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Takai, Yoshimi, Takuya Sasaki, and Takashi Matozaki. Small GTP-Binding Proteins. Physiol Rev 81: 153-208,
2001.—Small GTP-binding proteins (G proteins) exist in eukaryotes from yeast to human and constitute a super-
family consisting of more than 100 members. This superfamily is structurally classified into at least five families: the
Ras, Rho, Rab, Sarl/Arf, and Ran families. They regulate a wide variety of cell functions as biological timers
(biotimers) that initiate and terminate specific cell functions and determine the periods of time for the continuation
of the specific cell functions. They furthermore play key roles in not only temporal but also spatial determination of
specific cell functions. The Ras family regulates gene expression, the Rho family regulates cytoskeletal reorganiza-
tion and gene expression, the Rab and Sarl/Arf families regulate vesicle trafficking, and the Ran family regulates
nucleocytoplasmic transport and microtubule organization. Many upstream regulators and downstream effectors of
small G proteins have been isolated, and their modes of activation and action have gradually been elucidated.
Cascades and cross-talks of small G proteins have also been clarified. In this review, functions of small G proteins

Volume 81

and their modes of activation and action are described.

I. INTRODUCTION

Small GTP-binding proteins (G proteins) are mono-
meric G proteins with molecular masses of 20-40 kDa.
The Ha-Ras and Ki-Ras genes were first discovered as the
v-Ha-Ras and v-Ki-Ras oncogenes of sarcoma viruses
around 1980 (111, 660). Their cellular oncogenes were
then identified in humans, and their mutations were fur-
thermore found in some human carcinomas (146, 252,
499, 561, 626, 661). The mutated forms were subsequently
shown to stimulate proliferation and transformation of
cultured cells (71, 84, 182, 681). Moreover, the mutated
forms were shown to induce cell differentiation in neuro-
nal cells (41, 249, 523). These findings drew the attention
of many scientists not only in the cancer research field but
also in many other fields. Finally, these Ras proteins were
shown to be related to the heterotrimeric G proteins, such
as G4 and G;, and G proteins involved in protein synthesis,
such as elongation factor Tu (EF-Tu) (222, 644, 659).

The Rho gene was discovered as a homolog of the
Ras gene in Aplysia in 1985 (421); the YPT'1 gene, which
had been discovered as an open reading frame between
the actin and tubulin genes in the yeast Saccharomyces
cerevisiae (S. cerevisiae) in 1983 (208), was identified to
encode a small G protein in 1986 (641); Arf protein, which
was purified as a cofactor for the cholera toxin-catalyzed
ADP-ribosylation of G4 in 1984 (326), was identified to
encode a small G protein in 1986 (327). The SEC4 gene,
which had been isolated as a gene involved in secretion in
the yeast in 1980 (527), was identified to encode a small G
protein in 1987 (623). These results suggested the pres-
ence of a big family of Ras-like small G proteins. Actually,
many small G proteins were systematically isolated by

molecular biological (100, 101, 105, 551, 573) and bio-
chemical (291, 337, 344, 534, 535, 793, 797) methods.

Now, more than 100 small G proteins have been
identified in eukaryotes from yeast to human, and they
comprise a superfamily (60, 250, 701). The members of
this superfamily are structurally classified into at least five
families: the Ras, Rho, Rab, Sarl/Arf, and Ran families
(Table 1 and Fig. 1). In the yeast S. cerevisiae, sequence
analysis against complete genomic sequence has revealed
that there are 4 Ras family members, 6 Rho family mem-
bers, 11 Rab family members, 7 Sar1l/Arf family members,
and 2 Ran family members (210, 383). The functions of
many small G proteins have recently been elucidated: the
Ras subfamily members (Ras proteins) of the Ras family
mainly regulate gene expression, the Rho/Rac/Cdc42 sub-
family members (Rho/Rac/Cdc42 proteins) of the Rho
family regulate both cytoskeletal reorganization and gene
expression, the Rab and Sarl/Arf family members (Rab
and Sarl/Arf proteins) regulate intracellular vesicle traf-
ficking, and the Ran family members (Ran) regulate nu-
cleocytoplasmic transport during the G4, S, and G, phases
of the cell cycle and microtubule organization during the
M phase. Many upstream regulators and downstream ef-
fectors of small G proteins have been identified, and
modes of activation and actions have gradually been elu-
cidated. In this review, functions of small G proteins and
their modes of activation and action are described. How-
ever, this review may not cover all detailed information
regarding each small G protein; readers may refer to other
recent excellent reviews (3, 49, 58, 80, 82, 139, 325, 417,
420, 428, 483, 491, 519, 536, 630, 713, 744, 758).

