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Abstract

Small GTPases of the Ras superfamily, which include Ras-, Rho-, Rab-, Arf-, and Ran-family isoforms, are generally known to
function as a nucleotide-dependent molecular switch in eukaryotic cells. In the GTP-loaded forms, they selectively recruit their
cognate interacting proteins or protein complexes, termed “effectors,” to the cytoplasmic face of subcellular membrane com-
partments, thereby switching on the downstream effector functions, which are vital for fundamental cellular events, such as cell
proliferation, cytoskeletal organization, and intracellular membrane trafficking. Nevertheless, in addition to acting as the classic
nucleotide-dependent switches for the effectors, recent studies have uncovered that small GTPases themselves can be self-
assembled specifically into homo-dimers or higher-order oligomers on membranes, and these assembly processes are likely
responsible for their physiological functions. This Review focuses particularly on the self-assembly processes of Rab- and Arf-
family isoforms during membrane tethering, the most critical step to ensure the fidelity of membrane trafficking. A summary of
the current experimental evidence for self-assemblies of Rab and Arf small GTPases on lipid bilayers in chemically defined

reconstitution system is provided
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Introduction

The Ras (Rat sarcoma) superfamily of small GTPases is com-
posed of over 160 members in human cells, which are further
classified into Ras-, Rho (Ras homologous)-, Rab (Ras-like
protein in brain)-, Arf (ADP-ribosylation factor)-, and Ran
(Ras-like nuclear protein)-subfamily protein isoforms
(Bourne et al. 1990; Wennerberg et al. 2005; Rojas et al.
2012; Goitre et al. 2014). These Ras-superfamily small
GTPases, for the most part, are small (around 20-35 kDa)
monomeric GTP-binding and hydrolyzing proteins that cycle
between the active GTP-loaded forms on the cytoplasmic sur-
face of subcellular membrane compartments and the inactive
GDP-loaded forms in the cytoplasm (Wennerberg et al. 2005;
Goitre et al. 2014). In the GTP-loaded state, membrane-bound
small GTPases specifically and physically interact with the
cognate partner proteins or protein complexes, termed
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“effectors,” thereby selectively recruiting the effectors to their
appropriate subcellular locations in eukaryotic
endomembrane systems (Wennerberg et al. 2005; Goitre
et al. 2014). A large number of the cognate effectors for
Ras-superfamily small GTPases have been identified and
found to be required for a variety of fundamental cellular
processes, such as (i) cell proliferation, differentiation, and
apoptosis (Ras-family GTPases and Ras effectors) (Karnoub
and Weinberg 2008); (ii) cytoskeletal organization, cell adhe-
sion, and cell migration (Rho-family GTPases and Rho
effectors) (Heasman and Ridley 2008); and (iii) intracellular
membrane trafficking in the secretory and endocytic transport
pathways (Rab- and Arf-family GTPases and their effectors)
(Stenmark 2009; Donaldson and Jackson 2011). Thus, in gen-
eral, small GTPases are recognized as a molecular switch that
allows the downstream effectors to function in those vital
cellular events in a guanine nucleotide-dependent manner
(Wennerberg et al. 2005; Goitre et al. 2014). Nevertheless,
in addition to acting as the classic molecular switches via
interacting with the cognate effectors, recent studies have
demonstrated that several isoforms of the Ras superfamily,
which include K-Ras/H-Ras (Muratcioglu et al. 2015;
Spencer-Smith et al. 2017; Prakash et al. 2017; Zhou et al.
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2018; Abankwa and Gorfe 2020; Lee et al. 2020; Van et al.
2021; Packer et al. 2021), endosomal Rabs (Lo et al. 2012;
Tamura and Mima 2014; Inoshita and Mima 2017; Mima
2018; Segawa et al. 2019; Ueda et al. 2020), and Arfl/Arf6
(Beck et al. 2008; Beck et al. 2011; Diestelkoetter-Bachert
et al. 2020; Fujibayashi and Mima 2021), can be specifically
self-assembled into the homo-dimers, oligomers, or
nanoclusters on membranes, thereby facilitating their physio-
logical functions in eukaryotic cells. Here, this review partic-
ularly focuses on the self-assembly processes of Rab- and Arf-
family small GTPases in intracellular membrane trafficking
and thus summarizes the current experimental evidence for
self-assemblies of Rab and Arf proteins on lipid bilayers in
an in vitro reconstitution system (Figs. 1 and 2; Mima 2018;
Segawa et al. 2019; Ueda et al. 2020; Fujibayashi and Mima
2021). The findings on self-assemblies of Rab and Arf small
GTPases in trans between two distinct opposing membranes
have expanded our understanding of the molecular basis of
membrane tethering, which is a process of the initial physical
contact between transport carriers (or vesicles) and their target
subcellular compartments, conferring the compartmental
specificity of intracellular membrane trafficking (Waters and
Pfefter 1999; Yu and Hughson 2010; Gillingham and Munro
2019).

