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A large Rab GTPase family in a small GTPase world
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ABSTRACT

More than 60 Rab GTPases exist in the human genome to regulate vesicle trafficking between
organelles. Rab GTPases are members of the Ras GTPase superfamily that broadly control budding,
uncoating, motility and fusion of vesicles in most cell types. Rab proteins interconvert between
active, GTP-bound form and inactive, GDP-bound form. In their active conformation, they interact
with various effector molecules to carry out diverse functions. Rab GTPases are usually small
containing only a GTPase domain with a C-terminal prenylation site for membrane anchoring.
Recently, we identified a large G protein, CRACR2A (CRAC channel regulator 2A), which uncovers
novel functions of Rab GTPases. First, CRACR2A encodes a large Rab GTPase containing multiple
functional domains contrary to small Rab GTPases. Second, CRACR2A plays an unexpected role in
regulating intracellular signaling pathways important for T cell activation, unlike the canonical role
of small Rab GTPases. Vesicles containing CRACR2A bud out from the proximal Golgi area and
translocate into the immunological synapse to activate these signaling pathways. Third, instead of
recycling, CRACR2A is consumed by a unidirectional pathway. These events are sequentially
regulated by prenylation, GTP binding, protein interaction with a signaling adaptor Vav1, and
degradation. Together, our findings reveal a novel function of a large Rab GTPase in intracellular
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signaling pathways, which may be shared by other large Rab GTPases, Rab44 and Rab45.

T cells can be categorized into 2 main classes of CD4+
helper T cells and CD8+ cytolytic T cells. The main
function of helper T cells is production of cytokines,
which control activation and recruitment of other cell
types while cytolytic T cells remove cells displaying
abnormal properties caused by infection or cancer. Acti-
vation of helper T cells requires signals from direct con-
tact between T cell receptor (TCR)-CD3 complex and
antigen presented by major histocompatibility complex
(MHC) class II molecules expressed on the surface of
antigen-presenting cells (e.g. dendritic cells). The bind-
ing of TCRs to cognate peptide-MHCs induces clustering
of the TCRs and recruitment of the kinases Lck (lympho-
cyte-specific protein tyrosine kinase) and ZAP70
(¢-chain-associated protein kinase) by CD4 and CD3¢
chain, respectively. Activated ZAP70 temporarily binds
to and phosphorylates a signaling adaptor Lat that forms
a signalosome, containing phospholipase C-y1 (PLCy1)
and Vavl.'” PLCy1 produces a second messenger inosi-
tol 1,4,5-triphosphate (InsP3) that binds to the InsP3
receptor on the endoplasmic reticulum (ER) and triggers
depletion of the ER Ca*' stores. By sensing ER Ca®"
depletion, stromal interaction molecule 1 (STIM1), an

ER-resident Ca’*-binding protein oligomerizes and
translocates to the plasma membrane (PM)-proximal
regions, and activates Orail, the pore subunit of the
CRAC (Ca®" release-activated Ca®") channels.*® The
increased cytoplasmic Ca®* ions bind to calmodulin-
calcineurin complex, which dephosphorylates NFAT
(nuclear factor of activated T cells) transcription factor
to expose its nuclear localization signal and induce tran-
scriptional activation. Vavl, a guanine nucleotide
exchange factor (GEF) and adaptor molecule, accumu-
lates at the immunological synapse (IS) via interaction
with Lat and recruits small G proteins such as Racl and
CDC42 (cell division control protein 42 homolog) to
activate the c-Jun N-terminal kinase (Jnk) and p38
MAPK (mitogen-activated protein kinase) pathways,
leading into activation of AP1 transcription factors.”
Activation of both the Ca®* and MAPK signaling path-
ways are essential for differentiation and cytokine pro-
duction of helper T cells and dysregulation of these
pathways result in immune deficiency or autoimmune
disorders in humans and mice.* '’

It was thought that these TCR signaling events occur
only at the level of the plasma membrane. However,
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recent studies on Lat molecules argue that vesicles
recruited from the intracellular pool can be also important
for transmitting TCR signals to downstream events. In
addition to its localization at the plasma membrane, Lat
also exists in subsynaptic vesicles that translocate into the
plasma membrane-proximal regions of the immunological
synapse, an interface between T cells and antigen-present-
ing cells, after TCR stimulation.!*** Recruitment of this
pool of Lat is important for its phosphorylation and fur-
ther activation of downstream signaling. A v-SNARE (sol-
uble N-ethylmaleimide-sensitive protein-attached protein
receptor) protein VAMP7 guides these vesicles into the
plasma membrane potentially by docking to the t-SNARE
proteins, surprisingly, in a mechanism that does not
involve actual membrane fusion.'"* These results suggest
that components of the molecular machinery utilized in
trafficking of synaptic vesicles in the neuronal synapse
such as SNAREs and small Rab GTPases play an impor-
tant role in the trafficking of subsynaptic vesicles in T cells
to activate intracellular signaling pathways. However, the
importance of vesicles in TCR signaling has been uncov-
ered only recently and the identity and functions of these
subsynaptic vesicles in T cell activation needs further
investigation.