As to nomenclature, the term small GTPases is often
used, but “small G proteins” is used here because small G
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TABLE 1. The small G protein superfamily
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Sarl/Arf Ran
Ras Family Rho Family Rab Family Family Family
Mammal Ha-Ras Rheb RhoA Rnd2/ RablA Rabl1A Rab26 Arfl Ran
Ki-Ras kB-Rasl RhoB Rho7 Rab1B Rabl11B Rab27A Arf2
N-Ras kB-Ras2 RhoC Tc10 Rab2 Rab12 Rab27B Arf3
R-Ras RhoD Rab3A Rab13 Rab28 Arfd
M-Ras RhoE/ Rab3B Rabl4 Rab29 Arfb
RalA Rnd3/ Rab3C Rab15 Rab30 Arf6
RalB Rho8 Rab3D Rab16 Rab31 Sarla
RaplA RhoG Rab4 Rab17 Rab32 Sarlb
RaplB RhoH/ RabbA Rab18 Rab33A Arll
Rap2A TTF Rab5B Rab19 Rab33B Arl2
Rap2B Racl Rab5C Rab20 Arl3
Tc21 Rac2 Rab6 Rab21 Arl4
Rit Rac3 Rab7 Rab22 Arl5
Rin Cdc42 Rab8 Rab23 Arl6
Rad Rndl/ Rab9 Rab24 Arl7
Kir/Gem Rho6 Rab10 Rab25 Ardl
Yeast Rasl Rhol Yptl Ypt52 Arfl Gspl
Ras2 Rho2 Sec4 Ypt53 Arf2 Gsp2
Rsrl Rho3 Ypt31/ Ypt6 Arf3
Yct7 Rho4 Ypt8 Ypt7 Sarl
Cdc42 Ypt32/ Yptl0 Arll
YnsO Ypt9 Yptll Arl2
Yptbl/ Cin4d
Vps21

See References 251a and 810a.

proteins have both GDP/GTP-binding and GTPase activi-
ties. In many cases, the GTPase activity is necessary for
the termination of the functions of small G proteins, but
not essential for them to perform their functions. From
this point of view, the term GTPase is misleading. “G
proteins” represent heterotrimeric G proteins and “small
GTP-binding proteins” should be used, but just for sim-
plicity “small G proteins” is used here. G proteins used
here include heterotrimetric G proteins (223), G proteins
involved in protein synthesis (338), and small G proteins.
Guanine nucleotide exchange factor (GEF) is often used,
but guanine nucleotide exchange protein (GEP) is used
here, because all GEFs thus far found are proteins and
“GEPs” is a more correct term.

II. GENERAL PROPERTIES

A. Structure

A comparison of the amino acid sequences of Ras
proteins from various species has revealed that they are
conserved in primary structures and are 30-55% homolo-
gous to each other. Among Ras proteins, each protein
shares relatively high (50-55%) amino acid identity,
whereas Rab and Rho/Rac/Cdc42 proteins share ~30%
amino acid identity with Ras proteins (250, 742). Never-
theless, like other G proteins, all small G proteins have

consensus amino acid sequences responsible for specific
interaction with GDP and GTP and for GTPase activity,
which hydrolyzes bound GTP to GDP and P; (61, 701, 742)
(Fig. 2A). Moreover, they have a region interacting with
downstream effectors. In addition, small G proteins be-
longing to Ras, Rho/Rac/Cdc42, and Rab proteins have
sequences at their COOH termini that undergo posttrans-
lational modifications with lipid, such as farnesyl, gera-
nylgeranyl, palmitoyl, and methyl moieties, and proteoly-
sis (89, 228, 427, 701, 811) (Fig. 3). Arf proteins have an
NH,-terminal Gly residue that is modified with myristic
acid (493). Sarl and Ran do not have such sequences to
direct posttranslational modifications.

