Chapter 1
Prenylation of RabGTPases, Their Delivery
to Membranes, and Rab Recycling

Roger S. Goody, Yaowen Wu, and Aymelt Itzen

Abstract Rab proteins, in common with many other Ras superfamily members,
need to be lipidated (in the case of Rab geranylgeranylated) at their C-terminus to
be able to interact with membranes. Here, we review the basic mechanism of
geranlygeranylation and then address the still unsolved question of how prenylated
Rabs are delivered to specific membranes. The evidence reviewed leads to a model
in which specifically localized guanine nucleotide exchange factors are an essential
component of the targeting mechanism, and that additional stabilizing interactions
are important in a number of cases, including effector interactions and positively
charged residues in the C-terminus in at least one case examined. Finally, there is
evidence that in some cases additional still unidentified factors are involved.
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1.1 Introduction

Intracellular vesicular transport is an important and essential aspect of the func-
tioning of eukaryotic cells. Transport between membrane-bound compartments
occurs via vesicles or tubular structures in a highly complex and tightly regulated
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manner. While many different classes of proteins are involved in the overall
process, a crucial regulatory role is played by members of the Rab family of
small GTPases (Hutagalung and Novick 2011; Stenmark 2009). In order to fulfill
their role, the 60 members (in humans) have to be modified by addition of
geranylgeranyl groups (one, or in most cases two) to the C-terminus in a process
referred to as prenylation. These prenyl groups endow the Rab proteins with a high
affinity for membranes and allow them to play various roles, for example
connecting vesicles to systems of motor-proteins or recognizing specific tethering
factors that guide vesicles to a specific membrane or membrane compartment as a
first step in the fusion process. While the principles involved in these events are
quite well understood in a number of cases, one essential but unclarified property
that Rab proteins must have in order to play the role envisaged for them is
localization to a specific membrane or membrane domain. In this review, we will
first discuss the events leading to prenylation, then discuss the principles involved
in delivery of Rabs to membranes, and finally summarize the status of our knowl-
edge on the targeting of Rab proteins to specific membranes.

1.2 Prenylation of Rab Proteins

Rab proteins differ from Ras and Rho proteins, which are also prenylated near their
C-terminus, by not having a specific prenylation recognition sequence motif. Ras
and Rho proteins have the so-called CaaX box at their very C-termini, with the
nature of the X residue determining whether farnesylation (Ras proteins) or
geranylgeranylation (Rho proteins) occurs. In Rab proteins, the C-terminal motifs
are commonly CC, CXC, or CCXX, but in a few cases CXXX motifs occur (Rab8,
Rab13, Rabl8, Rab23, Rab38). The explanation for the lack of a specific
prenylation motif is that specificity is in fact generated via an accessory protein,
the Rab escort protein (REP), which interacts with all RabGTPases (but not other
members of the Ras superfamily) and with Rab geranylgeranyl transferase
(RabGGTase), presenting the Rab C-terminus to the active site of the prenylating
enzyme. This leads to the curious situation of having a specific enzymatic modifi-
cation of a group of substrates with similar overall structure but differently struc-
tured modification sites, with the added peculiarity that the modifying enzyme has
little or no (measurable) affinity for its substrates. The latter point is put into
perspective if the REP:Rab complexes are regarded as the substrates, and these
do indeed have affinity and specificity for RabGGTase. In the presence of the
substrate geranylgeranyl pyrophosphate, i.e., the lipid donor, the affinity of
RabGGTase for REP:Rab complexes is in fact very high [K4 in the nM range
(Thoma et al. 2001a, b)].

The Rab prenylation reaction has been investigated in detail in a number of
publications, and many of the data obtained are summarized in Fig. 1.1
(Wu et al. 2009). The importance of the CIM (CBR interacting motif, where
CBR means C-terminus binding region) region of Rab proteins was noticed in
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Fig. 1.1 The mechanism of Rab prenylation in the Rab:REP:RabGGTase complex. After an
initial relatively weak association of the globular domain of Rab with REP, interaction of the CIM
(C-terminal interaction motif) of Rab with the CBR (C-terminal binding region) of REP leads to
tightening of this interaction. This is followed by a high-affinity interaction of the Rab:REP
complex with RabGGTase and geranylgeranyl pyrophosphate (GGPP) to form the high-affinity
quaternary complex. The first geranylgeranyl group is transferred to the most C-terminal cysteine
of Rab with the help of a catalytic zinc ion. The second prenyl group is then transferred more
slowly (in the case of Rab7) to the preceding cysteine, after which the prenylated Rab:REP
complex is released under the influence of a further lipid substrate molecule. The constants
given apply to Rab7 and REP-1. Figure modified from the publication of Wu et al. (2009)

