divided into two
groups: long coiled-coil proteins and large multisubunit com-
plexes (reviewed in ref. 50). The former includes p115 (in yeast,
Uso1p), early endosome antigen 1 (EEA1), and the Golgins, and
the latter group includes the exocyst (Sec6�8 complex),
TRAPP-I and TRAPP-II, the conserved oligomeric Golgi com-
plex (Sec34�35p complex), and the homotypic fusion and vac-
uole protein sorting (HOPS)�vacuole protein sorting (VPS)
complex.

Coiled-coil tethers are mostly long, rod-like molecules (51)
thought to function as a bridge between the vesicle and target
membranes. Bipartite or tripartite complexes of these proteins
form the required membrane tethers (reviewed in ref. 50). For
example, the interaction of the vesicle-associated protein p115
with a Golgi-residing GM130- and GRASP65-containing com-
plex is thought to tether endoplasmic reticulum-derived vesicles
to the Golgi (reviewed in ref. 50). Interestingly, both tethers,
vesicle-associated p115 (52) and the GM130�GRASP65 com-
plex at the Golgi (53), have been shown to be effectors of Rab1
(refs. 53–55 and Fig. 7A, which is published as supporting
information on the PNAS web site). These data are consistent
with studies showing a requirement for Rab function on both
donor and acceptor organelles for fusion events (56–59). Active
Rab1 is required for recruitment of p115 into transport vesicles
(ref. 52 and Fig. 7A), and the yeast Rab1 homologue, Ypt1p
similarly increases the membrane association of the p115 homo-
logue, Uso1p (60). The role of Rab1 on the Golgi may be in the
regulation of assembly and�or activity of the GM130�GRASP65
complex (53). Recent evidence suggests a regulatory role for
some of these coiled-coil tethers. Vesicle-localized Giantin and
Golgi-localized GM130 positively influence the binding of p115
to Rab1 (61). This regulation might ensure specific activation of
p115 and prevent its mistargeting to other Rab1-positive mem-
branes because Rab1 displays a much broader distribution along
the exocytic pathway than does Giantin and GM130 (62).

The exocyst was the first large, multisubunit tethering complex
to be identified as a Rab effector (63). It is an octameric complex

Fig. 1. The nucleotide and membrane attachment�detachment cycles of Rab
GTPases. Inactive (GDP-bound) prenylated Rab GTPases are bound to GDI, which
maskstheir isoprenylanchorandtherebykeepstheRabinasolublecytosolic form
(17–20, 23). Membrane attachment of Rabs requires the function of a GDF that
dissociates the GDI–Rab complex and allows the prenyl anchor to be inserted into
the membrane. Subsequently, specific GEFs exchange the bound GDP for GTP,
thereby activating the Rab GTPases. The active, membrane-bound Rabs are then
able to fulfill their various functions in membrane traffic by binding to their
specificeffectorproteins.Finally, specificGAPs inactivatetheRabsbyaccelerating
thehydrolysisof theboundGTP intoGDP.The inactive,GDP-boundRabscanthen
be extracted from the membrane by GDI and recycled for another round of
function (reviewed in ref. 22).
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required for tethering secretory vesicles to the plasma membrane
in yeast (63, 64). One of its subunits, Sec15p, directly interacts
with the Rab Sec4p it its GTP-bound form (ref. 63 and Fig. 7B).
Sec8p, another exocyst subunit, was recently found to coimmu-
noprecipitate with Sec4p, suggesting that the entire exocyst
complex acts downstream of Sec4p (65). Mammalian Sec15 was
recently identified as a Rab11 effector, suggesting a conserved
interaction between Rabs and the exocyst (66). The current view
is that Rabs, in coordination with other GTPases, such as Rho1,
Rho3, and Cdc42 in yeast and RalA in mammals (67–73),
regulate vesicle tethering by promoting rearrangements within,
or assembly of, the exocyst complex. In agreement with this view,
preliminary data indicate that Sec4p is required for the assembly
of the exocyst complex (ref. 63 and Fig. 7B). Further studies will
be necessary to investigate the exact mechanism.

