Chapter 5
Rab GEFs and GAPs: The Enigma
Variations

Francis A. Barr

Abstract Rab GTPases are key regulators of membrane traffic activated on the
surface of organelle and vesicle membranes during vesicle trafficking events, cell
polarisation and autophagy. Rabs undergo a cycle of activation involving GTP
binding and inactivation involving GTP hydrolysis in response to cellular regula-
tors. Each Rab has a cognate GDP-GTP exchange factor (GEF) promoting release
of GDP and subsequent binding of GTP, and a GTPase activating protein (GAP)
stimulating the slow intrinsic GTP hydrolysis. Together these GEF and GAP
regulators determine when and where a specific Rab is activated, and how long
its activity will persist. Rab GEFs fall into a number of discrete families, the largest
of which are the Vps9 domain, DENN and DENN domain-related proteins. Other
Rab GEEF families, including TRAPP, Ric1-Rgpl, Mon1-Ccz1 and Hps1-Hps4, are
comprised of two or more polypeptide chains. By contrast, almost all known Rab
GAPs possess a TBC1 domain. Here I will discuss the mechanisms by which these
GEFs and GAPs regulate Rab GTPases, highlighting common themes and points of
difference, and briefly outlining the cellular processes they regulate.

Keywords Vesicle traffic « Rab GTPase « GEF « GAP » TBC1 domain * Longin
domain

5.1 Rab Function and the Need for Regulation

Rab GTPases form a large and highly conserved subfamily of the Ras-related GTPase
in eukaryotic cells. Rabs are key regulators of membrane traffic activated at the
surface of organelle and vesicle membranes during vesicle trafficking events, cell
polarisation and autophagy (Zerial and McBride 2001; Pfeffer and Aivazian 2004).
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Careful analysis of Rab evolution indicates that the last common eukaryotic ancestor
possessed 12 Rabs that we know to be involved in ER-Golgi trafficking, endocytosis,
endocytic recycling, lysosome-related organelle formation, lipid storage and cilium
function (Elias et al. 2012; Klopper et al. 2012). The size of the Rab family differs
between species, but generally increases in metazoan lineages and is reduced in some
single cell eukaryotes such as yeasts. Human cells express a subset of 66 Rabs, while
budding yeast express 11 Rab/Ypts. The increased number of Rabs in higher eukary-
otes is thought to reflect the greater number of cellular compartments, and increased
complexity of cell polarisation in metazoans compared to single cell eukaryotes. Like
other Ras superfamily proteins, Rabs switch between two states: an inactive
GDP-bound state and an active GTP-bound state (Wittinghofer and Vetter 2011).
This cycle of activation and inactivation is under the control of cellular regulators
promoting GDP-GTP exchange during Rab activation and GTP hydrolysis during
Rab inactivation (Barr and Lambright 2010; Barr 2013). Accordingly, each Rab has a
cognate GDP-GTP exchange factor (GEF) promoting release of GDP and subsequent
binding of GTP, and a GTPase activating protein (GAP) stimulating the slow intrinsic
GTP hydrolysis. This cycle of activation and inactivation is linked to a cycle of
membrane binding and release. Rabs are prenylated at the C-terminus and this
modification is required for targeting to membrane surfaces (Khosravi-Far
et al. 1991; Peter et al. 1992). When in the GDP-bound inactive form Rabs rapidly
partition between a cytoplasmic pool bound to a protein termed GDI (guanine
nucleotide dissociation inhibitor) and a membrane-associated pool that is accessible
to GEFs (Soldati et al. 1993; Wu et al. 2010). GDI interacts with the GDP-bound
form of the Rab nucleotide-binding domain, and also shields the hydrophobic
prenylated tail of the Rab from the aqueous environment of the cytoplasm (Rak
et al. 2003). Rabs accumulate at the membrane surface where their cognate GEF is
located following GDP-GTP exchange, because GTP-bound Rabs have greatly
reduced affinity for GDI and therefore do not partition into the cytoplasm (Soldati
et al. 1993; Rak et al. 2003; Blumer et al. 2013). In this chapter I will focus on the
mechanisms by which GEF and GAP regulatory factors act on their target Rabs.

5.2 Rab GEF Families and Mechanism

Rab GEFs initiate a kinetic proofreading system for vesicle and target organelle
membrane surfaces by promoting accumulation of active Rabs only at the required
sites (Barr 2013). Rab GEFs and their target Rabs are therefore key determinants of
membrane trafficking. As for many other components of the membrane trafficking
machinery the first candidate Rab GEFs were initially identified by means of
genetic screens in budding yeast. Later biochemical characterisation then matched
the GEFs to their targets Rab GTPases, and cell biological studies have confirmed
these functional relationships (Mizuno-Yamasaki et al. 2012; Hutagalung and
Novick 2011). As a result the identity of GEFs for the major Rabs controlling
secretory and endocytic trafficking is known (Barr and Lambright 2010).
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High-resolution X-ray crystallography has resulted in the elucidation of struc-
tures for five different Rab-GEF pairs. The cellular regulatory pairs Rab1-TRAPP,
Sec4-Sec2 (equivalent to Rab8-Rabin8), Rab21-Rabex, Rab35-DENND1B and the
Rab1-DrrA pair created upon infection by the intracellular pathogen Legionella
(Delprato and Lambright 2007; Delprato et al. 2004; Cai et al. 2008; Dong
et al. 2007; Sato et al. 2007b; Schoebel et al. 2009; Suh et al. 2010; Wu
et al. 2011). These structures define different classes of Rab GEF in complex
with a magnesium and nucleotide free target Rab, and therefore represent likely
intermediates in the nucleotide exchange reaction. Details of how specificity in Rab
interactions may be achieved have been discussed elsewhere (Lee et al. 2009), and
here I will focus on the mechanism by which these different groups of GEF promote
GDP-GTP exchange and contrast this with the canonical mechanism used by Ras.