structural investigations on a complex between prenylated Rab proteins and REP
(Rak et al. 2004) or GDI (GDP dissociation inhibitor) (Rak et al. 2003). This short
motif, consisting of a polar residue sandwiched between two hydrophobic residues,
is essential for high-affinity binding to REP and for efficient prenylation. The
positioning of the cysteine groups with respect to this motif is critical. In wild-
type Rab7, there are 12 residues downstream of this motif before the first
prenylatable cysteine, and this can be shortened by a further 3 residues without
drastic effects on the prenylation reaction, but shortening to 7 residues leads to only
residual activity and with 6 residues or less there is no detectable activity
(Wu et al. 2009). Interestingly, it has recently been shown that the region between
the CIM and the cysteines can be replaced by a non-peptidic structure and that
cysteine can be replaced by a simple thiol group and still retain full prenylation
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properties both in vitro and in vivo (Li et al. 2014). These results are discussed later
in connection with the role of the hypervariable C-terminus in Rab localization.

The discussion so far has implicitly assumed that the Rab protein harbors a GDP
molecule, since the GDP form is prenylated more efficiently than the GTP form
(Seabra 1996). This is probably partially related to the fact that the GTP form of
Rab proteins is bound a factor of ca. 10 more weakly than the GDP form to REP
(Alexandrov et al. 1998). A conceptual problem that arises at this point is the fact
that freshly synthesized Rabs in the cytoplasm will mainly have GTP bound, since
the cellular concentration of GTP is ca. tenfold higher than that of GDP. The
stronger binding of REP to the GDP form of Rabs will tend to compensate for the
imbalance in the GTP/GDP concentrations, and taking the data available at their
face value, this could lead to similar amounts of Rabs in the two different forms
bound to REP (depending on the relative concentrations of REP and Rab mole-
cules), and therefore to production of prenylated Rabs in both nucleotide-bound
forms. Even if the rate of prenylation is slower for the GTP-bound form, this means
that significant amounts of prenylated Rabs with bound GTP can be produced. As
discussed in detail below, Rabs that associate with membranes in the GTP form are
resistant to extraction by GDI, meaning that if association with a wrong membrane
occurs initially, this will be essentially irreversible as long as GTP hydrolysis does
not occur. This is an unlikely scenario, since production of activated (i.e.,
GTP-bound) Rabs at their appropriate membrane location needs to be strictly
regulated. As described below, prenylated Rab:GTP is bound much more weakly
than prenylated Rab:GDP to REP, increasing the probability of Rab release from its
complex with GDI leading to membrane association. In this situation some addi-
tional factor that is responsible for targeting would be needed. Again, this is a theme
that will arise in later discussions.

1.3 Delivery of Prenylated Rab Proteins to Membranes

An interesting question that has been touched upon but not examined extensively is
whether direct delivery of Rabs from their complexes with REP to their specific
membrane occurs, or whether they first locate to a default membrane, possibly the
ER and/or Golgi. Rabs ending with CXC are carboxymethylated, as are some
mono-prenylated Rabs (Leung et al. 2007), and the enzyme that performs this
(isoprenylcysteine carboxymethylase, or Icmt) is ER localized. The authors con-
clude that Rabs with a CC motif, which are not carboxymethylated, are located
directly to their target membrane, but that CXC Rabs first have to visit the ER, but
evidence against initial localization to ER for all Rabs was not provided. Moreover,
the ER and Golgi appear to be the default site of mistargeted Rab proteins arising
from the loss of targeting elements on Rab proteins per se or the depletion of GEFs
(Ali et al. 2004; Cabrera and Ungermann 2013; Li et al. 2014). However, if some
are still in the GTP form, there would still be a problem for GDI to extract them
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again to allow delivery to the correct target membrane, unless there is a generic
RabGAP at the ER and Golgi that acts on them, for which there is no evidence.

