
REVIEW

Post translational modifications of Rab GTPases
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ABSTRACT
Rab GTPases, the highly conserved members of Ras GTPase superfamily are central players in the
vesicular trafficking. They are critically involved in intracellular trafficking pathway, beginning from
formation of vesicles on donor membranes, defining trafficking specificity to facilitating vesicle
docking on target membranes. Given the dynamic roles of Rabs during different stages of vesicular
trafficking, mechanisms for their spatial and temporal regulation are crucial for normal cellular
function. Regulation of Rab GTPase activity, localization and function has always been focused in
and around the association of GDP dissociation inhibitor (GDI), Guanine nucleotide Exchange Factor
(GEFs) and GTPase accelerating protein (GAP) to Rabs. However, several recent studies have
highlighted the importance of different post-translational modifications in regulation of Rab
activation and function. This review provides a summary of various post translational modifications
(PTMs) and their significance to regulate localization and function of different Rabs.
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Introduction

Intracellular vesicular transport mediates rapid and bidi-
rectional membrane traffic between the organelles of
endocytic and exocytic pathways. Co-ordinated vesicle
budding, vesicle delivery, vesicle tethering, and fusion of
the vesicle membrane with that of the target compart-
ment is critical for normal functioning of a cell.1

GTPases from several branches of the Ras superfamily
play important role in co-ordinating these processes.
Central to this is the family of Rab GTPases, which
ensure the delivery of cargo to their correct destinations.

Rabs exhibit high affinity for both GTP and GDP.
Bound nucleotide marks the differential localization of
Rabs to either membrane or cytosol. In the active GTP-
bound form, Rabs are associated with membranes, where
they interact with effector proteins that promote diverse
steps in vesicular trafficking. When bound to GDP, Rabs
are defined as inactive and are predominantly distributed
in the cytosol bound to GDI. Binding of either of the
nucleotide leads to conformational change in the switch
regions of Rabs.2-4 In general, GDP bound inactive Rab
present in the cytosol would be targeted to specific mem-
brane in a GDI dependent manner. At the membrane,
GEF converts it to a GTP-bound active state. Further, Rab
effector proteins bind GTP bound active Rabs, and

function in regulating the trafficking. Subsequently, GAP
assists hydrolysis of the bound GTP to GDP and thereby
converts the Rab back to its inactive state. Further, GDI
extracts GDP bound inactive Rab from the membrane and
chaperones it in the cytosol till the next Rab cycle begins.5-8

Rabs function in the co-ordination of vesicular traffick-
ing and hence their tight spatio-temporal regulation is
critical. Apart from regulation of Rabs by specific associa-
tion of GDI, GAPs and GEFs during different stages of
trafficking process, other mechanisms for their functional
regulation are very limited. In this review, we discuss spe-
cific examples of Rab GTPases and their functional regu-
lation by various post translational modifications. Here,
although limited to specific Rabs, these examples offer
some paradigms that may help us to better understand
the functional regulation of GTPases by PTMs.