Before explaining the mechanism of nucleotide exchange it is first important to
explain some details of the mode of GDP/GTP binding in Rab GTPases. Here, Rab1
in complex with the non-hydrolysable GTP analogue GMP-PNP (Fig. 5.1) is taken
as representative of Rabs in general, and the role of three regions termed switch I,
switch II and the phosphate interaction site or P-loop will be explained. In Rabl a
magnesium ion makes direct contact with serine 22 in the GKS motif of the P-loop
and threonine 40 in the conserved TIGVD RabF1 motif at the end of the switch I
region. The beta- and gamma-phosphates of the bound GTP contact the metal ion.
All these interactions fall in one plane around the magnesium ion. In addition the
conserved lysine in the P-loop GKS motif interacts with the gamma-phosphate of
GTP. Finally, there are two water molecules positioned above and below the metal
ion. One of these water molecules interacts with the alpha-phosphate of the bound
nucleotide. Aspartate 63 in the switch II region may influence the environment of
and possibly contact these water molecules as well as the P-loop serine 22. The
same water molecule is also predicted to interact with the main chain carbonyl
oxygen of threonine 65 in the switch II region. Many studies of Ras superfamily
GTPases use a serine to asparagine mutation in the P-loop, S22N in Rabl1, since this
prevents magnesium binding, and hence stable GDP or GTP binding. As well as
these contacts to the beta- and gamma-phosphates of the nucleotide, a conserved
aromatic residue in the switch I region, tyrosine 33 in Rabl, makes a potential ring
stacking interaction with the guanine ring. Finally, aspartate 124 makes end on
interactions with the guanine ring and is important for nucleotide specificity, while
lysine 122 contacts the ribose sugar forming the guanosine moiety of the bound
nucleotide. Following hydrolysis of GTP to GDP and release of inorganic phos-
phate, this interaction network is altered (Stroupe and Brunger 2000; Huber and
Scheidig 2005; Dumas et al. 1999). First, the interactions of the threonine in the
TIGID Rab F1 motif with the gamma-phosphate are lost, resulting in large confor-
mational change in the switch I region. The P-loop lysine now interacts with the
beta-phosphate of the bound nucleotide. As in other GTP-binding proteins in the
GDP-bound form, water molecules replace the interactions of this conserved
threonine and the gamma-phosphate with the magnesium ion. Depending on the
Rab, one of these water molecules may be coordinated by an interaction with the
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Fig. 5.1 The Rabl nucleotide-binding site. (a) The structure of Rabl bound to Mg®* GMP-PNP
(PDB: 1YZN) is shown in the figure. The polypeptide backbone is drawn in grey ribbon form, and
only amino acid side chains involved in interaction with the nucleotide or magnesium ion are
displayed. The switch II region W62 to E68 runs from left to right at the bottom of the structure.
Switch I Y33 to T40 runs from top to bottom. The guanine ring, beta and gamma-phosphates of
GMP-PNP are highlighted. (b) An enlarged view of the magnesium and phosphate-binding region
of Rabl is shown. In this view the two water molecules sitting above and below the magnesium ion
are shown

conserved switch II glutamate. This has been observed for Rab4a, but not Sec4
GDP structures (Huber and Scheidig 2005; Stroupe and Brunger 2000).

Rab GEFs interact with Mg®* and GDP-bound Rabs promoting conformational
rearrangements in the switch I and II regions and nucleotide exchange. However,
the order of events and intermediates in the exchange reaction cannot be precisely
defined based on current data, and further studies of reaction intermediates for
multiple Rab-GEF pairs are needed. GDP release occurs because switch I and II
rearrangements displace the conserved aromatic residue making contacts with the
guanine ring and disrupt the Mg?* and phosphate-binding site. Previously it has
been suggested that rearrangement of switch IT and disruption of the Mg?* binding
site occurs only after or in concert with GDP release, whereas switch I displacement
occurs during formation of the initial GEF-Rab-GDP intermediate. More recent
evidence is consistent with the view that disruption of the Mg”* binding site and
rearrangement of switch II may be a primary event in nucleotide release
(Langemeyer et al. 2014; Uejima et al. 2010). For Ras, Ran, Rho and Arf GTPases
a highly conserved acidic residue typically glutamate intrinsic to the switch II
region contacts the P-loop lysine (Gasper et al. 2008; Wittinghofer and Vetter
2011). This is thought to stabilise the GEF-bound nucleotide-free form of the
GTPase (Boriack-Sjodin et al. 1998). However, this glutamate does not play the
same role in Rab GEFs suggesting there are crucial mechanistic differences in the
activation mechanism (Langemeyer et al. 2014; Gasper et al. 2008). The details are
described in more detail for each of the Rab-GEF pairs in the subsequent sections.
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5.2.1 Vps9 Family GEFs for the Rab5/21 Subfamily