Self-assemblies of Rab-family small GTPases
in trans between two distinct lipid bilayers

Rab-family small GTPases, constituting the largest branch of
the Ras superfamily which includes over 60 Rab isoforms in
human cells (Rojas et al. 2012), specifically localize to the
cytoplasmic surface of their appropriate subcellular compart-
ments in the GTP-loaded forms, interact with their cognate
Rab effectors (e.g., myosin motor proteins, coiled-coil tether-
ing proteins, and multisubunit tethering complexes) on the
membrane surfaces and then cooperate with these effectors
to achieve the sequential and fundamental steps of membrane
trafficking: cytoskeletal transport, membrane tethering, mem-
brane docking, and membrane fusion (Bonifacino and Glick
2004; Grosshans et al. 2006; Stenmark 2009; Hutagalung and
Novick 2011). Along with the globular conserved Ras-
superfamily GTPase domains (G domains; 160—170 residues;
Fig. 1a) that bind guanine nucleotides and the effectors, Rab-
family isoforms share the flexible C-terminal hypervariable
region (HVR) domains (20-50 residues; Fig. 1a) that are
post-translationally modified at the extreme C-terminal cyste-
ine residues with isoprenyl lipid groups, thereby linking the
globular Rab G domains to lipid bilayers through insertion of
the lipid anchors (Hutagalung and Novick 2011). The
membrane-bound forms of native Rab small GTPases were
recapitulated in the chemically defined reconstitution systems
using recombinant Rab proteins with a polyhistidine tag at the
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Fig. 1 Self-assemblies of Rab small GTPases directly tether two distinct P>
lipid bilayers. a Schematic representation of the membrane-anchored
form of human Rab5a, which consists of 215 amino acid residues
containing the globular Ras-superfamily GTPase domain (G domain;
residues 20-182) and the flexible C-terminal hypervariable region
domain (HVR domain; residues 183-215), in the in vitro chemically
defined system reconstituted from purified recombinant Rab5a proteins
with an artificial C-terminal polyhistidine tag (Rab5a-His12) and
synthetic liposomes containing DOGS-NTA-Ni** lipids. b Schematic
representation of reconstituted liposome tethering assays for
investigating frans-Rab-Rab assemblies on lipid bilayers (liposome
turbidity assay, fluorescence microscopy), showing the typical
experimental conditions used. ¢ Liposome turbidity assays for testing
the intrinsic potency of human Rab5a and H-Ras (used as the negative
control) to trigger the self-assemblies in trans, thereby physically
tethering two distinct liposomal membranes. Purified Rab5a-His12 and
H-Ras-His12 proteins were incubated with DOGS-NTA-bearing
liposomes (400 nm in diameter) and then assayed for turbidity changes
by measuring the optical density at 400 nm (AOD400; Mima 2018;
Segawa et al. 2019). d Fluorescence microscopic imaging assays for
Rab5a-mediated membrane tethering via trans-Rab-Rab self-
assemblies. Rab5a-His12 proteins were incubated with the
fluorescence-labeled liposomes (800 nm in diameter) bearing
rhodamine-PE and DOGS-NTA-Ni** lipids and subjected to
fluorescence microscopic observations of the rthodamine-labeled
liposome clusters obtained (Mima 2018; Segawa et al. 2019). e
Schematic representation of reconstituted membrane tethering assays
for testing the heterotypic pairs of Rab-anchored liposomes, including
Rabla-liposomes (Rabla-LP) plus Rab4a-LP, Rab9a-LP, Rabl1a-LP,
Rab27a-LP, and Rab33b-LP. f Heterotypic frans-assemblies of human
Rab small GTPases drive reconstituted membrane tethering. Pre-
incubated Rabla-anchored liposomes (Rabla-LP; 400 nm in diameter)
were mixed with pre-incubated Rab4a-LP, Rab9a-LP, Rablla-LP,
Rab27a-LP, and Rab33b-LP (400 nm in diameter) and subsequently
assayed for turbidity changes by measuring the optical density at
400 nm (AOD400; Segawa et al. 2019). g Schematic representation of
the wild-type form and the C-terminal HVR-truncated and HVR-deleted
mutant forms of human Rab4a, which include full-length Rab4a (residues
1-218), Rab4aAC199 (residues 1-199), Rab4aAC181 (residues 1-181),
Rab4aAC177 (residues 1-177), and Rab4aAHVR (residues 1-175). h
The flexible C-terminal HVR linker controls the intrinsic tethering
potency of the globular Rab G domain. Purified full-length, HVR-
truncated, and HVR-deleted Rab4a proteins with a polyhistidine tag
(His12) at the C-terminus were incubated with DOGS-NTA-bearing
liposomes (400 nm in diameter) and assayed for turbidity changes by
measuring the optical density at 400 nm (AOD400; Ueda et al. 2020).

