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Abstract

A fundamental question in cell biology is how cells determine membrane compartment identity
and the directionality with which cargoes pass through the secretory and endocytic pathways. The
discovery of so-called “Rab cascades” provides a satisfying molecular mechanism that helps to
resolve this paradox. One Rab GTPase has the ability to template the localization of the
subsequent acting Rab GTPase along a given transport pathway. Thus, in addition to determining
compartment identity and functionality, Rab GTPases are likely able to order the events of
membrane trafficking. This review will highlight recent advances in our understanding of Rabs
and Rab cascades.

Since the discovery of the first yeast, Ras-related GTPase (YPT1) gene [1] and the landmark
paper reporting the discovery of the SEC4 gene sequence [2] that first suggested a key role
for these Ras-like GTPases in the control of membrane traffic, we now know that there are
about 66 human Rab proteins and 11 yeast Rab-related Ypt proteins [3,4] that are master
regulators of the secretory and endocytic pathways. Zerial and coworkers [5] were the first
to provide evidence that each membrane compartment in the cytoplasm is likely to be
decorated with distinct Rab proteins. This was an incredibly important finding because Rabs
became the first true molecular markers for different membrane compartments of the
endocytic and secretory pathways. Today we know that Rabs recruit discrete sets of effector
proteins to the surfaces of different membranes. These effectors can drive the formation of
transport vesicles, link to motor proteins for vesicle motility and/or recognize docking
factors for delivery to target membranes (see [6-8] for excellent reviews).

Rabs are comprised of a compact, globular, GTP binding and hydrolysis domain, linked to
an unstructured, hypervariable C-terminal domain [9]. The hypervariable domain is the most
divergent region between Rab GTPase sequences. Active Rabs carry GTP; inactive Rabs
carry GDP. Rabs are activated by guanine nucleotide exchange factors (GEFs) that enhance
release of GDP; they are inactivated by GTPase activating proteins (GAPSs) [9,10]. By
definition, effector proteins bind Rabs with preference for their GTP-bound conformations,
and carry out the downstream functions of individual Rab proteins.

In a few rare cases, it has been reported that Rabs bind to putative effectors in their GDP-
forms or may not show preference for one nucleotide over another. An important cautionary
note: some GDP-preferring mutant Rab proteins are sticky in vitro because they become
nucleotide-free, so these reports must be evaluated with great care. The most reliable
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experiment is to utilize a wild type Rab protein and compare directly, the binding of GDP
with that of GTP. Also, a lack of preference for GTP over GDP can be an artifact of
incomplete nucleotide exchange in vitro. As would be expected for an enzyme:substrate
interaction, Rab GEFs bind Rabs with preference for the GDP-bound forms, as do cytosolic
GDIs (GDP dissociation inhibitors; see below) [9,10].

Rabs associate with membranes via one or two stable prenyl groups that are covalently
attached to C-terminal cysteine residues. GDIs recognize GDP-bearing Rabs and can extract
them from membranes and redeliver those Rabs to the appropriate target membrane [6-8].
The structure of GDI includes a pocket for the hydrophobic prenyl groups that normally
anchor Rab proteins to membranes [9]. This extraction process can correct mistakes in Rab
delivery and also retrieve Rab proteins from target membranes after a vesicular transport
event.

Because effector proteins show preference for GTP-Rab proteins, they by definition interact
with the so-called “switch” regions of Rab proteins that are the only parts of the Rab that
change conformation between GTP- and GDP-bound states [9,11]. Comparative analysis of
the three dimensional electrostatic and hydrophobic molecular interaction fields of 62
human Ran proteins adds new clues that may help explain the logic of Rab effector binding
selectivity [12]. One might have imagined that Rab hypervariable domains would be very
important for effector binding, as their variability would provide specificity in Rab binding
interaction. Surprisingly, the importance of hypervariable domains in effector binding has
not been widely investigated; the crystal structures of Rab proteins bound to their effectors
often has been determined using truncated Rab proteins that are missing the hypervariable
domains [9].