Rab5 subfamily GTPases, including Rab5A-C, Rabl7, Rab21 and Rab22A/B,
regulate trafficking in the early endocytic pathway. Vps9/Rabex the founder mem-
ber of the Rab5 GEF family was identified through biochemical characterization of
mammalian Rab5 and budding yeast screens for defects in vacuolar protein sorting
(Vps) (Burd et al. 1996; Hama et al. 1999; Horiuchi et al. 1997). A family of GEF
proteins with the Vps9 domain exists in higher eukaryotes, and humans (Carney
et al. 2006). The best characterised is the mammalian Vps9 orthologue Rabex
which is thought to be a major activator of Rab5 during trafficking into early
endosomes from the plasma membrane (Horiuchi et al. 1997). Screens in
C. elegans have shown that a second Vps9 domain GEF receptor-mediated endo-
cytosis defective 6 (RME-6) is also involved in Rab5 regulation in the clathrin-
mediated endocytic pathway, and this has been confirmed in mammalian cell lines
(Sato et al. 2005; Semerdjieva et al. 2008). Interestingly, Vps9 domain GEFs can
act on multiple although not necessarily all Rab5 subfamily members. Rabex
activates Rab5 and Rab21 with equal efficiency, k../K, 2.3 and 3.2 X 10°M s,
but shows two orders of magnitude lesser activity towards Rab22 (Delprato
et al. 2004). While there is no crystal structure for Rab5 in complex with a Vps9
domain GEF, a high-resolution X-ray crystal structure of a complex of the closely
related GTPase Rab21 together with the Vps9 domain of Rabex has been solved
(Delprato and Lambright 2007). This structure shows that a conserved aspartate
finger residue in the Vps9 domain is inserted into the Mg®* and phosphate-binding
site where it contacts the P-loop lysine. The Vps9 domain engages the Rab switch
regions stabilising an open conformation for switch I. More details of the exchange
mechanism have come from the Arabidopsis thaliana Rab5 family GTPase ARA7
structure in both nucleotide-free and nucleotide-bound forms in complex with its
Vps9 domain exchange factor (Uejima et al. 2010). These structures indicate that
GEF interaction and insertion of the aspartate finger promote movement of the
P-loop lysine away from the beta-phosphate of GDP and towards the conserved
aspartate residue at the base of switch II. This would lead to release of the
magnesium ion. It is proposed that these changes result in deprotonation of the
beta-phosphate of GDP and destabilise GDP binding due to repulsion between this
oxygen anions and the aspartate finger (Uejima et al. 2010). Once magnesium and
GDP have left the binding pocket the aspartate finger of the Vps9 GEF also contacts
the P-loop lysine and stabilises the nucleotide-free form of the Rab-GEF complex.
Other evidence supporting this picture comes from analysis of the human Rab5-
Rabex GEF system. Mutation of the conserved switch II aspartate leads to a form of
Rab5 refractory to Rabex-stimulated GDP release (Langemeyer et al. 2014). Expul-
sion of the magnesium and GDP as a consequence of GEF binding inevitably results
in a loss of defined switch I structure and movement to a more open position. Vps9
domain GEFs may therefore promote nucleotide exchange primarily though inter-
actions with the P-loop lysine and switch II rather than promoting rearrangements
in switch L.
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5.2.2 Sec2/Rabin Is the GEF for Sec4/Rab8

Groundbreaking genetic screens in budding yeast generated the first protein secre-
tion (Sec) mutants (Novick et al. 1980; Salminen and Novick 1987). Sec4, Rab8 in
humans, was one of the first Rab family GTPases linked to vesicle transport as a
result of such screens. Sec4 was shown to function in the delivery of Golgi-derived
transport vesicles to the bud tip, the terminal step of the secretory pathway in
budding yeast (Salminen and Novick 1987; Goud et al. 1988). Another of the Sec
mutants, Sec2, was then shown to encode the exchange factor for Sec4 (Walch-
Solimena et al. 1997). Sec4 cannot be activated and recruited to secretory vesicles
in the absence of Sec2 function. Structural studies show that Sec2 forms an
asymmetric coiled coil that interacts with and distorts the Sec4 switch regions
(Dong et al. 2007; Sato et al. 2007a). A hydrophobic segment or platform formed
by Sec2 leucine 104/108 and phenylalanine 109 interacts with hydrophobic resi-
dues in the Sec4 switch I region, and two aromatic residues phenylalanine 57 and
tryptophan 74 (Dong et al. 2007; Sato et al. 2007a). Phenylalanine 57 lies imme-
diately after the TIGID RabF1 motif, while tryptophan 74 falls at the start of the
WDTAGQE switch II sequence. GDP release may be primarily due to the altered
Sec4 switch I structure (Dong et al. 2007; Sato et al. 2007b). It is notable that in this
structure Sec4 adopts a radically different P-loop conformation where lysine
33 interacts with a serine at position 161 (Dong et al. 2007). However in one of
the Sec2-Sec4 structures the electron density for the P-loop is poorly defined, and
there is insufficient density to be entirely certain of the P-loop lysine side chain
position (Dong et al. 2007). In a second structure a phosphate occupies the P-loop
site, which may not be present during the normal exchange process (Sato
et al. 2007a). Because of these caveats it is difficult to draw any firm conclusions
about the precise mechanism employed by Sec2/Rabin family GEFs. In summary,
while both these known structures support the view that GDP release is promoted
by switch I and II rearrangement more work is needed to define the intermediates
leading to GDP release.

5.2.3 Multisubunit TRAPP Complexes form GEF's for Rabl

TRAPP I is a multisubunit GEF for Rab1/Yptl GTPases that function primarily in
the COP II pathway of ER to Golgi trafficking (Plutner et al. 1991; Allan et al. 2000;
Segev et al. 1988; Wang et al. 2000; Sacher et al. 2001; Kim et al. 2006; Cai
et al. 2008). Rabl has also been implicated in autophagy together with TRAPP III, a
form of TRAPP I containing an additional targeting subunit Trs85 (Kakuta
et al. 2012; Lynch-Day et al. 2010; Montpetit and Conibear 2009; Tan
et al. 2013; Taussig et al. 2013). The catalytic core of the TRAPP I complex is
comprised of five subunits: Trs31, Bet5, Trs23 and two copies of Bet3 (Cai
et al. 2008). Trs23, Bet5 and one copy of Bet3 make contact with the Rabl switch
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regions and amino-terminus (Kim et al. 2006; Cai et al. 2008). Bet3 and Bet5 are
both longin domain proteins and form a dimeric platform for Rab binding (Kinch
and Grishin 2006; Levine et al. 2013) (Fig. 5.2). Similarly to Sec2, TRAPP makes
contacts with residues in its target Rab in and adjacent to the TIGID RabF1 motif,
and the conserved tryptophan at the start of the WDTAGQE switch II sequence (Cai
et al. 2008). In addition, the extreme C-terminus of Bet3 has a highly conserved
di-acidic motif, DE or EE that inserts into the phosphate-binding site. The last
residue of Bet3 E192 interacts with the Rabl P-loop lysine 21 and therefore
perturbs the interactions needed for magnesium ion and phosphate binding. In the
GEF-bound conformation the switch II region of Rabl is restructured and the
conserved glutamine residue at position 67 rotates and also makes contact with
the P-loop lysine 21. Mutational analysis confirms that both the Bet3 acidic finger
residue E192 and Rab1l Q67 in switch II are required for TRAPP-stimulated GDP
release from Rabl (Cai et al. 2008; Langemeyer et al. 2014). The nucleotide-free
Rabl switch I region is only partially structured in the TRAPP complex, and the
density between residues 31 and 37 is lost (Cai et al. 2008). It is important to note
that switch I is not physically displaced from its normal position by TRAPP. Rather
Bet3 perturbs the interactions needed for magnesium ion and phosphate binding.
This suggests that loss of stabilisation of switch I position occurs after magnesium
ion and GDP release. Additional support for this view comes from the behaviour of
the Rabl Q67A mutant. This shows normal GDP and GTP-binding properties, but
cannot release GDP in response to TRAPP (Langemeyer et al. 2014). If switch I
displacement occurred prior to switch II rearrangement, then GDP release should
have already occurred before the switch II glutamine 67 made contact with the
P-loop lysine 21.