C-terminus (Rab-His12) and synthetic liposomal membranes
bearing DOGS-NTA-Ni** (1,2-dioleoyl-sn-glycero-3-{[N-(5-
amino-1-carboxypentyl) iminodiacetic acid]-succinyl}-Ni**)
lipids that specifically and stably capture the C-terminal
His12 tails (Fig. 1a, b; Mima 2018). To further reconstitute
the physiologically relevant state of membrane-anchored Rab
proteins, liposomes were prepared with the lipid mixes con-
taining five major lipid species, including PC (phosphatidyl-
choline), PE (phosphatidylethanolamine), PI (phos-
phatidylinositol), PS (phosphatidylserine), and cholesterol,
using an extrusion method with 50- to 1000-nm pore-size
filters (Fig. 1b; Mima 2018). This roughly mimicked the phys-
iological lipid compositions (van Meer et al. 2008; Vance
2015; Yang et al. 2018) and sizes (Klumperman and Raposo
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2014; Nguyen et al. 2017) of subcellular compartments in
mammalian cells. Under these experimental conditions, the
intrinsic capacities of Rab-family small GTPases to tether lip-
id bilayers via the self-assemblies in frans have been quanti-
tatively evaluated by the two independent reconstituted teth-
ering assays, turbidity assays, and fluorescence microscopic
imaging assays (Fig. 1b; Tamura and Mima 2014; Inoshita
and Mima 2017; Mima 2018; Segawa et al. 2019; Ueda
et al. 2020).