After prenylation of Rab proteins in the complex between REP, Rab, and
RabGGTase, a further incoming lipid substrate molecule (GGPP) is able to disso-
ciate the RabGGTase and leave the Rab protein as a soluble complex with REP
(Thoma et al. 2001b) (Fig. 1.1). This high-affinity complex [K4 in the nM range (Wu
et al. 2007)] has to be disrupted to allow Rabs to be attached to membranes. A similar
situation arises with recycling of Rabs by GDI, which has similar properties to REP in
terms of binding and solubilizing prenylated Rab proteins. In both cases, there is a
stable interaction that has to be overcome to allow insertion of the prenyl groups into
the membrane.

It has been suggested that the attachment of Rabs to membranes is catalyzed by a
GDF (GDI displacement factor) that is able to disrupt the stable GDI:Rab com-
plexes (Dirac-Svejstrup et al. 1997). A molecule that appears to have the desired
properties is Pra-1 (Yip3 in yeast), an intrinsic membrane protein reportedly
localized in the late Golgi and early endosomes with activity towards Rab9 and
other endosome-associated Rabs (Rab5, Rab7) (Sivars et al. 2003). Although there
is no convincing evidence for their mode of action, other members of the Yip family
are Rab interacting proteins thought to be candidate GDFs. However, recent
evidence has been presented indicating that the activities of these proteins are not
required for correct localization of yeast Rabs (Cabrera and Ungermann 2013).

The lack of definitive evidence on the existence and properties of GDFs for Rabs
was a reason for the enthusiastic reception of publications suggesting that one of the
over 250 proteins injected by Legionella pneumophila into infected cells is a bona
fide GDF as well as being a GEF towards host cell Rabl (Ingmundson et al. 2007;
Machner and Isberg 2007). While the GEF properties of DrrA/SidM have been
amply confirmed and extensively characterized, it was also shown that the apparent
GDF activity of this protein was actually a product of its GEF activity (Schoebel
et al. 2009), and in fact all Rab GEFs will have this apparent activity towards their
cognate Rabs. The source of this effect is the preference of GDI for Rab:GDP rather
than for Rab:GTP. It was shown that replacement of GDP by GTP in prenylated
Rabs leads to a loss of affinity of about three orders of magnitude towards both GDI
and REP (Wu et al. 2010). Because of this, Rab:GDP that dissociates from its
complex with GDI or REP spontaneously will undergo nucleotide exchange in the
presence of a cognate GEF, thus preventing rebinding to GDI and possibly allowing
membrane insertion. These considerations lead to the notion that the presence of a
GEF at a specific membrane location might lead to trapping of its activated cognate
Rab at the same location (Schoebel et al. 2009; Wu et al. 2010).

Since molecules with genuine GDF activity towards Rab:GDI complexes have
so far proven elusive, with the exception of Yip3, the question of their necessity for
the process arises. Since Rab:GDI and in particular Rab:REP complexes dissociate
slowly, it appears that acceleration over the rate seen in vitro is likely to be required
in vivo. One possibility that has not yet been considered is the role of membranes in
this process, except in the very general sense that interaction with a membrane will
make a thermodynamic contribution to the process by providing a trap, whose
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Fig. 1.2 Model for Rab delivery to membranes without a GDF. Assuming that there is a certain
tendency for the lipid moieties at the C-terminus to dissociate from their binding site on Rab, this
state might be temporarily trapped by the proximity of a membrane. If a cognate GEF is present at
this membrane, membrane attachment will be made essentially irreversible because of generation
of the GTP bound state of the Rab protein, which reduces the affinity to GDI dramatically

properties are enhanced by the influence of concerted or sequential GDP/GTP
exchange on the Rab:GDI affinity.

A hint towards a possible active role of membranes is suggested by comparing
the properties of Rab:GDI or Rho:GDI complexes with those of complexes of
farnesylated Ras family proteins with PDES (Ismail et al. 2011). In this case, the
interaction appears to be almost exclusively with the prenyl group, and the structure
of farnesylated Rheb:GDP in complex with PDES complex confirms that there is
little or no interaction between PDES and the body of the GTPase. In the case of
Rab or Rho complexes with GDI, the main contribution to affinity and therefore
specificity appears to come from the specific interaction of GDI with the GTPase
domain. The idea therefore arises that whereas there is a relatively strong interac-
tion of the farnesyl group with the lipid binding site of PDES, the interaction of
geranylgeranyl groups with the lipid binding site of GDI or REP is weak, leading to
a dynamic equilibrium between a state in which both the GTPase domain and lipid
are bound to GDI, and a state in which the lipid group is transiently free (see
Fig. 1.2). If this occurs in close proximity to a membrane, insertion of the lipid
group could then lead to complete dissociation of Rab:GDP from GDI, which
would again be reversible, unless a membrane-localized GEF can facilitate GDP
replacement by GTP, thus preventing the reverse reaction (i.e., rebinding of Rab to
GDI). These arguments are summarized in Fig. 1.2.