Various small G proteins of the Ras superfamily are
known to play an important role in proximal TCR sig-
naling. Most G proteins cycle between an inactive GDP-
bound state and an active GTP-bound effector state. The
exchange of GDP for GTP is mediated by GEFs and the
intrinsic GTPase activity of the G proteins is enhanced
by GTPase activating proteins (GAPs). The G proteins
contain a C-terminal prenylation motif, which can
anchor them onto cellular membranes. Guanine nucleo-
tide dissociation inhibitors (GDIs) can bind to the
C-terminal prenylation lipids, thereby inhibiting mem-
brane association and blocking the effector function of
the small G proteins. Upon TCR stimulation, Vavl, gets
tyrosine phosphorylated, which activates its GEF activity
toward RhoA, Racl and CDC42. Various studies have
identified important role of RhoA, Racl and CDC42 in
regulating vital functions in T cells including thymocyte
development, cytoskeleton dynamics, gene transcription
and cell cycle progression.'>'® Interestingly there are
families of GTPases that are in a constitutively GTP
bound state, like members of the RhoH, RhoU, Rnd
(Rho-related GTP-binding protein family) and RhoV
family of GTPases, that are not regulated by GEFs or
GAPs and are termed as atypical GTPases. These pro-
teins are thought to be regulated by their phosphoryla-
tion, localization or stability.'® The Rab family of
GTPases are predominantly involved in vesicle forma-
tion, motility, docking and fusion, thereby mediating cel-
lular protein trafficking as well as secretion. In T cells it

was identified that distinct Rab proteins mediate secre-
tion of cytokines either directionally toward the immu-
nological synapse or multidirectionally. Rab3d and
Rab19 were implicated in directional secretion of IL-2
and IFN-y cytokines at the immunological synapse,
whereas Rab37 was shown to mediate multidirectional
secretion of TNF and IL-4."” Most of the G proteins are
small in size of ~20 KDa and comprise primarily of a
GTPase domain, without additional protein interaction/
signaling motifs. Recently, we identified a large Rab
GTPase, CRACR2A-a, which is ~85 KDa in size, con-
tains multiple domains in addition to the C-terminal
Rab GTPase domain, and plays an important role in
intracellular signaling pathways (Fig. la). Our recent
work (detailed below) emphasizes the role of CRACR2A
contained in vesicles, which are independent from Lat-
containing vesicles, in activation of the Ca®’T-NFAT and
Jnk-AP1signaling pathways.'® Together, the results from
studies on the roles of Lat and CRACR2A suggest that
TCR signaling events are not restricted to the plasma
membrane, but they also involve additional steps of vesi-
cle trafficking that carries signaling molecules from the
intracellular pool to the immunological synapse.