By employing the reconstituted tethering assays for a num-
ber of representative human Rab-family isoforms functioning
in the secretory and endocytic transport pathways (Rabla, -2a,
-3a, -4a, -5a, -6a, -7a, -9a, -11a, -14, -27a, and -33b), all the
Rab isoforms, except for Rab27a, have been shown to exhibit
their intrinsic tethering activities even in the absence of any
other protein components associated with Rab-family
GTPases, such as long coiled-coil tethering factors,
multisubunit tethering complexes, and other types of Rab ef-
fectors (Tamura and Mima 2014; Inoshita and Mima 2017,
Segawa et al. 2019). In particular, Rab5a, which is localized at
early endosomes, clathrin-coated vesicles, and the plasma
membrane, was found to be the most active, tethering-
competent Rab isoform among those Rab-family isoforms
tested (Segawa et al. 2019). When tested at a wide range of
the Rab protein-to-lipid molar ratios from 1:100 to 1:6,400
(mol/mol) in turbidity assays (Fig. 1c) and also at the molar
ratios from 1:2,000 to 1:20,000 in fluorescence microscopy
(Fig. 1d), Rab5a was able to exhibit rapid and efficient teth-
ering of liposomal membranes through the self-assemblies in
trans at the ratios of 1:1,000-1:2,000 and further retain its
significant tethering activities even at the ratios of 1:5,000—
1:10,000 or below (Fig. 1c, d; Segawa et al. 2019). As dem-
onstrated previously in comprehensive studies on the surface
densities of SNARE (soluble N-ethylmaleimide-sensitive fac-
tor attachment protein receptor) family proteins in
reconstituted SNARE-mediated membrane fusion (Ji et al.
2010; Zick et al. 2014; Hernandez et al. 2014), Rab protein
densities on lipid bilayers (correlated with Rab-to-lipid molar
ratios) are surely critical to reconstituting physiologically rel-
evant Rab-mediated membrane tethering reactions. Although
the densities of Rab-family proteins on membrane surfaces
in vivo are largely unknown and likely to be variable among
subcellular membrane compartments, the physiological Rab-
to-lipid molar ratio was estimated from the average copy num-
ber of Rab proteins on synaptic vesicles from rat brain (total
25 Rab molecules per vesicle) reported in quantitative prote-
omic and lipidomic analyses of purified synaptic vesicles
(Takamori et al. 2006). Using the copy number of synaptic
Rabs (25 Rabs/vesicle; Takamori et al. 2006), the mean outer
diameter of synaptic vesicles (42 nm; Takamori et al. 2006),
the typical thickness of phospholipid bilayers (4 nm; Nagle
and Tristram-Nagle 2000), and the average surface area of
phospholipid headgroups (0.65 nm?; Nagle and Tristram-
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Nagle 2000), the Rab-to-lipid molar ratio of rat brain synaptic
vesicles was calculated to be 1:560 (mol/mol; 25 Rab proteins
and 14,100 lipids per vesicle; Inoshita and Mima 2017; Mima
2018; Segawa et al. 2019; Ueda et al. 2020). In addition, it
should also be noted that, assuming that Rab proteins are
typically a spherical 25-kDa molecule with a diameter of
4 nm (Erickson 2009), membrane-anchored Rab proteins
can occupy only approximately 7% of the outer surface areas
of liposomes in the reconstituted tethering assays, when tested
at the physiological Rab-to-lipid molar ratio calculated above
(Inoshita and Mima 2017; Mima 2018). Thus, experimental
data of the reconstituted tethering reactions mediated by
Rab5a and other Rab isoforms tested (except Rab27a) reflect
that Rab-family small GTPases can exhibit their intrinsic ca-
pacities to efficiently and specifically tether two distinct lipid
bilayers in the context of a physiologically relevant function
(Fig. lc, d; Inoshita and Mima 2017; Mima 2018; Segawa
etal. 2019).