Interestingly, a genuine GDF-type mechanism appears to operate in the case of
interaction of farnesylated proteins with PDEd (Chandra et al. 2012; Ismail
et al. 2011). This protein binds farnesyl groups in a manner that is independent of
the GTPase core domain of Ras-family members, as already discussed. It appears to
act as a chaperone for farnesylated proteins in a similar manner to Rab and Rho
GDIs, with the important exception that there is no dependence of the interaction on
the nucleotide state of the GTPases. Intriguingly, PDES interacts with other
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Ras-family GTPases, namely Arl2 and Arl3, in a GTP-dependent manner, and this
interaction leads to active displacement of bound farnesyl groups by an allosteric
competitive mechanism. This is therefore a genuine GDF-like mechanism and
avoids the thermodynamic dead end that would be encountered with a GDF
mechanism that involves a specific strong interaction with the chaperoned GTPase,
as envisaged in the original Rab-GDF concept. In the PDES case, the interaction of
the GDF (i.e., Arl2 or Arl3) is with the chaperone itself and is in fact reversible on
hydrolysis of GTP at the active site of the Arl protein, resulting in loss of affinity to
PDES. This process is therefore ultimately driven by GTP hydrolysis, although the
directly relevant factor is the GTP/GDP concentration gradient, as for the hypo-
thetical model for GEF-driven Rab localization. In both cases, the relative concen-
trations of GTPase:GTP and GTPase:GDP complexes will be regulated by the
interplay of GEF and GAP activities in their various locations.

1.4 Testing the GEF Targeting Mechanism for Rab
Proteins in Cells

If the arguments summarized above on the role of GEFs in Rab targeting are valid,
it should be possible to manipulate the location of Rab proteins by controlling the
localization of their cognate GEFs. This has been addressed by deliberate
mislocalization of GEFs to the outer mitochondrial membrane in an acute fashion
taking advantage of a mitochondrial binding domain (i.e., the Listeria
monocytogenes ActA mitochondria-targeting sequence) fused to the FRB protein
(FKB-rapamycin binding protein) (Blumer et al. 2013). Rab-GEFs fused to FKBP
(FK506 binding protein) can then be recruited from their normal location to
mitochondria on addition of a rapamycin analog, and in the three cases tested
(Rab5/Rabex5, Rabl/DrrA, and Rab8/Rabin8), this is followed by relocation of
the corresponding Rab proteins from their normal location to mitochondria. A
similar approach in which the Rab32/Rab38 GEF BLOC-3 was mislocalized to
mitochondria also resulted in the mislocalization of Rab32 (Gerondopoulos
et al. 2012). This is strong evidence that GEFs can regulate the localization of
their cognate Rabs. Obviously, this targeting mechanism can only function if Rab
GEFs are localized to specific membranes. While known Rab GEFs are not integral
membrane proteins, they appear to be recruited by a number of mechanisms to
distinct membrane locations in practically all cases that have been sufficiently well
investigated (Table 1.1) (Barr 2013; Blumer et al. 2013) excluding the atypical GEF
Mss4 (Itzen et al. 2006; Wixler et al. 2011) (Dss4 in yeast) that is probably not a
bona fide GEF but a type of chaperone for a number of nucleotide-free Rabs.



10 R.S. Goody et al.

Table 1.1 Overview of Rab-GEFs, their sites of localization and their localization mechanism

GEF Rab Localization Localizer(s)
TRAPP (Cai et al. 2007; Wang Rabl ER-Golgi Sec23 (Copll)
et al. 2000)
Ricl/Rgpl (Pusapati et al. 2012) Rab6 Golgi, cytosol Rab33b:GTP
Sec2 (Ortiz et al. 2002; Walch- Sec4 Secretory vesicles  Ypt32:GTP, Secl5
Solimena et al. 1997) (exocyst)
Rabin8 (Chiba et al. 2013; Hattula Rab8 Cilia, cortical actin Rabl11:GTP, Secl5
et al. 2002; Knodler et al. 2010) (exocyst),
Phosphatidylserine
Rabex5 (Horiuchi et al. 1997) Rab5 Early endosomes  Rabaptin5,
ubiquitinylation
DrrA/SidM (Brombacher et al. 2009; Rabl Legionella PI(4)P
Machner and Isberg 2007; Murata containing vac-
et al. 2006) uole/plasma
membrane