In the case of two Rab9A effectors, p40 and TIP47, the Rab9A hypervariable domain is an
important determinant of effector binding and for TIP47, and is sufficient to confer binding
capacity to Rab5 and Rab1 protein chimeras [13]. In contrast, the Rab5 effectors, Rabaptin 5
and EEAL are much less dependent upon the hypervariable domain for Rab binding;
similarly, GM130 binds Rab1 in the absence of the Rab1 hypervariable domain, however
p115 is highly dependent upon the presence of the Rabl hypervariable domain for binding
[13]. Because available structures of Rab:effector complexes have been solved successfully
using truncated Rab proteins, hypervariable domains may be less important for a number of
Rab:effector interactions. Surprises are also possible: Rab6 binding to the GCC185 tethering
protein C-terminus requires the presence of the Rab6 hypervariable domain, even though the
structure model interface of Rab6 bound to a GCC185 coiled coil encompasses a relatively
large surface and does not reveal information regarding the orientation of the essential
hypervariable domain present in the crystals [14].

Rab microdomains

The discovery that Rabs occupy distinct domains of a given compartment represents an
important landmark in our understanding of how the endocytic pathway is defined. Zerial
and colleagues first reported that Rab4, Rab5 and Rab11 appear segregated on a single
endosome when visualized in live cells [15]. Later it was reported that Rab7 and Rab9
define distinct microdomains on late endosomes [16]. Presumably, each Rab recruits a set of
effector proteins onto the surface of membranes and assembles the appropriate molecular
machinery to mediate membrane docking and fusion or linkage to specific motor proteins. A
given Rab has multiple effector proteins and may template the assembly of multiple
membrane microdomains. That has been shown for Rab5, which can interact with APPL or
EEAL in separate locations [17].
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The identification of effector proteins that bind two different Rab GTPases revealed the
potential of such effectors to link two, subsequently acting Rab microdomains to one
another [18]. There are now multiple examples of proteins that contain multiple Rab binding
sites. In the case of the multi-subunit HOPS tethering factor, the beautiful structure
determined by electron microscopy revealed two independent Rab7 binding sites at opposite
ends, contributed by Vps41 and Vps39 subunits [19]. In this case, the Rab binding sites
bring together two Rab7-bearing membrane compartments. An additional HOPS subunit is
responsible for SNARE binding—organizing all the components needed to drive fusion after
successful docking. Thus, Rab GTPases organize this complex docking and fusion process:
tethers often bind to SNARESs and often use Rabs to mediate their membrane localization.

Rab GTPase localization

Rabs are first delivered to membranes in their GDP bound forms by GDI [20,21] and then
quickly activated by cognate guanine nucleotide exchange factors (Figure 1). In at least
some cases, the release of a Rab from GDI can be facilitated by a membrane bound, GDI
displacement factor or GDF [22,23]. Two recent papers show that the process of accurate
Rab GTPase delivery can be hijacked if exogenous GEFs are mislocalized (and anchored) to
an inappropriate membrane compartment [24,25]. Using a drug-inducible dimerization motif
to mislocalize the Rab5 GEF, Rabex-5, Itzen and colleagues were able to relocalize Citrine-
tagged Rab5 from early endosomes to mitochondria [24]. Rabex-5 alone is not able to act on
Rabb that is part of a GDI complex [26]. Thus, these findings suggest that Citrine-Rab5 is
first mis-delivered to mitochondria by GDI and then stabilized there after activation by
mitochondrially-localized Rabex-5. It is important to note that only exogenously expressed
Rab5 was monitored; it is possible that extra Rab5 copies are targeted to membranes with
somewhat lower fidelity than endogenous Rab5, as key effector proteins and Rab5
modulators become limiting. Presumably, once bound there, Rab5-GTP on mitochondria
should have the capacity to recruit Rab5 effectors to that site. Anchoring of a Rab32/Rab38
GEF to mitochondria similarly led to Rab32 relocalization [25].