One interesting idea about the role of Rabs in tethering is that
they might link the functions of coiled-coil tethers with those of
the multisubunit tethering complexes. For instance, the yeast
tethering complex TRAPP-I displays exchange activity toward
the Rab GTPase Ypt1p (74), and active Ypt1p would then be
able to recruit its potential effector Uso1p (60, 75).

Rab Effectors in Membrane Fusion. Rabs also influence vesicle
fusion, through their effects on members of the family of soluble
N-ethylmaleimide-sensitive factor attachment protein receptors
(SNAREs). Vesicle-associated SNAREs and SNAREs at the
target membrane (t-SNAREs) form trans-SNARE complexes
leading to the opening of a fusion pore and final fusion of vesicle
and organelle membranes (76). Most evidence indicates indirect
regulation of SNARE function by Rabs. For example, interac-
tion of the Rab5 effector and coiled-coil tethering factor, EEA1,
with the t-SNARE, syntaxin-13, is required for homotypic early
endosome fusion (ref. 77 and Fig. 8A, which is published as
supporting information on the PNAS web site). The class C
VPS�HOPS tethering complex, an effector of the yeast Rab
Ypt7p, also binds SNAREs required for vacuole fusion (78).
When bound to Ypt7p, HOPS interacts with unpaired SNAREs
and, subsequently, Ypt7p appears to influence SNARE complex
assembly via HOPS (79).

We recently identified Sro7p, the yeast lethal giant larvae
family member, as a Sec4p effector (80). Sro7p also binds to
Sec9p, a plasma membrane SNARE at the target membrane
(81). Furthermore, GTP–Sec4p, Sro7p, and Sec9p can form a
ternary complex (80). Sro7p does not contain coiled-coil regions,
nor is it a component of a large complex, therefore it does not
fit either profile of a tethering factor. However, genetic data
demonstrate that Sro7p acts downstream of Sec4p in an exocyst-
related function (80). Furthermore, it binds to the exocyst
subunit Exo84p (82). Therefore, Sec4p might influence SNARE
function via the ternary complex with Sro7p and Sec9p, in
conjunction with Sec4p’s established function in vesicle tethering
through its other effector, the exocyst (Fig. 8B).

Another group of Rab effectors or effector-interacting pro-
teins that influence SNARE function are members of the SM
(Sec1�Munc18) family of proteins (83–85). However, the precise
role of these proteins is still unclear (reviewed in ref. 86).

N-ethylmaleimide-sensitive factor (NSF), an ATPase that
disassembles preformed cis–SNARE complexes before tether-
ing, is required for Rab effector–SNARE interaction and effec-
tor complex formation (77, 87). Interaction of the class C
VPS�HOPS tethering complex, an effector of the yeast Rab
Ypt7p, and SNAREs depends on the presence of the NSF
homologue Sec18p (87). In mammals, the association of the
Rabex5–Rabaptin5 complex with the tethering factor EEA1 on
endosomal membranes also depends on NSF (ref. 77 and Fig.
8A). These actions of NSF may couple cis–SNARE complex
disassembly to later stages of the reaction, tethering, and trans-
SNARE pairing.

Taken together, Rab GTPase signaling is required for fusion
to the target membrane as indicated by the finding that SNARE-
interacting proteins are Rab effectors. However, the exact
functions of these interactions are still somewhat elusive.

Achieving Specificity in Membrane Traffic Via Rab Effector
Interactions
How Does an Effector Find its Rab? Because of space limitation we
can only briefly summarize the structural studies on Rab effector
recognition and refer the reader to the excellent review by S. R.
Pfeffer (88), which covers the topic in detail.