Monl1/Cczl1 (Lachmann et al. 2012; Ypt7/Rab7 Late endosomes Vps21(Rab5):GTP
Nordmann et al. 2010)

DENNDI1A (Allaire et al. 2010; Rab35 Clathrin coated AP2
Yoshimura et al. 2010) pits, (plasma
membrane)
DENNDS5A/5B (Miserey-Lenkei Rab39 Golgi Rab6:GTP

et al. 2007; Recacha et al. 2009;
Yoshimura et al. 2010)

DENND?2 (Yoshimura et al. 2010) Rab9 Actin filaments
lysosomal
trafficking

MADD/Rab3Gep (Figueiredo Rab27 Melanosomes

et al. 2008; Yoshimura et al. 2010)
Bloc-3 (Gerondopoulos et al. 2012) Rab32/38  Melanosomes

Crag (Xiong et al. 2012) Rabll Rhabdomeres

FAMI116 (Linford et al. 2012) Rabl14 Recycling
endosomes,
cytosol

MTMRS5/13 (Yoshimura et al. 2010)  Rab28
DENNDIC (Yoshimura et al. 2010)  Rab13
DENND?3 (Yoshimura et al. 2010) Rab12
DENNDIB (Yoshimura et al. 2010)  Rab35

In the case of recently discovered GEFs, this information is incomplete or absent

1.5 Do Additional Factors Contribute to Rab Targeting?

Although the evidence described is strong support for a decisive role of GEFs in
Rab targeting, over the years other factors have been suggested to play an important
part. The original hypothesis that the hypervariable C-terminal region alone acted
as the sole determining factor (Chavrier et al. 1991) has been challenged and at least
partially disproved, suggesting that multiple regions in Rabs contribute to mem-
brane targeting (Ali et al. 2004). However, further testing of the role of the
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C-terminus appeared appropriate, and recent experiments have addressed this
question again (Li et al. 2014). Semisynthetic Rabs were prepared that contained
C-termini in which much of the C-terminus was replaced by polyethylene glycol,
except for a three amino acid motif known from earlier work to be essential for
interaction with GDI and REP (CIM, or C-terminal interaction motif) (Rak
et al. 2003, 2004; Wu et al. 2009). In some constructs, the unstructured region
N-terminal to the CIM was replaced by a flexible Gly-Gly-Ser (GGS) repeat
structure. In all constructs in which the appropriate lengths between the GTPase
core domain and the CIM, as well as between the CIM and C-terminal cysteines,
were maintained, the constructs could be geranylgeranylated both in vitro and
in vivo (as judged by the evidence that membrane localization occurs). In the
case of Rabl and Rab3, such microinjected proteins localized in the same manner
as wild-type constructs fused to fluorescent proteins, suggesting that here the exact
structure of the C-terminus is not important. However, the targeting of C-terminally
modified Rab7 and Rab35 is compromised in certain constructs, suggesting a role of
parts of the C-terminus in correct localization. For Rab35, this is probably due to a
requirement for a polybasic region near the C-terminus to interact with the highly
negatively charged plasma membrane (Fig. 1.3). In Rab7, the sequence N-terminal
to the CIM appears to be partially important, probably because of its known
involvement in interaction with the effector RILP (Wu et al. 2005). This is
reminiscent of evidence that effector binding is essential for the correct localization
of Rab9 (Aivazian et al. 20006).

The notion that effector interactions are needed for localization of Rabs is not
immediately attractive based on the accepted paradigm of Rab action, which is that
recruitment to specific membranes in the active GTP-bound form is required to
allow interaction with a cognate effector molecule, for example, to connect to
transport systems or to engage tethering factors. If the interaction with one effector
is required for localization, this interaction is presumably necessary for the contin-
ued residence of the Rab protein at its correct membrane localization. Effector
interactions are typically not of very high affinity, and are rapidly reversible, so that
it could be imagined that the initial localizing interaction might be replaced
competitively by interaction with a different effector (that is not membrane local-
ized, or at least not to the same membrane), but this would lead to destabilization of
Rab in the membrane, which is probably not a desired consequence. Perhaps the
essential equilibrium concepts behind this argument are too naive. Thus, if the rate
of spontaneous release of a Rab protein from the membrane is slow on the timescale
of the events triggered by the second effector interaction, it is possible that the Rab
molecule could fulfill its function before spontaneous or GAP/GDI-induced loss
from the membrane, for example, after a fusion event.