Prenylation

Protein prenylation is well characterized lipid modifica-
tion, which involves the covalent addition of either farne-
syl (15 carbon) or geranylgeranyl (20 carbon)
pyrophosphate to proteins via thioether linkages cata-
lyzed by protein prenyl transferases. There are 3 different
protein prenyl transferases: protein farnesyltransferase
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(FTase), protein geranylgeranyl transferase-I (GGTase-
I), and Rab geranyl geranyl transferase (RabGGTase or
GGTase-II).9 FTase and GGTase-I transfer prenyl groups
to proteins containing a C-terminal CAAX motif (where,
C- cysteine, A- an aliphatic amino acid, and X- any
amino acids). In contrast to the other 2 protein prenyl-
transferases, RabGGTase does not recognize a 4-amino
acid C-terminal sequence, known as a CAAX box, but
needs an adaptor protein termed the Rab escort protein
(REP) to exert its function. REP recruits newly synthe-
sized Rab GTPases and then presents them to the
RabGGTase. These proteins form a tight catalytic ternary
complex in which 2 geranylgeranyl groups are trans-
ferred onto the C terminus of Rab GTPase.9,10 After ger-
anylgeranylation, REP remains bound to Rab and escorts
it to the respective target donor membrane (Fig. 1). Pyly-
penko et al and Rak et al have determined structures of
the RabGGTase–REP-1 and Rab7GG–REP-1 complexes
which provide in-sights into the mechanism of REP-
mediated Rab prenylation.11,12 These structures have
identified 2 binding interfaces of REP and Rab protein:
the first one between the Rab-binding platform (RBP) of
REP and effector loops of the GTPase and the second
one is between the C-terminal-binding region (CBR) of
REP and the CBR interacting motif (CIM), which con-
sists of 2 hydrophobic residues near the C terminus of
Rab GTPase. Further, elegant studies by Guo et al. and
Wu et al. have unravelled the details of specific role of
REP in controlling RabGGTase function.13,14 The assem-
bly of catalytic ternary Rab-REP-RabGGTase complex is
triggered by the recognition of GTPase domain of Rab

by RBP of REP. This low to intermediate affinity com-
plex is further tightened by interaction of CIM with
CBR. Further, this complex forms a high affinity ternary
complex with RabGGTase via the interaction between
a-subunit of RabGGTase and domain II of REP. The
weak and largely nonspecific interactions of the C termi-
nus with the active site of RabGGTase further enhance
the affinity of the complex. The substrate specificity of
RabGGTase is achieved via engagement of the REP mol-
ecule.14 REP, on one hand, selectively binds the GTPase
core of the Rab proteins and, on the other hand, concen-
trates its C terminus in the vicinity of the active site of
RabGGTase through the CIM-CBR anchor.

Most of the proteins of Rab superfamily contain 2 cys-
teine residues, such as CC or CXC at the C-terminus,
and undergo 2 geranylgeranylation reactions. The double
geranylgeranylation of Rabs makes them rather more
hydrophobic than other prenylated proteins and hence,
they need to be chaperoned by REP. The presence of 2
GG moieties is essential for faithful targeting of dicys-
teine Rabs to their appropriate location. Recently, it has
been shown that the replacement of dicysteine motif
containing Rab proteins such as Rab5a and Rab27a, with
a monocysteine motif, such as CSLG or CVLL, led to
mistargeting of the mutants to the endoplasmic reticu-
lum/Golgi region rather than their originally designated
cellular compartment. Furthermore, Rab27a-CVLL failed
to rescue the function of wild-type Rab27a in Rab27a
¡/¡ cells. Together, these findings hint toward the
importance of prenylation status for the correct targeting
and function of Rab proteins.

Figure 1. Prenylation of Rab. Newly synthesized Rab associates with REP which forms a binary complex. Further, RGGTase binds to REP
and forms the Rab-REP-RabGGTase ternary complex. RGGTase catalyze the transfer of prenyl groups to C-terminal cysteine residues. REP
remain associated with prenylated Rab and targets it to the membrane.
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Postprenylation processing is another factor that may
assist the membrane recruitment of Rabs. Carboxyl
methylation aids in the enhanced hydrophobicity of far-
nesylated and geranylgeranylated proteins, where the
effect is more prominent in proteins harbouring farnesy-
lation. CAAX-containing Ras and Rho GTPases are
processed at endoplasmic reticulum (ER) where CAAX
proteases cleave the AAX tripeptide. The newly exposed
prenylated cysteine is then modified by carboxyl methyl-
ation on the a-carboxyl group by isoprenylcysteine car-
boxyl methyltransferase. Several studies have supported
the role played by methylation in the membrane associa-
tion of many CAAX proteins, in particular Ras proteins.
Though most of the Rabs are modified with geranylger-
anyl moiety a subset of Rabs such as Rab8 and Rab13
possess a CAAX motif, and are modified by a single gera-
nylgeranyl moiety. These mono-prenylated Rabs with a
CAAX motif have the potential to be processed by
CAAX proteolysis and carboxyl methylation. The effect
of methylation on singly prenylated Rab8 has been stud-
ied, where it has been shown that the loss of isoprenyl-
cysteine carboxyl methyltransferase significantly affects
cycle of membrane/cytosol Rab8 partitioning.15 Taken
together, it can be concluded that prenylation and post
prenylation methylation of Rabs is critical for specific
delivery of Rabs to their target intracellular membranes.