Specific Rab signal transmission requires specificity of effector
recognition. This is particularly important because some Rabs
display partially overlapping localizations within certain or-
ganelles, such as Rab5 and Rab4 on early endosomes. Con-
versely, some Rab effectors are able to recognize more than one
Rab protein as exemplified by Rabaptin5, which appears to link
endocytosis and recycling by its specific interaction with both
Rab4 and Rab5 (89). Rab proteins are highly homologous and
share a common structure with relatively subtle variations. In
contrast, Rab effectors are highly divergent, which reflects the
needs for different types of proteins to mediate the diverse
pathways downstream of Rab GTPases. How then is specific
binding of structurally conserved Rabs to structurally divergent
effectors achieved?

Effectors, by definition, must recognize the GTP-bound form
of a Rab GTPase. The presence of GTP is reflected by changes
in the Rab switch region (switch I and switch II), and available
crystal structures and biochemical binding studies confirm that
effectors mainly interact with these conserved regions (90–94).
Although highly conserved among Rab proteins, recent evidence
suggests that this region can confer specificity. Small differences,
i.e., changes in only a few amino acids, within the switch region
of different Rab proteins account for the observed Rabenosyn5
binding specificity (94). Additionally, conservation in sequence
does not necessarily imply similar binding specificity. The crystal
structure of the Rab3–Rabphilin3 complex showed that a con-
served triad of hydrophobic amino acids within the switch region
of Rab3 is required for Rabphilin3 binding (90). Although Rab5
has the identical sequence, it is unavailable for Rabphilin3
binding because changes in the amino acid composition between
the switch regions dramatically alters the conformation of this
hydrophobic triad (95). Thus, despite the very similar overall
shape of the Rab switch regions, subtle variations within and
outside these regions appear to confer very distinctive surfaces
that permit the required specificity. Finally, effectors are also
found to interact with nonconserved regions of Rab proteins,
further increasing binding specificity.

Because of their structural diversity, Rab effectors generally
do not appear to have a common structural motif for interaction
with their Rab GTPases. However, in case of existing similar
Rab-binding motifs, like, for instance, the zinc-finger domains of
the Rab5 effectors EEA1 and Rabaptin5 and the Rab3 effector
Rabphilin3, specificity is achieved by relatively small differences
in their structure (90, 91, 93).

Given the great structural diversity of Rab effectors and
potentially also their Rab-interacting domains, further studies
will be necessary to investigate the full range of effector–Rab
binding interactions.

Rab Effector Interactions in Membrane Organization and Maturation.
Each Rab must be localized to, and activated at, a specific
organelle to fulfill its function. Furthermore, some organelles
can carry distinct Rab-containing subdomains, each of which
participate in different transport steps. How is this very exquisite
localization achieved?

Many factors are needed for the correct targeting of Rab
proteins (reviewed in ref. 96). GDI binds the prenylated, GDP-
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bound Rabs and keeps them in the cytosol awaiting membrane
attachment (reviewed in ref. 22). GDFs are integral membrane
proteins that displace GDI from the Rab proteins and thereby
allow them to be inserted into the membrane (ref. 97 and
reviewed in ref. 96). However, GDI displays no specificity in Rab
binding, and the only well characterized GDF, Yip3, displays
only limited specificity (19, 22). Therefore, GDI and GDF are
not sufficient to generate the necessary specificity in Rab
localization.

It is, however, important to remember that until a Rab is
activated it is subject to back extraction by GDI. Therefore,
GEFs can contribute to Rab localization specificity. Effectors
can also contribute to the localization of Rabs. By binding to
the activated Rab, an effector may directly contribute to its
localization by limiting its diffusion in the membrane or
indirectly block Rab inactivation by a GAP, which would
otherwise lead to extraction by GDI. Thus, Rabs recruit
effectors to the appropriate membrane, but at the same time
effectors can also contribute to the localization of the Rab. As
discussed below, by physically coupling a GEF to an effector,
these mechanisms can all work in concert to achieve a very
specific localization.
GEF–Rab effector complexes create positive feedback loops that couple
Rab localization and activation to downstream effector function. One
mechanism to specifically counteract inactivation once the Rab
has reached the correct location is through the formation of a
GEF–Rab effector complex. A well studied example is the
Rabex5–Rab5–Rabaptin5 complex (Fig. 2). Rab5 is the endo-
cytic Rab required for transport and heterotypic fusion of plasma