GEFs are generally not anchored to membranes and thus cannot serve as classical targeting
receptors. These experiments also reveal some unanticipated promiscuity in Rab GTPase
membrane delivery and suggest that cytosolic GDI retrieves mis-localized Rabs from
mitochondrial membranes to some extent at steady state. In addition, these findings confirm
previous work demonstrating the importance of Rab effector interactions in the stabilization
of Rab GTPases on specific membrane compartments [13]. By activating a Rab at a
particular membrane location, that Rab becomes resistant to removal by GDI and is also
capable of effector binding that will further stabilize it at that location. Indeed, Itzen and
coworkers [24] found that a GTP-locked version of Rab5 was mis-localized with lower
frequency than wild type Rab5 protein, consistent with an important role for GDI in the Rab
delivery process. In summary, GDI, in some cases GDFs, GEFs and effectors are all
important in Rab delivery. An important puzzle remains how GEFs and GAP proteins are
able to modulate Rab activity at the correct place and time [10].

Ordered GEF recruitment creates Rab cascades

In 2002, Ortiz and Novick [27] showed that the Golgi Rab, Ypt32 recruits the Sec2 guanine
nucleotide exchange factor to activate the secretory granule Rab protein, Sec4. This
provided a molecular mechanism by which a Golgi-localized machinery could initiate the
creation of a nascent secretory vesicle. Since that discovery, a number of proteins have been
identified that use one Rab GTPase to target a modifier of another, adjacently-acting Rab
GTPase. For example, the dimeric Ric1/Rgpl GEF for the late Golgi Rab6 GTPase has an
independent binding site for the medial Golgi Rab33B protein [28], and this interaction may
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template a late Golgi microdomain in relation to the Rab33B compartment (Figure 2).
Similarly, the dimeric Mon1/Ccz1 GEF for Rab7 (Ypt7; [29]) has a binding site (on Mon1)
for the previous acting Rab5 [30] (Figure 2).

Monl does more than help activate Rab7: it also displaces the Rab5 GEF, Rabex-5, from
early endosomes [31]. Rab5 recruits the kinase that generates phosphatidylinositol 3-
phosphate (PIP3) on early endosomes. Because the Mon1 protein also recognizes PI3P,
Spang and colleagues [31] propose that Mon1 might only be recruited onto more “mature”
endosomes that contain higher levels of this lipid. In this model, the Mon1/Ccz1 GEF would
seek membranes rich in both Rab5 and PI3P (Figure 2). Coincidence detection in membrane
recruitment of key protein modulators provides selectivity to the process, and is a common
theme throughout membrane trafficking: it likely explains how cells displace Rab5 to permit
Rab7 recruitment, only at the right time and place, using factors that are in equilibrium
between the cytosol and specific membranes.

A somewhat more confusing circuit was revealed by the discovery that the Hps1-Hps4
“BLOC-3” complex that comprises a GEF for Rab32/Rab38 [25] is an effector of the late
endosomal protein, Rab9 [32]. As described below, Rab9 also recruits the Rab32 GAP,
RUTBC1 [33]. Thus, Rab9 appears to template both the activation and inactivation of Rab32
proteins (Figure 2). In addition, the VARP protein, a GEF for Rab21, also binds what were
thought to be later acting Rab32 and Rab38 proteins [34]. Obviously more work is needed to
explain this conundrum, which may include tissue-specific, differential expression of these
Rab modulatory factors.

Rab domains may grow with GEF action and subsequent effector binding until some key
constituent becomes limiting; at that point Rab-GAP action could predominate, triggering
local catastrophy and Rab microdomain disassembly. As more details become available
regarding the identity of the requisite players and determinations of their abundance,
interaction affinities, and catalytic rates, it should become possible to model the process of
Rab conversion with physiological relevance [35,36]. Beautiful recent structural and kinetic
analyses continue to reveal the detailed mechanisms of an increasing number of Rab GEF
and GAP proteins (cf. [37-39]).

Ordered GAP recruitment enhances fidelity of Rab segregation

In the yeast secretory pathway, the Ypt32 Rab acts after Yptl Rab protein. Rivera-Molina
and Novick have shown that the Gypl GAP that acts on Yptl protein relies on the later
acting, Ypt32 protein for its localization and stability [40]. This activity will clear Yptl
protein from a region that is rich in Ypt32 protein. Similarly, the late endosomal Rab9A
GTPase binds to RUTBC1 and RUTBC2 proteins but is not a substrate for these GAP
proteins: in cells, these proteins display GAP activity for Rab32 and Rab36, respectively
[33,41]. In both cases, the Rab9 binding site is entirely separate from the GAP catalytic
(“TBC”) domain [33, 41-43]. Localization of RUTBC1 and RUTBC2 by Rab9 protein will
serve to remove Rab32 and Rab36 from Rab9A-enriched membrane areas, and indicates that
they function in membrane microdomains adjacent to Rab9 protein.