Comprehensive reconstitution experiments of Rab-
mediated membrane tethering establish that several specific
Rab-family isoforms in humans (Rab3a, Rab5a, Raboa,
Rab7a, etc.) can function as a highly potent membrane tether
through their frans-assemblies in the “homotypic” arrange-
ments (e.g., Rab5a-Rab5a, Rab6a-Rab6a, and Rab7a-Rab7a)
at the physiologically relevant densities of Rab protein mole-
cules on membrane surfaces, whereas some other Rab iso-
forms appeared to be significantly inefficient (Rabla, Rab4a,
Rab9a, Rabl1a, Rab33b) or incompetent (e.g., Rab27a) in
initiating “homotypic” Rab-mediated tethering under the same
experimental conditions (Tamura and Mima 2014; Inoshita
and Mima 2017; Segawa et al. 2019). Considering that intra-
cellular membrane trafficking processes in eukaryotic
endomembrane systems involve both “homotypic” and “het-
erotypic” membrane tethering and fusion events of subcellular
compartments (Bonifacino and Glick 2004), it is conceivable
that those less-active or inactive Rab-family isoforms in
“homotypic” tethering may turn out to be an active membrane
tether in a “heterotypic” fashion. Indeed, reconstituted tether-
ing assays for testing the heterotypic combinations of Rabla
plus eight other Rab isoforms in humans revealed that Rabla,
which is primarily localized to the endoplasmic reticulum
(ER) and Golgi apparatus compartments, cooperated exclu-
sively with the three Golgi-resident Rab isoforms, Rab6a,
Rab9a, and Rab33b, to synergistically promote heterotypic
membrane tethering (Fig. le, f; Segawa et al. 2019). These
heterotypic tethering reactions can be achieved by trans-as-
semblies of membrane-anchored Rab proteins (Fig. le, f;
Segawa et al. 2019), as established in Rab-mediated tethering
in a homotypic manner (Tamura and Mima 2014; Inoshita and
Mima 2017; Mima 2018; Segawa et al. 2019). By assaying the
combinations of Rabla-anchored liposomes (Rabla-LP) plus
five distinct liposomes anchoring Rab4a, -9a, -11a, -27a, or -
33b (Rab4a-LP, Rab9a-LP, Rablla-LP, Rab27a-LP, or
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Fig. 2 Self-assemblies of Arf small GTPases in frans and cis
configurations on lipid bilayers. a Schematic representation of the
membrane-anchored form of human Arf6, which consists of 175
residues containing the N-terminal amphipathic helix (residues 2—10)
that can directly associate with lipid bilayers and the Ras-superfamily G
domain (residues 13—175), in the chemically defined reconstitution
system using purified recombinant Arf6 proteins with an N-terminal
His12 tag (His12-Arf6) and synthetic liposomes bearing DOGS-NTA-
NiZ* lipids. b Human Arf6, but not Arfl, can act as a bona fide membrane
tether, directly and physically tethering two distinct lipid bilayers.
Purified His12-Arf6, His12-Arfl, and Rab5a-His12 (used as the
positive control) were mixed with DOGS-NTA-bearing liposomes
(200 nm in diameter; 1 mM lipids) and assayed for turbidity changes by
measuring the optical density at 400 nm (AOD400; Fujibayashi and
Mima 2021). ¢ Fluorescence microscopic observations of liposome
clusters induced by trans-Arf-Arf self-assemblies. His12-Arf6 (upper)
and His12-Arfl (lower) proteins were incubated with the fluorescence-
labeled liposomes (200 nm in diameter; 2 mM lipids) baring rhodamine-

Rab33b-LP, respectively), Rabla was shown to selectively
recognize and associate in frans with the Golgi-resident
Rab9%a and -33b isoforms, but not Rab4a, -11a, and -27a iso-
forms, which are localized at endosomal or lysosomal com-
partments (Fig. le, f; Segawa et al. 2019). Experimental evi-
dence from the chemically defined reconstitution system (Fig.
le, f) supports the idea that “heterotypic” trans-assemblies of
Rab small GTPases can directly drive membrane tethering and
thus confer compartmental specificity of the tethering events
in intracellular membrane trafficking.

PE and DOGS-NTA-Ni** lipids and then subjected to fluorescence
microscopy (Fujibayashi and Mima 2021). d Schematic representation
of trans-Arf6-Arf6 assemblies between two distinct opposing
membranes, which drive membrane tethering, and heterotypic cis-Arf6-
Arfl assemblies on one membrane, which can prevent tethering-
competent Arfo-Arf6 assemblies in #rans. e Intrinsic tethering activity
of Arf6 can be blocked by the presence of membrane-bound Arfl.
Liposome turbidity assays were employed by incubating DOGS-NTA-
bearing liposomes (200 nm in diameter; | mM lipids) with His12-Arf6
only, His12-Arfl only, or both His12-Arf6 and His12-Arfl (Fujibayashi
and Mima 2021). f Fluorescence microscopy for testing the inhibitory
effect of membrane-bound Arfl on Arf6-mediated membrane tethering.
Rhodamine-PE/DOGS-NTA-bearing liposomes (200 nm in diameter;
2 mM lipids) were incubated in the presence of Arf6 only (upper) or
both Arf6 and Arfl (lower) and then subjected to fluorescence
microscopic observations of the liposome clusters formed (Fujibayashi
and Mima 2021).