membrane-derived endocytic vesicles to early endosomes and for
homotypic early endosome fusion (59, 98–102). For its functions,
active Rab5 must be localized to both endocytic vesicles and
early endosomes. This is achieved in part through the actions of
the Rab5–GEF, Rabex5, and one of its effectors, Rabaptin5 (59).
The initial membrane recruitment of Rab5 is followed by
Rabex5-mediated activation (103, 104). GTP–Rab5 then is able
to interact with its various effectors, including Rabaptin5 (105).
Rabaptin5 in turn binds to Rabex5 and, additionally, increases
the exchange activity of Rabex5 on Rab5 (ref. 106 and Fig. 2
Top). These interactions generate a positive feedback loop,
which counteracts GAP inactivation and GDI-mediated mem-
brane extraction, thereby ensuring that Rab5 stays in its acti-
vated, GTP-bound form attached to endocytic vesicles or the
early endosome.

Similar positive feedback loops have also been found in other
systems. Vps33p, an effector of the Rab GTPase Ypt7p, is a
subunit of the yeast class C VPS�HOPS complex (84), whereas
another subunit of the same complex, Vps39p, serves as a Ypt7p
GEF (107). Our data indicate that there is a complex between
the yeast exocytic Rab, Sec4p (37), one of its effectors, the
exocyst (63), and the Sec4p GEF, Sec2p (39, 108). Thus, the
principle of GEF–Rab effector complexes appears to be a
recurring, if not general, mechanism.
Rab effector interactions achieve specificity in membrane traffic by
defining specific membrane domains. Organelle- and Rab-specific
membrane domains on the endocytic pathway have been inten-
sively characterized. Early endosomes (also called sorting endo-
somes) are found to either harbor only Rab5 or a combination
of Rab4 and Rab5, whereas recycling endosomes carry distinct
domains of Rab4 and Rab11. Rab7 and Rab9 similarly share the
late endosome (98–100, 109). The establishment of such specific
membrane domains appears to be achieved by the interplay
between Rabs and their effectors.

As described in the previous section, the Rabex5–Rab5–
Rabaptin5 complex serves as a positive feedback loop to
specifically concentrate activated Rab5 at the early endosome.
Among the Rab5 effectors recruited to this GTP–Rab5 plat-
form is the phosphatidylinositol (PI) 3-OH kinase hVPS34�
p150 (ref. 110 and Fig. 2 Middle). This kinase catalyzes the
phosphorylation of PI to PI 3-phosphate [PI(3)P] (111). The
recruitment of this kinase by Rab5 therefore leads to the
enrichment of PI(3)P on early endosomes (ref. 112 and Fig. 2
Middle). Rab5 also recruits another effector, EEA1 (refs. 91
and 110 and Fig. 2 Bottom), which contains a FYVE domain
that specifically binds to PI(3)P (113–115). Specific binding of
EEA1 to early endosomes requires interaction of this FYVE
domain with PI(3)P in addition to binding to GTP–Rab5
(116–118). The necessity for these two recruitment signals is
demonstrated by the observation that endocytic vesicles, which
contain active Rab5 but lack hVPS34�p150 and therefore
cannot produce PI(3)P, fail to recruit EEA1 (29, 59, 119).
Other Rab5 effectors, such as Rabenosyn5, display the same
dual requirement for their recruitment to their sites of function
(ref. 85 and Fig. 2). In yeast, recruitment of Vac1p, an effector
of the yeast Rab5 homologue Vps21�Ypt51p (83), to endo-
somes also requires synthesis of PI(3)P by the hVPS34�p150
homologue Vps34p and subsequent binding of its FYVE
domain to this lipid (113, 120, 121). Signals other than lipids
may also cooperate with Rab binding. The Rab9 effector p40
may require phosphorylation by PIKfyve in addition to active
Rab9 for efficient membrane attachment (122, 123).