5.2.4 DrrA: A Pathogen-Encoded Rabl GEF

DrrA/SidM is a Legionella protein with Rabl GDP-GTP exchange activity
required for Rabl recruitment to the pathogen-containing intracellular vacuole
(Machner and Isberg 2006; Murata et al. 2006; Ingmundson et al. 2007; Machner
and Isberg 2007). Like the cellular GEFs discussed here, DrrA interacts with the
switch regions and P-loop of its target Rab, and therefore promotes nucleotide
exchange (Schoebel et al. 2009; Suh et al. 2009). Interestingly, there are obvious
differences in the conformation of Rabl in Rab1-DrrA complexes when compared
to Rab1-TRAPP complexes. In the Rabl-DrrA complex the Rabl P-loop lysine
21 contacts the Rab switch II aspartate 63 and glutamine 67. This is different to the
Rab1-TRAPP complex where no contacts between the Rab1 switch II region and
the P-loop lysine 21 are observed. It also diverges from the geometry seen in the
Ras-SOS GEF complex where the Ras P-loop lysine interacts with a conserved
glutamate intrinsic to the Ras active site switch II region (Wittinghofer and Vetter
2011). Mutation of this glutamate in Ras therefore reduces GEF-stimulated GDP
release (Gasper et al. 2008) In Rabl, an equivalent switch II glutamine mutation
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Fig. 5.2 The TRAPP longin core domains and Bet3 aspartate finger subunit. The polypeptide
backbones of the Bet5 (green) and Trs23 (magenta) longin domain core subunits of TRAPP are
shown in ribbon form. The longin domain is formed by two alpha-helices that form a hairpin
overlaid by 5 beta-sheets. The final long alpha-helix lies over this platform and forms the
interaction with the adjacent longin subunit which is related by a 180° rotation. The target Rab,
Yptl, sits on top of this platform slightly offset towards Trs23. The Bet3 subunit (cyan) contributes
an extended C-terminal region carrying the aspartate finger residue needed for GEF activity

does not result in a reduction in either TRAPP- or DrrA-mediated GDP-release
(Langemeyer et al. 2014). The defining feature of the Rab1-DrrA complex therefore
appears to be a ternary interaction involving the Rab P-loop lysine 21 and switch II
aspartate 63 and glutamine 67. Mutational analysis indicates that glutamine
67 although not required for nucleotide binding is important for DrrA-stimulated
GDP release. This mutation has no effect on TRAPP-stimulated GDP release
consistent with the structural data suggesting that the P-loop lysine interacts with
the aspartate finger residue in the Bet3 C-terminus (Cai et al. 2008). DrrA and
TRAPP therefore promote different conformations in Rabl, both of which lead to
GDP release. This indicates there is considerable plasticity in the Rab nucleotide-
binding domain, and that Rab GEFs can promote exchange by mechanistically
separable pathways (Langemeyer et al. 2014).

5.2.5 DENN and DENN-Related Proteins Act
on Diverse Rabs

DENN (differentially expressed normal versus neoplastic) domain proteins form
the largest group of Rab GEFs (Levivier et al. 2001; Marat et al. 2011; Sato
et al. 2008; Allaire et al. 2010; Yoshimura et al. 2010). In humans this family
comprises seven subgroups DENNDI1-5, myotubularin-related proteins 5 and
13 (MTMRS5/13) and MAP-kinase activating death domain protein (MADD), and
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a divergent group of DENN-related proteins with four subgroups FAM116A/B,
KIAA1147, AVL9 and FAM45A (Sato et al. 2008; Allaire et al. 2010; Yoshimura
etal. 2010; Linford et al. 2012). DENN domain proteins were initially implicated as
Rab GEFs when the protein MADD was purified as a Rab3 GEF from brain and
subsequently the C. elegans orthologue AEX-3 found to act as a regulator of Rab3
in vivo (Wada et al. 1997; Brown and Howe 1998; Iwasaki et al. 1997; Figueiredo
et al. 2008). Wider appreciation that DENN domain proteins were Rab GEFs came
once it was shown that the C. elegans receptor-mediated endocytosis defective
mutant rme-4 encoded a DENN domain protein homologous to mammalian
DENNDIA and regulated the Rab35 family GTPase RME-5 (Sato et al. 2008).
Both RME-4 and DENNDI1A have specific Rab35 GEF activity (Sato et al. 2008;
Allaire et al. 2010; Yoshimura et al. 2010). A family wide study of the human
DENN domain proteins then defined the substrate specificity of this entire family of
Rab GEFs. This defines the following Rab-GEF pairs: Rab35-DENNDI1A/B,
Rab13-DENNDI1C, Rab2-DENND2A-D, Rab12-DENND3, Rab10-DENND4A/B,
Rab39-DENNDS5A/B, Rab28-MTMR5/13 and Rab3/27A/B-MADD, respectively
(Yoshimura et al. 2010). The best evidence confirming these biochemical assign-
ments has been obtained for Rab3-MADD, Rab35-DENND1 and Rab10-DENND4.
As already mentioned Rab35 and DENNDI are required for endocytic uptake in
C. elegans and other work in human cells suggests they act at an early stage in the
endocytic trafficking pathway and are needed for transport from the cell surface to
the Golgi (Sato et al. 2008; Allaire et al. 2006, 2010; Yoshimura et al. 2010).
Studies in Drosophila melanogaster provide compelling evidence that Rab10 and
the DENND4 orthologue CRAG are required for polarised traffic of collagen and
other cargo to the basolateral surface in epithelial cells (Denef et al. 2008; Lerner
et al. 2013). These defects are reminiscent of those seen when Rab10 is inactivated
in human cells (Denef et al. 2008; Schuck et al. 2007). Less is known about the
function of the DENN-related GEFs and a defined Rab target and function has been
found for only one subfamily member. FAM116A/B have been shown to be specific
GEFs for Rabl14, and to act in endocytic recycling by activation of Rab14. This
pathway is important for the recycling of cell surface ADAM proteases and the
control of cadherin family cell-cell adherens junctions in migrating cells (Linford
et al. 2012).