Human CRACR2A (alternatively EFCAB4B) gene
encodes 2 transcriptional isoforms, CRACR2A-a (herein
CRACR2A, unless specified) and CRACR2A-c, but the
current mouse genome database shows presence of only
CRACR2A-c. The short isoform CRACR2A-c, which
commonly exists in both human and mouse genome was
previously identified to facilitate CRAC channel function
by stabilizing Orail-STIM1 interaction (Fig. 1a)."”
Recent work validated presence of the long isoform
CRACR2A-a in both human and murine tissues (and
cells), particularly, in lymphoid organs.'®** Both these
isoforms share conserved function in activation of the
Ca’"-NFAT pathway, but only CRACR2A-a has a
unique role in activation of the Jnk MAPK pathway,
emphasizing the importance of the additional proline-
rich and Rab GTPase domains in these events. CRA-
CR2A-a contains N-terminal EF hands and a coiled coil
domain, which are conserved with CRACR2A-c. A pro-
line-rich domain and C-terminal Rab GTPase domain
are uniquely present in CRACR2A-a. The proline-rich
domain of CRACR2A shows a strong interaction with
Vavl after TCR stimulation. Both, truncation of this pro-
line-rich domain or deficiency of Vavl decrease CRA-
CR2A recruitment, suggesting that Vavl interaction
mediated by its proline-rich domain is important for the
recruitment of CRACR2A-containing vesicles into the
immunological synapse. The C-terminal Rab GTPase
domain determines localization of CRACR2A-a in rest-
ing conditions. Localization of GTP/GDP binding defec-
tive mutants of CRACR2A-a showed that WT
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Figure 1. CRACR2A encodes a large Rab GTPase. (a) Schematic showing the predicted domain structure of human CRACR2A-a. CRA-
CR2A-a and CRACR2A-c share EF-hand moitifs, coiled-coil domains (CC1 and CC2) and leucine-rich region (LR), which interact with the
Orai1-STIM1 complex to regulate Ca’" entry. CRACR2A-a contains additional proline-rich domain (PRD) and a predicted Rab GTPase
domain with a prenylation site at the C terminus. (b) Homology modeling of CRACR2A-a GTPase domain (yellow) with Rab3a (red).
Sequence alignment between GTPase domain of CRACR2A-a and Rab3a gave a continuous alignment with sequence identity of 46%
and similarity of 65% (Clustal Omega) (left). MODELLER*® was used for homology modeling of CRACR2A-a GTPase domain to a high-
resolution structure of a GPPNHP-bound Rab3a (PDB ID: 3RAB). A zoomed-in view of the GPPNHP binding site (right). GPPNHP and
side-chains of residues important for GTP binding and hydrolysis, Thr*>°, GIn°®* and Asn®*® are shown in stick representation. A loop con-
sisting of residues 561-570 was removed for clarity. Panels were generated using PyMOL (Version 1.5.0.4 Schrodinger, LLC). From Sri-

kanth et al."® Reprinted with permission from AAAS.

CRACR2A-a resides near the trans Golgi network in a
constitutively GTP-bound form. Mutants impaired in
GTP binding (T559N and N658I) showed a predominant
cytoplasmic localization. These observation suggests that
CRACR2A-a may have a very slow GTP hydrolysis rate
and its function is mostly governed by its localization,
interaction with Vavl and degradation (see below).
These data also suggest that only the signaling adaptor
function of Vavl is important for CRACR2A-a function,
and not its GEF activity.

Although CRACR2A-a has many unusual features as a
large Rab GTPase (compared to small Rab GTPases), the
function of the Rab GTPase domain of CRACR2A-a is
well conserved with other small Rab GTPases and 3-
dimensional homology modeling to a high-resolution crys-
tal structure of Rab3a®' showed almost complete overlap
(Fig. 1b). Full length CRACR2A-a hydrolyzed GTP in a
GTPase assay, validating presence of a functional GTPase
domain. The mutants T559N, Q604L, and N6581 showed
a pronounced reduction in GTPase activity possibly due to

defects in GTP binding (T559N and N658I) and hydrolysis
(Q604L). The Rab GTPase domain of CRACR2A-a is also
prenylated like other small GTPases. Ras GTPases are far-
nesylated by farnesyl transferase while Rac and Rho
GTPases are geranylgeranylated by type-I geranylgeranyl
transferase (GGT). Rab GTPases are also geranylgerany-
lated, but by the type-II enzyme. Statin family drugs are
useful tools to investigate protein prenylation because they
are inhibitors of  3-hydroxyl-3-methyL-glutaryl-CoA
(HMG-CoA) reductase, the key rate-liming enzyme in the
cholesterol synthesis pathway. Statins suppress generation
of farnesyl and geranygeranyl pyrophosphate, substrates of
prenyl transferases, and thus inhibit prenylation of small G
proteins.”* PrePS sequence analysis tool predicts attachment
of a 20-carbon geranylgeranyl moiety onto the C-terminal
di-Cys motif of CRACR2A-a with high confidence
although the C-terminal CCG residues of CRACR2A do
not constitute a conventional prenylation motif for Rab
GTPases (CxC or CC, x - any amino acid). However, the
prenylation of CRACR2A-a was confirmed by mutation of
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these residues as well as after treatment with a prenylation
inhibitor, atorvastatin. Under both these conditions, cyto-
plasmic localization of CRACR2A-a was observed, indicat-
ing that CRACR2A is indeed prenylated.