Pathogen induced AMPylation and
phosphocholination

AMPylation (also known as adenylylation) is the cova-
lent attachment of adenosine monophosphate (AMP) to
tyrosine or threonine side chains within target proteins.
Bacterial pathogen Legionella pneumophila use AMPyla-
tion to manipulate the host cell signaling processes upon
infection. The intravacuolar pathogen Legionella pneu-
mophila interferes with normal intracellular vesicular
transport by several mechanisms, one of which is modu-
lating vesicle transport from endoplasmic reticulum to
Golgi. Legionella pneumophila utilize the type IV secre-
tion system called Dot/Icm to translocate proteins called
effectors into the host-cell cytosol. Legionella effectors
reorient the host cell vesicle trafficking pathway by
recruiting GTPase Rab1 to maintain the vacuolar com-
partment called Legionella containing vacuole
(LCV).16,17 One such effector protein is DrrA (also
known as SidM), which acts as a GEF for Rab1.18 Earlier
DrrA has been shown to possess GDF activity to Rab1
which displace Rab1 from GDI. The GEF activity of
DrrA for Rab1 plays an important role during the patho-
genesis of Legionella pneumophila within the host cell to
maintain Legionella containing vacuole (LCV).19 M€uller
et al in mid-2010, assigned a novel function to DrrA,

which regulates the Rab1 function, in addition to its GEF
activity. In a series of experiments the authors showed
that DrrA could AMPylate the Tyr 77 residue in the class
II switch region of Rab1B. Further, it was shown that
AMPylated Rab1 stays in GTP bound state as the access
of GAPs (LepB in this case) was restricted. However, the
failure of LepB to stimulate GTP hydrolysis on AMPy-
lated Rab1b, hints toward an unknown de-AMPylation
mediated mechanism which might regulate the Rab1
GTP hydrolysis and activation-inactivation cycle. Never-
theless, as Rab1 localization to LCVs is transient it can
be speculated that the de-AMPylation of Rab1 could lead
to its removal from LCVs.20 Further, Neunuebel et al has
shown SidD mediated de-AMPylation of Rab1.21 They
confirmed that in presence of SidD, the GAP for Rab1
could efficiently associate with Rab1 and deactivate it.
Also, Tan et al have provided the experimental evidence
for SidD mediated de-AMPylation of Rab1.22 Their stud-
ies have shown that de-AMPylation activity of SidD is
required for release of Rab1 from Legionella phagosomes.
Together, it can be concluded that series of post transla-
tional modifications performed by L. pneumophila effec-
tors regulate the activation and deactivation cycle of
Rab1. While studying the biologic significance of DrrA
mediated AMPylation of Rab1 during Legionella infec-
tion, Mukherjee et al. reported a novel modification of
Rab1. AnkX, a Fic domain containing protein which is
known to possess AMPylation activity earlier, was found
to function as phosphocholine transferase that carries
out phosphocholination of Rab1 on Ser 79 residue.23

Further, extending their studies to other members of Rab
superfamily, they observed DrrA mediated AMPylation
as well as AnkX mediated phosphocholination of Rab35.
They reported a pronounced defect in the association of
GEF (Connecdenn) with phosphocholinated Rab35,
which indeed mimics the phenotype observed with
AnkX overexpression. Interestingly, Goody et al and Tan
et al independently identified, Lpg0696 (Lem3), a Legion-
ella effector, as dephosphorylcholinase.24,25 Though these
studies emphasize on the reversible phospho-dephos-
phocholination of Rab1 during Legionella infection the
biologic significance of such event is still elusive. These
studies possibly suggest that AnkX/Lem3 system could
function at specific cellular compartment providing spa-
tial regulation of Rab1 activity during Legionella
infection.