Chemically defined reconstitution studies using synthetic
Rab-anchored liposomes reveal that Rab-family small
GTPases can directly and physically tether two distinct bilayers
via their homotypic and heterotypic trans-assemblies in a phys-
iological context, particularly in terms of the efficiency and
specificity (Fig. 1a—f; Tamura and Mima 2014; Inoshita and
Mima 2017; Mima 2018; Segawa et al. 2019). In spite of such
research advances, however, the mechanistic basis of Rab small
GTPase-mediated membrane tethering reactions still remains
largely unknown. Among the structural features of Rab-
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family small GTPases (Fig. 1a), the non-conserved C-terminal
HVR domains act as a relatively long flexible linker between
the globular G domain (Fig. la; about 4 nm in diameter;
Erickson 2009) and the membrane surface, which is calculated
to be approximately 14 nm in length for the HVR domain of
Rab5a (Fig. 1a), assuming the contour length of an amino acid
of 0.4 nm/aa (Ainavarapu et al. 2007). While earlier cell
biology-based studies reported the involvement of the C-
terminal HVR linker domains in membrane targeting and intra-
cellular localization of Rab-family small GTPases (Ali et al.
2004; Li et al. 2014), the critical roles of the HVR linkers in
Rab-mediated membrane tethering have recently been uncov-
ered by in vitro reconstitution experiments with the HVR-
deleted and HVR-truncated mutant forms of endosomal Rab
proteins in humans (Fig. 1g, h; Ueda et al. 2020). Strikingly,
intrinsic tethering activities of the two endosomal Rab isoforms,
Rab5a and Rab4a, were drastically enhanced by deletion of
their flexible HVR linkers, yielding 5- to 50-fold higher tether-
ing rates for the HVR-deleted Rab mutants than those for the
full-length, wild-type Rab proteins (Ueda et al. 2020).
Furthermore, by analyzing a series of sequentially HVR-
truncated mutants of Rab4a (Fig. 1g, h), several N-terminal
residues in the Rab4a HVR linker, which are located adjacent
to the C-terminus of the G domain (Fig. 1g), were found to be
critical to regulating the inherent tethering potency of the G
domain on the membrane surface (Fig. 1g, h; Ueda et al.
2020). These findings indicate that the non-conserved flexible
HVR linkers of Rab-family small GTPases define the intrinsic
capacities of the globular G domains to drive membrane teth-
ering via their self-assemblies in #rans on lipid bilayers, through
controlling the close attachment of the G-domains to membrane
surfaces.