Thus, localized clustering of active Rabs ensures specific
recruitment and regulation of proteins required for membrane
traffic. These Rab membrane domains appear to be highly
f lexible. As in the case of Rab5, factors are recruited that are
necessary for tethering�fusion of endocytic vesicles to the early
endosome (heterotypic fusion) and also for homotyic early

Fig. 2. Rab–GEF effector complexes stabilize activated Rabs on membranes
and allow the installment of Rab-specific membrane domains. (Top) After
recruitment to the membrane of the early endosome, Rab5 is activated by its
GEF Rabex-5 (103, 104). GTP–Rab5 then interacts with its effector Rabaptin5
(105). Rabaptin5 in turn binds to Rabex-5 and, additionally, increases the
exchange activity of Rabex-5 on Rab5 (106), thereby stabilizing Rab5 in its
GTP-bound state. This positive feedback loop counteracts GAP inactivation
and GDI-mediated membrane extraction, thereby ensuring that GTP–Rab5
stays attached to the early endosome as long as necessary to recruit other
necessary effectors. (Middle) The PI-3-OH kinase hVPS34�p150 (VPS34) is a
Rab5 effector recruited to the Rabex-5–Rab5–Rabaptin5 platform (110).
VPS34 generates the lipid PI(3)P (111), which is subsequently enriched on the
early endosomal membrane (112). (Bottom) Both signals, PI(3)P and GTP–
Rab5, are required to recruit more Rab5 effectors, such as EEA1 (91, 110,
115–118) and Rabenosyn5 (85). EEA1 and Rabenosyn5 are factors required for
homotypic early endosome fusion and fusion of vesicles to the early endosome
(85, 110). Therefore, the specificity of early endosomal membrane traffic is
ensured by the specific recruitment of the key proteins into Rab-defined
membrane domains.
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endosome fusion (85, 110). Reaching an even higher level of
complexity, Rab membrane domains might be structurally and
functionally linked. For example, Rabaptin4, Rabaptin5, Ra-
benosyn5, and Rabip4� are each able to interact with both
Rab5 and Rab4 (89, 124–126), which might allow coordination
of endocytic traffic (via Rab5) with recycling traffic (via
Rab4).

In summary, active Rabs are enriched in microdomains on
specific membranes by effector- and GEF-mediated positive feed-
back loops. Active Rabs can recruit additional effectors into these
domains, which then accomplish their function in membrane traffic.
The high specificity of effector localization is achieved by use of two
parallel signals for efficient membrane recruitment.
Rab cascades and Rab conversions couple trafficking events and lead to
membrane maturation. Each organelle carries its own set of Rabs,
which ensures the specificity of intracellular membrane trans-
port, and Rabs appear to be required for all steps of membrane
traffic. Given the need for efficient membrane traffic in a cell,
it would make sense to couple the different transport steps to
ensure transport continuity and specificity. This might, at least
in part, be accomplished by so-called Rab cascades and Rab
conversions. The concept of Rab cascades and conversions
postulates that the GEF of a downstream Rab GTPase will also
serve as an effector of an upstream Rab protein.

The first Rab cascade was identified through the analysis of the
final stage of the yeast exocytic pathway (Fig. 3A). The redun-
dant and highly homologous Rabs Ypt31p and Ypt32p are
involved in several trafficking events at the Golgi (30, 127).
Genetic and biochemical characterization revealed that Sec2p is
an effector of these Rabs (128). Sec2p is also the GEF for Sec4p
(39), a Rab required for transport of secretory vesicles from the
trans-Golgi network to the plasma membrane in yeast (37). Thus,
Ypt31�32p and Sec4p are functionally linked in a regulatory Rab
cascade through the exchange protein Sec2p (Fig. 3A). Such
cascades might ensure that distinct trafficking events, like, for
instance, vesicle formation and vesicle delivery, are functionally
coupled, affording greater specificity and continuity in mem-
brane traffic. The widespread use of such a mechanism is
suggested by the identification of Rab cascades in mammals
(129) and other potential Rab cascades in yeast (74, 130).