These reports have unravelled a novel modification
dependent mechanism which regulates the activation
deactivation cycle of Rabs. Further, taking cues from
these studies Oesterlin et al. investigated the influence of
posttranslational modifications of Rab proteins on the
ability to displace GDI from prenylated Rabs.26 They
reported that Legionella effectors DrrA and AnkX
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mediated adenylylation and phosphocholination of
Rab1b and Rab35 at Tyr77 and Ser76, abolish GDI bind-
ing. Further mechanistic analysis has provided several
evidence which show that these modifications indeed
inhibit the reformation of Rab: GDI complex.26,27 In con-
clusion, AnkX and DrrA/SidM mediated phosphocholi-
nation and AMPylation of Rabs provide insights for
better understanding the membrane extraction/delivery
and cytosolic distribution of Rabs (Fig. 2).

Phosphorylation

In 1991, for the first time Baily et al. provided bio-
chemical evidence confirming phosphorylation medi-
ated functional regulation of Rab GTPases.28 In a
series of experiments they showed that M phase
inducing protein kinase p34cdc2 phosphorylates
Rab1Ap and Rab4p in vitro as well as in vivo. Fur-
ther, functional experiments revealed that phosphory-
lated Rab4p was found to be predominantly cytosolic,
on the contrary Rab1Ap was membranous.28 Next,
Van der Sluijs et al. investigated the molecular mech-
anism controlling membrane association of Rab4 and
its role in mitotic regulation.29 They mapped Ser196,
which occurs within a consensus site for p34cdc2
kinase phosphorylation, to be the site of Rab4 phos-
phorylation. Further, they showed that Ser196 phos-
phorylation neither affected C-terminal isoprenylation
nor carboxymethylation of Rab4 but constitutively
phosphorylated Rab4 abolishes its cytosolic

abundance. Finally, upon mitotic exit Rab4 was
dephosphorylated and reassociated with membranes.29

At the same time, Fitzgerald et al. reported protein
kinase C (PKC) mediated phosphoregulation of human
Rab6 isoform (Rab6C).30 Here, they demonstrated that
in platelets, Rab6 containing 2 PKC consensus phos-
phorylation sites, gets phosphorylated upon stimulation.
Further, they showed that physiologic stimulation of pla-
telets caused a PKC-dependent translocation of Rab6
from platelet particulate fractions to cytosolic fraction.
Though they didn’t find significant change in Rab6 GTP/
GDP binding as well as GTPase activity the translocation
to cytosol was evident.30

Lately, Lai et al, have reported Rab8A, 8B and Rab13
phosphorylation at the highly conserved residue of serine
111 in response to PINK1 activation.31 Further, they
have mechanistically shown that Rab8 phosphorylation
limits its Rabin8 (GEF) mediated activation.31 Recently,
Steger et al., used a phosphoproteomics approach to
identify LRRK2 substrates and they found a subset of
Rab GTPases among many phosphosubstrates.32 The in
vivo and in vitro experiments confirmed Rab3a (T86),
Rab8a (T72) and Rab10 (T73) as bonafide substrates of
LRRK2. They demonstrated that LRRK2 directly phos-
phorylates these evolutionary conserved residue in the
switch II domain of respective Rabs. Further, the phos-
phorylated Rabs show reduced affinity to their regulatory
proteins including Rab GDIs, which results in altered
membrane to cytoplasmic pool of Rabs in cell. Further,
they observed that pathogenic LRRK2 variants increase