Trans- and cis-assemblies of Arf-family small
GTPases on lipid bilayers

Small GTPases of the Arf family, as well as Rab small
GTPases, function as essential protein components for intracel-
lular membrane trafficking in eukaryotic cells, through
cooperating with their cognate effectors, termed Arf effectors
(D'Souza-Schorey and Chavrier 2006; Donaldson and Jackson
2011; Jackson and Bouvet 2014; Sztul et al. 2019). In particu-
lar, Arf-family small GTPases are generally known to play key
roles in the formation of membrane-bound transport carriers
(e.g., secretory and endocytic transport vesicles) at the donor
membrane compartments by specifically interacting with the
subunits of coat-protein complexes and cargo-adaptor com-
plexes (Donaldson and Jackson 2011; Jackson and Bouvet
2014; Sztul et al. 2019). Arfl associates with the COPI (coat
protein complex I) subunits during vesicle formation in the
retrograde Golgi-to-ER pathway (Spang et al. 1998; Bremser
et al. 1999), and Arf6 is involved in the formation of clathrin-
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coated endocytic vesicles via binding to the AP-2 adaptor com-
plex (Paleotti et al. 2005). It is noteworthy that prior studies on
the self-assembly of Arfl in a reconstituted system indicated
that dimerization of Arfl contributes to inducing membrane
curvature and scission during the formation of coated vesicles
(Beck et al. 2008; Beck et al. 2011; Diestelkoetter-Bachert et al.
2020). In addition to the pivotal roles in transport carrier for-
mation, a number of Arf-family small GTPases, including Arl
(Arf-like) GTPases, have been reported to physically associate
with the non-coat Arf effectors, coiled-coil tethering proteins,
and multisubunit tethering complexes, for example, golgin
GMAP-210 for Arfl (Drin et al. 2008), the exocyst complex
for Arf6 (Prigent et al. 2003), Golgin-97 and Golgin-245 for
Arll (Lu and Hong 2003), the GARP complex for Arl5 (Rosa-
Ferreira et al. 2015), and the HOPS complex for Arl8 (Khatter
et al. 2015). Although whether and how Arf small GTPases
directly act upon the process of membrane tethering (perhaps
together with the tethering factors described above) remain un-
clear, the recent reconstitution works on human Arf-family iso-
forms, Arfl and Arf6, have revealed that Arf6 can function as a
bona fide membrane tether, directly and physically linking two
distinct lipid bilayers via the self-assembly in trans, whereas
Arfl retains little or no potency to initiate tethering in the ab-
sence of other tethering factors or protein components (Fig. 2a—
¢; Fujibayashi and Mima 2021). In the reconstitution experi-
ments, human Arfl and Arf6 were purified as the N-terminal
His12-tagged forms (His12-Arfs; Fig. 2a—c) and specifically
anchored to synthetic DOGS-NTA-bearing liposomes (Fig.
2a), mimicking the membrane-bound state of native Arf pro-
teins that bind to membrane surfaces via a myristoyl lipid an-
chor at the N-terminus and an N-terminal amphipathic helix
(Fig. 2a; Fujibayashi and Mima 2021). As previously
established for reconstitution studies of Rab-mediated mem-
brane tethering (Fig. 1; Tamura and Mima 2014; Inoshita and
Mima 2017; Mima 2018; Segawa et al. 2019; Ueda et al. 2020),
the intrinsic membrane tethering activities of purified His12-
Arf proteins were investigated by liposome turbidity assays
(Fig. 2b) and fluorescence microscopy (Fig. 2¢), demonstrating
the high potency of Arf6, but not Arfl, to drive rapid and
efficient tethering of liposomal membranes (200 nm in diame-
ter) at Arf-to-lipid molar ratios ranging from 1:2,000 to 1:500
(Fig. 2b, c; Fujibayashi and Mima 2021). Intriguingly, even
though Arfl was unable to trigger membrane tethering via the
self-assembly in #rans in the reconstituted tethering assays (Fig.
2b, ¢), the presence of membrane-bound Arfl proteins on Arf6-
anchored liposomes abolished the tethering potency of Arf6
almost completely (Fig. 2d—f). This indicates that heterotypic
Arfl-Ar6 assemblies in a cis configuration can prevent
homotypic Arf6-Arf6 self-assemblies in trans (Fig. 2d—f;
Fujibayashi and Mima 2021). These experimental data in a
reconstituted system suggest that self-assemblies of Arf-
family small GTPases directly contribute to driving and regu-
lating membrane tethering events in eukaryotic cells.
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Conclusions and perspectives

Recent biochemical studies by chemically defined reconstitu-
tion approaches using purified components have established
that self-assemblies of Rab- and Arf-family small GTPases on
lipid bilayers can directly mediate efficient and specific teth-
ering of two distinct membranes in a physiological context: (i)
A number of representative Rab-family small GTPases exhibit
their inherent tethering functions at a physiological level of the
surface densities of Rab proteins on membranes (Fig. 1a—d;
Tamura and Mima 2014; Inoshita and Mima 2017; Segawa
et al. 2019); (ii) both homotypic (e.g., Rab5a-Rab5a) and het-
erotypic (e.g., Rabla-Rab9a) trans-assemblies of Rab small
GTPases drive efficient and specific membrane tethering re-
actions (Fig. 1c—f; Segawa et al. 2019); (iii) the non-conserved