A high-resolution X-ray crystal structure has been obtained for only one DENN
domain protein, human DENND1B with Rab35 (Wu et al. 2011). This structure was
a major advance, since it provided crucial new information about general themes in
Rab GEF architecture and mechanism. Despite sharing no sequence similarity this
structure revealed that the DENNDI1 has a longin fold similar to the Bet3 and Bet5
subunits of TRAPP, and a unique C-terminal domain (Levine et al. 2013; Cai
et al. 2008; Wu et al. 2011). Both these domains make contacts with the Rab35
TIGID RabF1 motif, and the conserved tryptophan and polypeptide backbone of the
WDTAGQE switch II sequence. The specificity of DENNDI1 for the GDP form of
Rab35 may be explained by the availability of the TIGID RabF1 motif, since the
threonine residue in this motif makes interactions with the magnesium ion in the
GTP form of Rabs. Unlike TRAPP and Vps9 there are no insertions from the GEF
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into the Rab nucleotide-binding pocket. Instead GEF binding promotes a confor-
mation related to that seen in Rabl-DrrA complexes where the P-loop lysine
21 interacts with the switch II aspartate 63 and glutamine 67 (Schoebel
et al. 2009; Suh et al. 2009). DENNDI fails to promote efficient nucleotide release
from Rab35 glutamine 67 to alanine mutants (Langemeyer et al. 2014).

These observations suggest that switch II rearrangement is a primary cause of
GDP release. Further support for this view comes from the analysis of mutations in
the conserved aromatic residue phenylalanine 33 in switch I. Mutation of this
residue to alanine gives rise to a form of Rab35 that shows rapid nucleotide release
properties even in the absence of its DENNDI1 GEF (Langemeyer et al. 2014). If
switch I rearrangement occurred as a primary consequence of GEF binding, then
GDP release would still occur with Rab35 switch II glutamine mutant. Since GDP
release is greatly reduced in the Rab35 glutamine 67 mutant, switch II
rearrangement is likely to occur before that of switch I. The most parsimonious
conclusion is that GEF binding promotes switch II rearrangement and release of
magnesium and GDP, which then results in a loss of defined switch I structure and
movement to a more open position.

5.2.6 HerMon GEFs for Rab7 Family GTPases

The different members of the Rab7/32/38 subfamily of GTPases are required for
traffic to lysosomes and different classes of lysosome-related organelle such as the
melanosomes and platelet granules. However, for a long time it was unclear how
these Rabs are activated. Genetic screens for endocytic traffic defects revealed that
yeast Monl and its C. elegans orthologue SAND-1 are important for Ypt7 and
RAB-7 function (Poteryaev et al. 2010; Wang et al. 2003). Subsequently it was
shown that the budding yeast Mon1-Ccz1 complex has Rab7 GEF activity consis-
tent with its function in traffic to the vacuole and Ypt7-dependent vacuole tethering
(Hoffman-Sommer et al. 2005; Wang et al. 2003; Nordmann et al. 2010). This was
confirmed for the human Mon1-Ccz1 complex, which has specific activity towards
Rab7 and does not act on the other closely related Rabs 32 and 38 (Gerondopoulos
et al. 2012). Both Mon1 and Ccz!1 subunits are required for this GEF activity, and
neither subunit alone can activate Rab7. The Rab7-related Rabs Rab32 and Rab38
function in trafficking to lysosome-related organelles including the melanosome
(Wasmeier et al. 2006). The Rab32/38 GEF is biogenesis of lysosome-related
organelles complex-3 (BLOC-3), a complex of two proteins Hpsl and Hps4
distantly related to the Rab7 GEF Mon1-Ccz1 (Gerondopoulos et al. 2012). Both
Hps1 and Hps4 are mutated in the human pigmentation and blood clotting disorder
Hermansky Pudlak Syndrome, while Rab38 is altered in the ruby rat pigmentation
mutant (Chiang et al. 2003; Martina et al. 2003; Nazarian et al. 2003; Oiso
et al. 2004). Like Mon1-Cczl, BLOC-3 has specific Rab GEF activity requiring
the presence of both subunits (Gerondopoulos et al. 2012). Sequence analysis of the
related Hps1 and Monl subunits of the HerMon GEFs suggest that these proteins
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may have an N-terminal longin fold (Gerondopoulos et al. 2012). Despite this
potential longin region there is no sequence similarity with TRAPP or DENNDI,
the GEFs known to contain longin domains from X-ray structure determination.
Initial structural analysis has been performed on the BLOC-3 complex, which
forms a 1:1 heterodimer, but it has not proven possible to obtain a structure possibly
due to the presence of a long unstructured loop in the central region of Hps4 (Kloer
et al. 2010). Mon1-Ccz1 and Hps1-Hps4 therefore form the founding members of
the Hermansky Pudlak Syndrome and Mon1-Ccz1 (HerMon) GEF family acting on
Rab7 and related GTPases.