Figure 2. Rab1 regulation by P. Legionella. 1) DrrA/SidM acts as GDF for Rab1 to displace GDI as well as acts as GEF to exchange GDP to
GTP. 2) DrrA/SidM mediated AMPylation of GTP bound Rab1. 3) SidD mediated de-AMPylation of Rab1. 4) LepB functions as GAP, which
leads to GTP hydrolysis and inactivation of Rab1. 5) AnkX mediated phosphocholination of Rab1 that renders it in an activated state.
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phosphorylation of Rabs, which certainly have profound
effect on membrane to cytoplasmic ratio of Rabs. As
LRRK2 has been associated with Parkinson disease (PD),
and the pathogenic LRRK2 variants increase phosphory-
lation of Rabs, one could speculate a novel regulatory
mechanism of Rabs that connects them to PD.32

Other recent study by Levin et al., unravelled TGF-b
activated kinase 1 (TAK1) mediated phosphorylation of
Rab1.33 They have demonstrated that TAK1 phosphory-
lates Rab1 at T75 in the dynamic switch II region. Phos-
phorylated Rab1 fails to interact with GDI, whereas it
could associate with GEF or GAP enzymes. Further, they
observed that phosphorylated Rab1 to be exclusively
localized to membrane suggesting phosphorylation may
stimulate Rab1 membrane association. Considering the
Rab1 modifications by Legionella effectors in switch II
region, this provides an alternate mechanism for Rab1
regulation during infection.

Additionally, in our recent study we identified PTEN
mediated dephosphorylation of Rab7 on 2 of the con-
served residues, Ser72 and Tyr183.34 In a series of experi-
ments we have demonstrated that phosphorylated Rab7
fails to localize to endosomal membranes. Further,
mechanistically we have shown that phosphorylation of
Rab7 lead to disruption of its association with GDI as
well as GEF (Mon1-Ccz1). Phosphorylation renders
Rab7 to have lesser affinity to GTP which results in
decreased association of Rab7 with its effector RILP (Rab
Interacting Lysosomal Protein). Hence, phosphorylation
leads to inactivation of Rab7 which significantly delays
EGFR degradation in lysosomes.34 Further, supporting
our observations Satpathy et al. also demonstrated that
B-cell receptor (BCR) induced phosphorylation of Rab7a
at S72 prevents its association with effector proteins and
with endo-lysosomal compartments.35

In agreement with the above arguments it can be con-
cluded that phosphoregulation is an important mecha-
nism for functional regulation of Rabs. The Ser/Thr
modification of conserved switch II region regulates Rab

association with GDI and further dictates their activation
through interaction with GEFs. So far, number of kinases
have been shown to phosphorylate several Rabs which
indeed function to maintain their cytoplasm to mem-
brane ratio. It would be interesting and important to
decipher the counteracting phosphatases which dephos-
phorylate Rabs and maintain their cytoplasm to mem-
brane ratios, in turn controlling the endocytic pathway
and cellular homeostasis (Fig. 3).

Other modifications

Apart from well-studied modifications such as prenyla-
tion and phosphorylation, isolated examples of other
Rab modifications are also reported. For instance, ubiq-
uitination of Rab11a by b2AR/HACE1 complex in regu-
lating Rab11a activity and b2AR recycling was reported.
b2AR (a prototypical G-protein coupled receptor) associ-
ates with HACE1, a HECT domain containing ubiquitin
ligase, and promotes ubiquitination of Rab11a on
Lys145. It is known that b2AR associated Rab11a is inac-
tive, but HACE1 mediated ubiquitination of Rab11a
leads to dissociation of Rab11a from b2AR. The ubiquiti-
nated Rab11a was active as it promoted the recycling of
b2AR, albeit the mechanistic details of its activation are
unaddressed.36 Together, these studies unravel a novel
mechanism of ubiquitination mediated activation of a
Rab GTPase. In addition Qiu et al recently have demon-
strated SidE (an effector secreted by L. pneumophila)
mediated ubiquitination of multiple Rab small GTPases
associated with the endoplasmic reticulum.37