A recent study puts an interesting twist on the function of Rab

cascades (Fig. 3B). By using fast, quantitative, live-cell imaging,
Rink et al. (129) observed that over time individual Rab5-
containing early endosomes grew in size and moved toward the
center of the cell. This movement was accompanied by an
eventually complete loss of Rab5 and the Rab5 effector EEA1
(129). Strikingly, coincident with the loss of Rab5, Rab7 was
recruited onto these endosomes. Late endosome-specific cargo
appeared within the same time scale of Rab exchange, and the
observed endosomes acquired degradative properties typical of
late endosomes (129). Thus, it appears that the Rab5-containing
early endosomes were converted into Rab7-containing late
endosomes (ref. 129 and Fig. 3B).

The Rab5–Rab7 conversion appears to be a result of a Rab
cascade. Vps11p, one subunit of the conserved class C VPS�
HOPS complex (84, 131–134), is a Rab5 effector (110, 129),
whereas a second subunit, Vps39p, displays GEF activity toward
the yeast Rab7 ortholog (107). Therefore, these data indicate
that a Rab cascade (Rab5–class C VPS�HOPS complex–Rab7)
is the basis of the Rab5 (early endosomes) to Rab7 (late
endosomes) conversion.

Both principles, Rab cascades and conversions, require that the
upstream Rab must be deactivated and extracted from the mem-
branes containing the downstream Rab GTPase. For that reason,
we can speculate that the GAPs that act on the upstream Rabs
might be effectors of the downstream Rabs. The process of Rab
conversion also adds mechanistic detail to the paradigm of or-
ganelle maturation (135), by explaining one aspect of the matura-
tion of an early endosome into a late endosome.

Outlook
Recent years have brought the identification of numerous
effectors of Rab GTPases. Analysis of their function has
significantly improved our understanding of how Rab GTPases
help to achieve specificity and directionality in intracellular
membrane traffic. Although some Rab effectors share com-
mon principles of function, the majority of them appear to have
adapted to their unique requirements with great structural
diversity. Ongoing characterization of the role of these effec-
tors and identification and analysis of additional Rab effectors
will help to elucidate the mechanisms underlying membrane
transport specificity.

Fig. 3. Rab cascades�Rab conversion. (A) Yeast Ypt31�32 form a Rab cascade with Sec2p and Sec4p. The redundant yeast Rab GTPases Ypt31p and Ypt32p
are involved in several Golgi-related trafficking steps, including the exit of secretory vesicles from the trans-Golgi network (TGN) (1) (30, 127). Sec2p is the
GEF for the Rab GTPase Sec4p (39). Both Sec2p and Sec4p are required for the transport of secretory vesicles (SV) from the TGN to the plasma membrane
(37). Biochemical characterization revealed that Sec2p is an effector of Ypt31�32p (128). Ypt31�32p are at least partially responsible for the recruitment
of Sec2p to secretory vesicles (2) (128), leading to the activation of Sec4p (3). (B) Rab conversion of Rab5 to Rab7 might drive early to late endosome
maturation. Early endosomes are partially marked by the presence of Rab5 and its effectors (1; see Fig. 2). One Rab5 effector is Vps11p, a subunit of the
conserved class C VPS�HOPS complex (1) (110, 129). A second subunit of this complex, Vps39p, displays GEF activity toward the yeast Rab7 ortholog, Ypt7p
(107). Therefore, Rab5, class C VPS�HOPS, and Rab7 appear to form a Rab cascade on early endosomes (2). Gradual inactivation and replacement of Rab5
and its effectors concomitant with recruitment and activation of Rab7 and its effectors might lead to maturation of early endosomes into late endosomes
(3) as has been observed (129).
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