A different situation can be envisaged with effectors that form heterotetrameric
complexes with their cognate Rabs. Thus, it is possible that the dimeric structure of
the Rab7 effector RILP is of importance in stabilizing the membrane-bound form of
Rab7 (see Fig. 1.4). A complex with the stoichiometry of 2:2 (effector:Rab) will be
stabilized in the membrane compared to Rab alone or to the situation in which there
is only a 1:1 complex (unless there is an additional interaction of the effector with
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Fig. 1.3 Substitution of the Rab HVD with different C-terminal structures. The CIM is
highlighted in yellow, the RILP interaction sequence of Rab7 in orange, while the basic residues
in Rab35 are in blue and the prenylatable cysteines are in red

the membrane or another membrane component). This is because in the heterote-
trameric complex there are four rather than two prenyl groups that interact with the
membrane. It is conceivable that this is the reason for the importance of the Rab7
effector interaction for membrane stabilization, as described above. This is perhaps
of more general significance, since several other Rab-effector interactions involve
this dimeric type of interaction, including Rab5:Rabaptin5 (Zhu et al. 2004), Rab6:
GCC185 (Burguete et al. 2008), Rab11:FIP2 (Jagoe et al. 2006), and Rab11:FIP3
(Eathiraj et al. 2006; Shiba et al. 2006). In the absence of additional interactions of
the effector with the membrane or other membrane-bound components, this cannot
be a targeting mechanism, but could be a mechanism to stabilize a Rab protein at a
specific membrane after the initial targeting step, in which GDP/GTP exchange by a
specifically localized GEF probably plays the most important role. Thus, a dimeric
or better divalent effector would be able both to stabilize the membrane-bound form
of the Rab protein and to interact with a further partner, for example, the dynein—
dynactin complex in the case of Rab7 (Tan et al. 2011). It will be of interest to
determine whether Rab effectors that also interact with the C-terminal region, but in
a monovalent manner, also contribute to Rab targeting. Known examples are Rab3:
Rabphilin (Ostermeier and Brunger 1999) and Rab27:melanophilin (Kukimoto-
Niino et al. 2008).

In the case of targeting of Rab27a to melanosomes, it has been shown that
impaired effector binding does not affect membrane localization, whereas the
nonredundant GEF activity of Rab3GEP/MADD is essential (Tarafder
et al. 2011). However, mutants of Rab27a were found that were substrates for the
GEF activity of Rab3GEP in vitro but were not correctly localized, suggesting that
an additional factor or activity (i.e., not just GEF activity) is required for targeting.
However, it is not clear what the effect of these mutations on Rab27 cycling is. In a
similar vein, it was recently shown that the Ypt7 GEF Mon1:Ccz1 is required for
correct localization of wild-type Ypt7, but not for a Ypt7 mutant that showed
facilitated (i.e., GEF-independent) nucleotide exchange (Cabrera and Ungermann
2013). This again suggests that an additional factor or factors are required for
targeting and even suggests that the exact site of the exchange reaction is not
important.
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Fig. 1.4 Overview of important factors and principles in Rab targeting. GEF-mediated nucleotide
exchange appears to be the major factor for Initial insertion of Rab proteins into membranes.
Further interactions are probably of importance in determining the steady-state distribution
between membrane and GDI. Note that univalent interaction with an effector will not increase
stability unless there is an additional membrane-anchoring interaction of the effector (direct or
indirect). A bivalent effector interaction of the type depicted could lead to stabilization of the
Rab-membrane interaction, but the targeting step would still be dependent on GEFs.
[Figure modified from Li et al. (2014)]

1.6 Conclusion

The work described briefly here leads to the conclusion that GEFs are major
determinants in Rab targeting, but numerous observations suggest that a model in
which GEFs are the sole determining factor is not correct. In some situations, there
is evidence that effector interactions are important, while other observations
demand another, additional targeting factor or principle. As a working model, we
suggest that GTP/GDP exchange at a specific location plays a crucial role in
targeting, but that additional stabilization of the membrane-bound state occurs in
at least some cases, possibly including formation of a heterotetrameric complex
containing two effector and two Rab molecules. In general, it is appears to be the
interplay of GEFs, GAPs, effectors, and possibly still unrecognized principles that
determines localization in a highly dynamic and complex process.
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