While understanding the role of serotonin (5-
hydroxytryptamine; 5-HT) in haemostasis, Walther et al
reported that elevated cytoplasmic 5-HT concentrations
leads to small GTPase activation in rapid exocytotic pro-
cesses from platelets. They demonstrated transglutami-
nase (TGase) mediated covalent attachment of 5-HT to
Rab4 (i.e. serotonylation) renders Rab4 to be activated,
which results in a-granule exocytosis from platelets.38 In

Figure 3. Phosphoregulation of Rabs. Phosphorylation of GDP bound Rab inhibits its association with GDI which results in its failure to
insert in target membrane. Dephosphorylation of Rab leads to its association with GDI, which takes it to the target membrane as well as
its activation by GEF.
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addition to these findings Paulmann et al. recently iden-
tified hormone serotonin as a new regulator of insulin
secretion. They have shown that glucose stimulation
increases intracellular Ca2C, which activates Ca2C depen-
dent transglutaminases. Further, the activated TGase
then utilizes intracellular 5-HT to serotonylate Rab3a
and Rab27a, which renders them constitutively active
and promotes insulin secretion.39

Conclusions and perspectives

Rab GTPases principally function as regulatory switches
that spatiotemporally coordinate membrane trafficking.
Appropriate membrane targeting of Rabs to their desti-
nation is very critical as far as the trafficking of several
cargos is concerned. The mechanistic details regarding
the functional regulation of these Rabs are less explored
where the only known regulation comes from their asso-
ciation with GEFs, GAPs or GDI. Lately, several reports
have demonstrated role of post translational modifica-
tions in regulating membrane targeting of Rabs. The
emergence of this particular field have enabled us to bet-
ter understand the functional regulation of Rabs beyond
the traditional ones.

Considering the evidence provided by several studies,
posttranslational modifications of Rab GTPases have
emerged as tentative mechanisms to explain how Rab
GTPases can be appropriately targeted to membranes.
Several studies have highlighted the importance of pre-
nylation for the membrane targeting of Rabs. Critically,
the mono or di-geranylation of Rabs marks the specific-
ity for their localization to the membrane of specific cel-
lular organelle. Each Rab functions at specific cellular
organelle thus any mislocalization of Rabs would cer-
tainly affect the endocytic as well as exocytic pathways.
Modifications such as phosphorylation have constantly
been shown to affect the membrane/cytosol distribution
of a few Rabs like Rab7a, Rab8 etc. Further, mechanistic
details from these studies have unravelled that the phos-
phorylation regulated association of several Rab regula-
tors like GEFs and/or GAPs. Several experimental
evidence have shown that phospho-dephosphorylation
of Rab has major effect on Rab activity cycle. For
instance the phosphorylation might trap the GDP bound
Rab either in the cytosol or at the membrane. The accu-
mulation of excessive inactive GDP bound Rab would
affect the endocytic trafficking of several growth factor
receptors such as, EGFR, which in turn may result in
altered downstream proliferative or survival signaling
pathways. Together, this has complicated the view that
membrane targeting of Rabs is orchestrated not only by
GEFs and GAPs but also by several kinases and phospha-
tases. Further, this has provided us new avenues to

explore the enzymatic machineries such as kinases and
phosphatases involved in this process. Additionally, the
regulation of Rab1 by effectors of L. pneumophila makes
it more curious to explore the human counterparts of the
bacterial effectors. Importantly, most of the modifica-
tions such as phosphorylation, AMPylation or phospho-
cholination are targeted to the switch II region of Rabs, a
structurally important region for Rab function. Explor-
ing modifications in other structural regions including
C-terminal hypervariable region can further give better
insights to understand the differential localization of dif-
ferent Rabs. Also, it would be interesting to understand
the interdependencies and cross talks between various
post translational modifications in regulating Rab activ-
ity and functions.
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