Large scale screening for novel Rab GTPase binding partners has identified a number of
Rab GAPs that contain binding sites for non-substrate Rab GTPases [43]. How these
binding partners contribute specifically to possible Rab cascades awaits further
investigation.
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More Fruit from large screens

Broad-reaching interaction and modifier screens continue to provide critical information to
our understanding of the functions of the large family of Rab proteins and all their functions
in secretion and endocytosis. Francis Barr and his colleagues have been very successful
using such screens and recently identified FAM116A as a GEF for Rab14 GTPase [44]. This
unbiased screen for Rab GTPases and Rab GEFs involved in cell migration provided a
function for an under-studied Rab and identified Rab14 as a GTPase that acts after Rab4 and
Rab5 but before Rab11 in a recycling compartment that has a function distinct from the
other Rabs and is key for cell migration [44].

Rab conversion need not reflect compartment maturation

Recently two models for transport from early to late endosomes have been discussed [45—
49]. In one, called Rab conversion, a Rab5 compartment matures into a Rab7 compartment;
Rab5 falls off as Rab7 comes on [45]. In another model, a Rab7 compartment is seen to bud
off of a Rab5 compartment [46,49]. Both of these models can be driven by a common, Rab-
based mechanism. The important principle is that a Rab5 compartment assembles, nearby, a
Rab7 compartment. The added component of the second model is some type of fission
reaction: Rab5 and Rab7 link to different motor proteins, and if one imagines that
endosomes undergo Rab-linked motor protein and cytoskeleton-dependent fission and fusion
events, Rab7 domains can be segregated from Rab5 domains. Important to this discussion is
the molecular mechanism by which a Rab5 compartment is converted into a Rab7
compartment.

A similar discussion is underway in our thinking about transport through the Golgi complex:
if one overlays a classic Rab cascade on top of a set of membranes that can undergo
homotypic fusion and cytoskeleton-dependent fission, forward transport of proteins through
a stable Golgi complex can be achieved [50]. For both the Golgi and endosome systems,
elucidation of the key Rabs and their modifiers will help shed light on the mechanisms by
which proteins move through these compartments. Whichever models turn out to be correct,
Rabs are surely templating the directionality of transport through the secretory and
endocytic pathways.
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Figure 1.

Prenylated Rab GTPases are delivered to membranes by GDI in their GDP-bound forms in a
process that may be facilitated by a GDI-displacement factor (GDF). Guanine nucleotide
exchange factors (GEFs) catalyze the release of bound GDP to permit GTP binding. Rab-
GTP can be stabilized on membranes by binding to cognate effectors. GDI in cytosol can
retrieve Rabs delivered to incorrect membranes unless they encounter their cognate GEF at
that location.
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Figure 2.

Heterodimeric Rab GEFs recruit subsequent acting Rabs as part of Rab cascades. A. On
early endosomes, Rab5 recruits the kinase that generates phosphatidylinositol 3-phosphate
(PI3P); Ccz1/Monl is then recruited to membranes containing Rab5-GTP [30] and PI3P
[31]. Ccz1/Mon1 catalyzes the release of GDP from Rab7A [29; 25], thereby permitting the
entry of GTP. Presumably a Rab5 GAP will be identified that is a Rab7A effector to help
clear Rab5 from a newly formed, Rab7A membrane microdomain. Ccz1/Monl also
displaces the Rab5 GEF, Rabex-5, from membranes [31]. B. On the Golgi, medial Golgi
Rab33B recruits the Ricl/Rgpl GEF for Rab6A [28]. On late endosomes, the Hps1/Hps4
GEF for Rab32 [25] is recruited to late endosomes by Rab9A [32]. D. Rab9A can also
recruit RUTBC1, a GTPase activating protein that inactivates Rab32 [33]. Rab32 GDP
would be a target for membrane extraction by cytoplasmic GDI protein. This would
counteract the reaction in C and may be restricted to specific tissues and/or cell types.
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