5.2.7 Ricl-Rgpl Is a Binary GEF Complex for Rab6

Rab6 family GTPases function in retrograde trafficking at or to the Golgi apparatus
(White et al. 1999; Girod et al. 1999; Martinez et al. 1994). The best understood
family member in terms of its regulation is budding yeast Ypt6, which functions in
recycling of the exocytic SNARE Sncl from endosomes back to the late Golgi
where it is packaged into secretory vesicles targeted to the bud tip (Siniossoglou
et al. 2000). Genetic screens in budding yeast identified a complex formed from
Ricl and Rgp1 that has Ypt6 GEF activity in vitro (Siniossoglou et al. 2000). Both
Ypt6 and Ricl are needed more generally for recycling of membrane proteins to the
late Golgi in yeast (Bensen et al. 2001). In vivo both Ricl and Rgp1 are required for
correct localisation of Ypt6, consistent with the idea they act as its GEF. In human
cells, the Ric1-Rgpl complex acts as the GEF for Rab6 at the Golgi, and interest-
ingly it is targeted via interactions with another Golgi Rab GTPase Rab33B
(Pusapati et al. 2012). This is reminiscent of the BLOC-3 that interacts with, and
may be targeted by, Rab9 (Kloer et al. 2010). It is tempting to speculate that the
properties and dimeric form of Ricl-Rgp1 might indicate some relationship to the
HerMon GEFs. However, Ric1-Rgp1 displays no homology to other Rab GEFs and
lacks any conserved domains. It may therefore represent a unique class of Rab GEF
for which structural data would be valuable.

5.2.8 Structural Themes in Rab Regulators

Based on the available evidence, Rab GEFs fall into one of two classes. Those that
act by inserting an acidic finger residue into the Rab magnesium and phosphate-
binding site, and those that induce restructuring of Rab switch I or II without
insertion into the nucleotide-binding site. In both cases altered coordination of the
P-loop lysine displacing the bound magnesium is likely to be central to the
mechanism of GDP release. Likewise, specificity for the Rab GDP form may in
part be due to the availability of the RabF1 TIGID motif in GDP-bound but not
GTP-bound Rabs. Despite the lack of, or only limited sequence homology,



92 F.A. Barr

structural biology and highly sensitive sequence alignment tools based on hidden
Markov modelling show that a number of Rab GEFs are united by longin/roadblock
domains (Yoshimura et al. 2010; Wu et al. 2011; Levine et al. 2013). TRAPP,
DENN family GEFs and the HerMon GEFs for Rab7-related GTPases all contain
longin domains. These domains may therefore act as general platforms for GTPase
regulation by promoting conformational change in the switch I and II regions,
which represents a common theme in Rab activation. The longin/roadblock plat-
form has also been found in other GTPase regulatory systems involving vesicle coat
protein complexes, the ER signal sequence receptor, and a bacterial cell polarity
MglA/MglB (Sun et al. 2007; Levine et al. 2013; Miertzschke et al. 2011). There-
fore these domains may represent an ancient regulatory module used to control
diverse GTPases and not only Rabs.

5.3 Rab GAPs: The TBC Domain Proteins

TBCI1 (Tre-2/Cdc16/Bub2) domain GTPase activating proteins (GAPs) were orig-
inally identified in genetic screens for modulators of yeast Rab/Ypt function (Strom
et al. 1993; Du et al. 1998; Albert et al. 1999; Vollmer et al. 1999; Albert and
Gallwitz 2000; Eitzen et al. 2000). Because of this they are referred to as GAPs for
Ypts (Gyp) in yeasts. In higher eukaryotes, they are typically referred to as TBC1
domain proteins. Analysis of the evolutionary history of Rabs and Rab GAPs has
failed to create a clear picture of their relationship (Gabernet-Castello et al. 2013).
This type of investigation has suggested that there is an ancient complement of ten
TBC domain proteins, yet matching this to the cognate Rabs has proven difficult.
This difficulty may be in part due to the presence of other domains in addition to the
Rab GAP activity encoding TBC domain. Because of this it is important to
biochemically define the target specificity of each Rab GAP using purified proteins.
Expression of Rab GAPs has been relatively widely used as a tool to inactivate Rabs
in cellular trafficking pathways (Hsu et al. 2010; Yoshimura et al. 2010; Fuchs
et al. 2007; Longatti et al. 2012). Once a specific GAP or set of GAPs blocking a
transport pathway is known, then it is relatively simple to identify the target Rabs
using biochemical assays for GTP hydrolysis. This methodology has been used to
identify Rabs involved in endocytic and secretory trafficking, as well as cell
polarisation during cilium formation. Caution is required when interpreting such
screens, since in some cases the effect of the GAP may not always correlate with
catalytic activity (Haas et al. 2007; Longatti et al. 2012). A counterscreen with a
mutated catalytically inactive Rab GAP can be used to test for this. One complica-
tion that has arisen from such approaches is the promiscuous nature of some TBC
domain proteins in terms of their Rab target specificity.
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5.3.1 Rab GAP Mechanism

Pioneering structural studies of Rab GAPs have revealed that the catalytic mech-
anism for GTP hydrolysis differs from that used by Ras and Rho GAPs (Pan
et al. 2006; Gavriljuk et al. 2012). For Ras, GTP hydrolysis requires a glutamine
residue intrinsic to the Ras switch II DxxGQ sequence and a catalytic arginine
finger residue from the GAP inserted into the Ras nucleotide-binding site. By
contrast the TBC1 domain contains two signature motifs IxxDxxR and YxQ
(Neuwald 1997), and both these are required for catalytic activity (Pan
et al. 2006). Structures of Rab33 GDP-AIF; with the Gypl TBC1 domain and
Rabl GDP-BeF; with TBC1D20 reveal a dual finger mechanism involving the
conserved arginine of the IxxDxxR motif, and the conserved glutamine of the YxQ
motif (Pan et al. 2006; Gavriljuk et al. 2012) (Fig. 5.3). While the TBC1 domain
arginine adopts an equivalent position to that seen for Ras GAPs, the Rab switch II
glutamine plays no direct role in (GAP stimulated) GTP hydrolysis. Instead this
function is taken by the conserved glutamine of the YxQ motif in the TBC1 domain.
The Rab switch II glutamine projects away from the nucleotide-binding site and
contacts the backbone of the GAP. Fitting with the idea that the switch II glutamine
plays little direct role in GTP hydrolysis, mutation in this residue had little effect on
the GAP activity of RUTBC3 towards Rab5 or RUTBC1 towards Rab33B (Not-
tingham et al. 2011). In the case of Rab5 the switch II glutamine resulted in a
greater than 5-fold reduction in basal GTP hydrolysis (Langemeyer et al. 2014).
This indicates that for some Rabs basal and GAP-stimulated GTP hydrolysis may
occur via different mechanisms. Analysis of two other Rab-GAP pairs complicates
this simple picture. Rab35 and Rabl switch II glutamine mutants showed only a
slight decrease in basal GTP hydrolysis, while GTP hydrolysis was greatly reduced
when stimulated by TBCIDIOA or TBCID20, respectively (Langemeyer
et al. 2014). By contrast, mutations of the catalytic arginine or glutamine residues
in the TBC domain greatly reduced the catalytic efficiency of the respective GAPs
(Pan et al. 2006; Haas et al. 2005; Haas et al. 2007). Thus, the major determinants of
GAP-stimulated GTP hydrolysis are the catalytic residues contributed by the GAP,
while the Rab switch II glutamine plays a greater or lesser role depending on the
Rab under scrutiny.