Another unique feature of CRACR2A-a is that GDP
binding (GTP hydrolysis) and prenylation are closely
related with its degradation. Small GTPases bind to
GDIs after GTP hydrolysis, that allows their stabilization
in the cytoplasm and eventually re-insertion into the
membrane.?>?* Contrary to small GTPases, CRACR2A-a
is degraded after re-localization into the cytoplasm upon
GTP hydrolysis. Atorvastatin treatment also induced de-
prenylation, cytoplasmic localization and degradation of
CRACR2A-a. Degradation of CRACR2A-a within the
cytoplasm could be due to lack of GDI molecules to sta-
bilize the cytoplasmic CRACR2A-a molecules. Activa-
tion and inactivation of CRACR2A-a consists of resting,
effector, and termination steps controlled by GTP bind-
ing, prenylation, protein interactions, and degradation
(Fig. 2a). In resting T cells CRACR2A-a predominantly
exists in a GTP-bound form (resting state). After TCR
stimulation, CRACR2A-a-containing vesicles are
recruited into the immunological synapse via interaction
with Vavl to activate the downstream Ca®>"-NFAT and
Jnk-AP1 signaling pathways (effector state). At the cur-
rent stage of understanding, it is not clear whether CRA-
CR2A-a-containing vesicles are actually fused to the
plasma membrane or remain independent like Lat-
containing vesicles. Inactivation of CRACR2A-a occurs
via GTP hydrolysis to induce its cytoplasmic localization
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and finally degradation (termination step). A similar ter-
mination step can be also induced by statin treatment.
Currently, the composition and destiny of the CRA-
CR2A-a-containing vesicles per se remain unknown due
to a lack of additional marker molecules.

These results establish a foundation to understand the
function and the regulatory mechanisms of other large Rab
GTPases including Rab44 and Rab45 that have a high simi-
larity in their overall structure with CRACR2A-a (Fig. 2b).
Numerous gene linkage analyses of acute and chronic mye-
loid leukemia, and melanoma identified Rab45 (alterna-
tively RASEF [RAS and EF-hand domain containing] or
FLJ31614) as a potential tumor suppressor gene.”>*® How-
ever, the molecular mechanism underlying its relationship
with human diseases is not clearly understood. Therefore,
studies of CRACR2A-a can uncover possible roles of these
large Rab GTPases in intracellular signaling and vesicle traf-
ficking in the future.

More than 60 members of the Rab GTPase family have
been identified in humans. However, our knowledge of Rab
proteins is limited within the scope of the role of small Rab
GTPases of 20-25 kDa in size in membrane trafficking.
Therefore, identification of CRACR2A proteins as an intra-
cellular signaling module bridging 2 important proximal
TCR signaling pathways, Ca>*-NFAT and Jnk, to affect T
cell activation will provide a conceptual framework to
advance our understanding of the potential role of large Rab
GTPases in intracellular signaling and their pathological
mechanisms related to human diseases. Statins including
atorvastatin are widely prescribed for their cholesterol-
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Figure 2. Role of CRACR2A-a in regulation of TCR signaling. (a) A proposed model showing the role of CRACR2A-a in T cell receptor sig-
naling. In resting T cells, CRACR2A-a is predominantly localized near trans Golgi network in a GTP-bound form (Resting state). Upon T
cell receptor stimulation, CRACR2A-a-containing vesicles accumulate into the immunological synapse; by interaction of its proline-rich
domain with Vav1 to activate downstream signaling pathways (Effector state). Currently, it is not known whether these vesicles are
fused to the plasma membrane or remain as independent vesicles. Inactivation mechanisms include cytoplasmic localization of CRA-
CR2A-a by GTP hydrolysis (potentially by other signaling molecules) or possible de-prenylation (Termination state). The cytoplasmic
state of CRACR2A-a is likely to be temporary due to rapid degradation. Statin treatment also can induce this termination step by trigger-
ing de-prenylation, cytoplasmic location and degradation of CRACR2A-a. (b) Large GTPase family defined by their overall structure,
including CRACR2A-a (EFCAB4B), Rab44 (RASD3, RASL13) and Rab45 (RASEF). Unconventional C-terminal prenylation sites are indicated.
The amino acids of the short isoform CRACR2A-c and the long isoform CRACR2A-a are also indicated. PRD; proline-rich domain.



lowering effects. Interestingly, statin treatment also
decreases TCR signaling and these drugs are also used to
suppress autoimmune diseases in clinics.”” >’ Our results
suggest that CRACR2A-a can be an important target of sta-
tins due to its high sensitivity toward statin treatment and
the unique degradation mechanism after de-prenylation.
Therefore, studies on CRACR2A-a can impact translational
studies targeting prenylation of G proteins in intracellular
signaling for T cell activation. Finally, the identity and func-
tion of CRACR2A-a-containing vesicles is likely to be an
exciting area for future investigation to explore the role of
vesicles in regulation of intracellular signaling pathways.
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