flexible C-terminal HVR linkers of Rab small GTPases con-
trol the tethering-competent state of the globular G domains
on membrane surfaces (Fig. 1g, h; Ueda et al. 2020); and (iv)
in addition to Rab-family isoforms, the small GTPase Arf6
functions as a bona fide membrane tether through the self-
assembly in trans (Fig. 2; Fujibayashi and Mima 2021).
These findings provide novel insights into the mechanisms
by which eukaryotic cells determine the directionality of in-
tracellular membrane trafficking, since, in the current para-
digm, the sequentially and structurally diverse classic tether-
ing factors, such as long coiled-coil tethering proteins and
multisubunit tethering complexes, are thought to primarily
confer the spatiotemporal specificity of membrane trafficking
by directly mediating membrane tethering in eukaryotic
endomembrane systems (Bonifacino and Glick 2004; Yu
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Fig. 3 Putative protein-protein interfaces for self-assemblies of Ras, Rab,
and Arf small GTPases. a Sequence alignment of human K-Ras4B
(UniProtKB: P0116-2), Rab5a (UniProtKB: P20339), and Arf6
(UniProtKB: P62330). Amino acid sequences of these Ras-superfamily
small GTPases were obtained from UniProtKB (https://www.uniprot.org)
, aligned using ClustalW (https://www.genome.jp/tools-bin/clustalw),
and rendered by ESPript 3.0 (https://espript.ibep.fi/ESPript/ESPript).
Identical and similar amino acid residues in the sequence alignment are
highlighted in red boxes and in red characters, respectively. The p-loop,
switch I, and switch II regions; the N-terminal effector lobe; the C-
terminal allosteric lobe; and the C-terminal hypervariable region (HVR)
domain of K-Ras4B are indicated on the top or at the bottom of the
sequence alignment. Secondary structures in the crystal structure of K-

N-terminal
effector

lobe lobe

as

(169-180) (161-173)

Ras4B (residues 1-167; PDB code, 3GFT), including five o-helices
(x1—x5) and six (-strands (1-36), are also shown at the bottom of
the alignment. Cyan arrows on the top of the alignment indicate
putative key residues involved in the self-assembly of K-Ras4B, such
as E91, H94, H95, R97, E98, Q99, K101, R102, D105, S106, E107,
K128, Q129, Q131, D132, L133, R135, S136, Y137, D154, R161,
E162, R164, K165, and E168 (Muratcioglu et al. 2015; Spencer-Smith
et al. 2017; Prakash et al. 2017; Lee et al. 2020; Packer et al. 2021). b—d
Crystal structures of human K-Ras4B (b PDB code, 3GFT), Rab5a (¢
PDB code, IN6H), and Arf6 (d PDB code, 1EOS) proteins. The structures
are labeled with the p-loop, switch I, and switch II regions; the N-terminal
effector lobe; the C-terminal allosteric lobe; and five «-helices (x1-a5),
where indicated.
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and Hughson 2010; Kuhlee et al. 2015; Cheung and Pfeffer
2016; Spang 2016; Gillingham and Munro 2019). Future stud-
ies will need to be focused on the mechanistic details of mem-
brane tethering mediated by Rab- and Arf-family small
GTPases, particularly deciphering protein-protein interfaces
in the globular G domains required for their trans-assemblies
on lipid bilayers (Fig. 3). It should be noteworthy that recent
advances in computational and experimental works on dimer-
ization of oncogenic K-Ras4B have proposed two potential
dimer interfaces in the Ras G domain (Zhou et al. 2018;
Abankwa and Gorfe 2020; Van et al. 2021): the «3/x4 helical
interface (Fig. 3; Muratcioglu et al. 2015; Prakash et al. 2017)
and the o4/ helical interface (Fig. 3; Spencer-Smith et al.
2017; Prakash et al. 2017; Lee et al. 2020; Packer et al. 2021).
Both of these two partially overlapping dimer interfaces are
composed of abundant charged or hydrophilic amino acid
residues and are located at the C-terminal allosteric lobe in
the G domain, not within the N-terminal effector lobe which
contains the p-loop, switch I, and switch II regions responsible
for binding guanine nucleotides and the effectors (Fig. 3;
Abankwa and Gorfe 2020). Although it remains unknown
whether the two putative interfaces in the K-Ras4B dimer
(Fig. 3; the a3/x4 and o4/5 interfaces) are conserved
through Rab- and Arf-family protein isoforms, comprehensive
investigations on the «3-a4-x5 helical surfaces in the alloste-
ric lobes of Rab and Arf small GTPases will advance our
understanding of the molecular machinery of Rab- and Arf-
mediated membrane tethering and, beyond that, the physio-
logical significance of self-assemblies of Ras-superfamily
small GTPases on lipid bilayers in general.
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