As already described, unlike Ras the Rabs don’t always require the conserved
glutamine for hydrolysis, but may need it for the GEF reaction in some instances.
This suggests there is a fundamental difference in the conformational plasticity in
the switch regions of Ras and Rabs that has consequences for regulatory
mechanisms.
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Fig. 5.3 Rab GAP mechanism and structure. TBC domain Rab GAPs utilise an arginine/gluta-
mine dual finger mechanism. The interface between Rabl (magenta) and its GAP TBC1D20
(cyan) shows the Rabl switch II glutamine 67 residue contacting the GAP backbone. Glutamine
144 and arginine 105 finger residues contributed by the GAP are in close proximity to the gamma-
phosphate position of the bound GTP, mimicked by GDP:berylium fluoride in this structure

5.3.2 Defining Cellular Functions for Rab GAPs

Although it has been relatively simple to identify the Rab GAP complement due to
the presence of the conserved TBC1 domain in these proteins, elucidating specific
cellular functions for these proteins has proven more difficult. In yeast the Gyps are
not essential for growth under standard laboratory conditions, and biochemical
analysis has provided conflicting reports on specificity. Here I will describe the
functions of a subset of Rab-RabGAP pairs in secretion and cell polarisation, and
endocytic trafficking and autophagy.

TBC1D20 and its yeast orthologue Gyp8 are ER-localised RabGAPs For Rabl
and Yptl, respectively (De Antoni et al. 2002; Haas et al. 2007). Human TBC1D20
shows equivalent biochemical activity towards both Rabl and Rab2, and some
weak activity towards Rabl8 (Haas et al. 2007). Cell biological studies have
implicated both Rabl and Rab2 in ER to Golgi trafficking (Tisdale et al. 1992;
Schwaninger et al. 1992), while Rab18 plays a role in lipid droplet formation from
the ER (Ozeki et al. 2005; Martin et al. 2005). Both overexpression and genome-
wide siRNA screening support a physiologically relevant role for TBC1D20 in the
regulation of secretion (Haas et al. 2007; Wendler et al. 2010), but have not
definitively confirmed whether Rabl, 2 or 18 or a combination of these GTPases
is the crucial cellular target. Loss-of-function mutations in TBC1D20 are found in
the blind sterile mouse, and cause the human neurodegenerative and developmental
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disorder Warburg Micro Syndrome (Liegel et al. 2013). TBC1D20 has also been
implicated in other forms of neurodegenerative disorder (Gitler et al. 2008). This
suggests that TBC1D20 function is essential for normal neuronal cell function, but
may be less critical in other cell types. In budding yeast Gypl acts as a GAP for
Yptl at the Golgi. In contrast to TBC1D20/Gyp8 which is an ER transmembrane
protein, Gypl1 is a peripheral membrane protein found at the Golgi (Du and Novick
2001; De Antoni et al. 2002; Haas et al. 2007). Rab1/Yptl may therefore be
regulated by a combination of both ER and Golgi GAPs.

Four TBC1 domain GAPs Gyp3/Msb3, Gyp4/Msb4, Gyl1/App2 and Gyp5 have
been implicated in the regulation of Sec4 in polarised growth of budding yeast
(Albert and Gallwitz 2000; Gao et al. 2003; Prigent et al. 2011; Chesneau
et al. 2004; Chesneau et al. 2008). Why so many GAPs are required for Sec4
regulation during polarised growth is unclear. Biochemical characterisation paints a
confusing picture of Gyp specificity, and Gyp3/Msb3 shows strong activity towards
both Sec4 and Rab5-related GTPases. Furthermore, Gyp3/Msb3 has also been
shown to act as a GAP for yeast Rab5-related GTPases during endosomal matura-
tion (Nickerson et al. 2012; Lachmann et al. 2012). In this case the BLOC-1
complex recruits Gyp3/Msb3 to the yeast vacuole and promotes its activity towards
Rab5 family GTPases (Nickerson et al. 2012; Lachmann et al. 2012). Therefore, in
budding yeast it appears that Gyps may have more than one target GTPase and the
specific site of action may be determined by additional regulatory factors. This may
be due to the need to integrate regulation of different trafficking pathways, for
example polarised growth with endocytosis; however this notion is speculative
at best.

Overexpression screening and subsequent biochemical analysis have provided a
clearer picture of the function of some human Rab-RabGAP pairs involved in
formation of polarised cell structures. The primary cilium is an important site of
signalling formed at the apical surface of many epithelial cell layers, and on
fibroblast cell lines in culture. A series of Rab-RabGAP pairs was identified for
the process of primary cilium formation in human cell lines (Yoshimura
et al. 2007). TBC1D30 is a GAP for Rab8 enriched at primary cilia, while EVIS5-
like is the GAP for Rab23 known to modulate the Hedgehog signalling pathway at
cilia during development (Yoshimura et al. 2007). A second GAP for Rabg,
TBC1D17, has also been reported (Vaibhava et al. 2012). Intriguingly, TBC1D17
forms a complex with optineurin, and glaucoma-associated mutants in optineurin
appear to potentiate TBCID17 inhibition of Rab8 (Vaibhava et al. 2012). In
addition to Rab8, Rabl10 is an important regulator of transport in polarised cells
and is controlled by two GAPs TBC1D1 and TBC1D4 (Peck et al. 2009; Miinea
et al. 2005). These proteins are best characterised in terms of their function in the
glucose transporter recycling pathway, and have different regulatory properties.
TBC1D4 and TBC1D1 are regulated by the Akt and AMP-activated kinase signal-
ling pathways, respectively (Peck et al. 2009; Miinea et al. 2005). Therefore in this
instance multiple Rab GAPs are used so that specific signalling inputs can modulate
the activity of the target GTPase, rather than to create redundancy.
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Endocytic trafficking involves a complex network of trafficking between the cell
surface, endocytic compartments and the Golgi apparatus. Accordingly, multiple
Rabs are required for normal endocytic traffic including Rab5, Rab7 and Rab35. A
series of studies have implicated different TBC1 domain Rab GAPs in the regula-
tion of Rab5 during the plasma membrane to early endosome traffic. RabGAP-5/
RUTBC3 has a high specificity for Rab5, and is required for growth factor receptor
trafficking (Fuchs et al. 2007; Haas et al. 2005). Another GAP, RN-tre, was initially
found as a GAP important for Rab5 inactivation during endocytosis and uptake of
betal-integrins at focal adhesion sites (Lanzetti et al. 2000; Palamidessi et al. 2013).
RN-tre is also implicated in Rab43 regulation during endocytic trafficking of the
Shiga toxin from the cell surface to the Golgi apparatus (Fuchs et al. 2007). In terms
of its biochemical specificity, Rn-tre has some activity towards Rab5A-C, but
shows a greater activity towards Rab43 (Fuchs et al. 2007; Haas et al. 2005). It
may therefore act as a GAP for both Rab5 and Rab43 in vivo, and could be
regulated by different regulatory signals depending on the tissue type of growth
state of the cells. A further Rab5 GAP, TBC-2, has been identified from genetics
screens for phagocytosis mutants in C. elegans (Li et al. 2009). However, the
related mammalian protein TBC1D2/Armus appears to act as a GAP for Rab7
and regulate E-cadherin degradation (Frasa et al. 2010). Rab7 is inhibited by a
second GAP TBCI1D5 which binds to the retromer coat complex involved in the
endosome to Golgi retrieval of the mannose-6-phosphate receptor (Seaman
et al. 2009). In addition to the Rab5-Rab7 pathway, Rab35 is an important regulator
of endocytosis in metazoa (Sato et al. 2008; Marat and McPherson 2010 ; Allaire
et al. 2010). As well as the DENND1 GEF regulator already described, a Rab35
GAP TBCI1DI10A-C has been identified. TBC1D10A-C have been implicated in
Rab35 regulation in trafficking from the cell surface to the Golgi as well as in the
Rab35-dependent pathway for exosome formation (Fuchs et al. 2007; Patino-Lopez
et al. 2008; Hsu et al. 2010). In Drosophila melanogaster, the TBC1D10 homo-
logue whacked and Rab35 are important for the formation of cell surface pro-
trusions called seamless tubes (Schottenfeld-Roames and Ghabrial 2012). These
cell—cell connections become elaborated if whacked is lost or Rab35 dominant
active mutations are expressed (Schottenfeld-Roames and Ghabrial 2012),
suggesting whacked is important for inactivating Rab35 in this system. A neuronal
TBC1 domain GAP for Rab35 has also been found in Drosophila melanogaster
(Uytterhoeven et al. 2011). The skywalker protein has been implicated together
with Rab35 in endocytic trafficking at the synapse (Uytterhoeven et al. 2011);
however the biochemical specificity of this protein for Rab35 still needs to be
confirmed.

TBC1 domain Rab GAPs have also been implicated in the regulation of
endocytic traffic during autophagy (Popovic et al. 2012; Longatti et al. 2012;
Carroll et al. 2013). A diverse set of 14 TBC1 domain proteins could be pulled
down using GST-tagged LC3, and mapping experiments showed this is due to the
presence of LC3 interaction (LIR) motifs in these GAPs (Popovic et al. 2012).
TBCI1D5 was found to possess two LIR motifs, and the LC3 interaction titrated out
the interaction of TBC1D35 with the retromer complex. This suggests that TBC1D5
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and RabGAPs more generally play roles in reprogramming membrane trafficking
following starvation-induced autophagy (Popovic et al. 2012). Other evidence links
Rab GAPs to the regulation of autophagy. TBC1D2/Armus may promote transient
Rab7 inactivation during the early stages of autophagy (Carroll et al. 2013).
TBC1D14 localises to recycling endosomes where it binds to Rabl1 rather than
acting as a Rab11 GAP (Longatti et al. 2012). TBC1D14 also interacts with the
ULK1 autophagy kinase on recycling endosomes, and when overexpressed blocks
autophagy. Under starvation conditions TBC1D14 relocalises from the recycling
endosomes to the Golgi apparatus, while ULK1 localises to autophagosomes
(Longatti et al. 2012). Together these findings indicate that transport from recycling
endosomes is a key step in autophagy, and suggest that TBC1D14 is an important
regulator of this process.

Finally, there are a number of Rab GAPs for which there is currently no
specificity data, but evidence that suggests important physiological functions and
are therefore worthy of some mention. TBC1D24 mutations are associated with
epilepsy and deafness, and result in severe neurodegeneration (Afawi et al. 2013;
Falace et al. 2010; Guven and Tolun 2013; Rehman et al. 2014). The target Rab
regulated by TBC1D24 remains mysterious; however these data suggest that it
functions in a trafficking pathway required for proper neuronal function. TBC1D23
was isolated by comparative genomic screens of mouse and C. elegans searching
for regulators of innate immunity (De Arras et al. 2012; Alper et al. 2008).

5.4 Closing Remarks

Rabs are similar to but diverge from Ras in key aspects. Despite high levels of
sequence homology in the regions needed for nucleotide binding there are crucial
differences in the mechanism by which both GEF and GAP regulators control Rab
activation and inactivation. While good evidence exists for the function of GEFs in
driving Rab activation on specific organelles to promote specific transport events,
the evidence relating to Rab GAP function is less clear. It seems most probable that
combinations of Rab GAPs work in synergy in response to specific signalling
inputs, rather than single GAPs acting in isolation. Further studies on the cell
biological functions of Rab and their regulators, as well as careful analysis of the
mechanism and structures of these proteins, are clearly required.
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