Crystallographic and NMR analyses of some small G
proteins, including Ha-Ras, N-Ras, Rap2A, RhoA, Racl,
Rab3A, Rab7, Arfl, and Ran, have revealed that all GDP/
GTP-binding domains have a common topology (219)
(Fig. 2B). By comparison of the structure of Ha-Ras in the
GTP-bound conformation and the GDP-bound conforma-
tion, two highly flexible regions surrounding the y-phos-
phate of GTP have been established (471, 560): the switch
I region within loop L2 and f3, (the effector region) and
the switch II region within loop L4 and helix a,. A two-
state model for the movement of the effector loop in the
GTP-bound form of Ha-Ras has been established; the
flexibility of the loop can conveniently be monitored by a
large shift of Tyr-32 relative to the phosphate groups,
because the hydroxyl group of Tyr-32 forms hydrogen
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FIG. 1. Dendrogram of the small G protein superfamily. [Modified from Garcia-Ranea and Valencia (210).]

bond with the y-phosphate of GTP. Binding of c-Raf-1, an
effector of Ras proteins (see below), stabilizes the effec-
tor loop in the active conformation (459).

The COOH-terminal regions are classified into at
least four groups: 1) Cys-A-A-X (A, aliphatic acid; X, any
amino acid); 2) Cys-A-A-Leu/Phe; 3) Cys-X-Cys; and 4)
Cys-Cys (89, 228, 427, 701) (Fig. 3). The Cys-A-A-X struc-

(Effector domain)
Swltch 1 Switch ]

ture is furthermore subclassified into two groups: one has
an additional Cys residue upstream of the Cys residue of
the Cys-A-A-X structure (/a), and the other has a polyba-
sic region (I1b). In the case of the Cys-A-A-X structure,
Ha-Ras and Ki-Ras are first farnesylated at the Cys residue
followed by the proteolytic removal of the A-A-X portion
and the carboxylmethylation of the exposed Cys residue

“OEE § D

GXXXXGK DXXG NKXD EXSAX
(Consensus sequences for GDP/GTP-binding and GTPase activities)

witch |
~/Switch Il

FIG. 2. Structure of small G proteins. A: consensus
amino acid sequences responsible for specific interaction
with GDP and GTP and for GTPase activity. B: crystallo-
graphic structure of small G proteins. The crystallographic
structure of Ha-Ras is representatively shown. A, Ala; D,
Asp; E, Glu; G, Gly; K, Lys; N, Asn; S, Ser; X, any amino
acid. [Modified from Pai et al. (560).]
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(1a) --Cys----— Cys- OCH3 (A-A-X) (Ha-Ras, N-Ras)
(1b)

2 ----@@®— Cys-0OCHj; (A-A-Leuw/Phe) (Rap1)
@ T

Cys—Ala—Cys—OCH;, (Rab3A)
@ Cys—Cys—-OCH3? (Rab1)

FIG. 3. The COOH-terminal structures and posttranslational modifi-
cations of small G proteins. The COOH-terminal regions of small G
proteins are classified into at least four groups (I-4). The Cys-A-A-X
structure is furthermore subclassified into two groups (@ and 1b). A,
aliphatic acid; X, any amino acid; P, palmitoyl; F, farnesyl; GG, gera-
nylgeranyl.

(90, 201, 247, 256, 313). Ha-Ras has an additional Cys
residue that is further palmitoylated (256). The Cys-A-A-
Leu structure of Rapl1 is first geranylgeranylated followed
by the same modifications (336). Both Cys residues of the
Cys-X-Cys structure of Rab3A are geranylgeranylated, and
the COOH-terminal Cys residue is carboxylmethylated
(177). Both Cys residues of the Cys-Cys structure of Rab1
are geranylgeranylated, but the COOH-terminal Cys resi-
due is not carboxylmethylated (672). The lipid modifica-
tions of these small G proteins are necessary for their
binding to membranes and regulators and for their acti-
vation of downstream effectors as described below (89,
228, 257, 427, 701, 702, 811).

The farnesyl moiety is derived from farnesyl pyro-
phosphate, an intermediate product of the mevalonate
pathway which produces cholesterol from mevalonate
(231). Mevalonate is produced from 3-hydroxy-3-methy-
glutaryl-CoA by the action of 3-hydroxy-3-methyglutaryl-
coenzyme reductase. A specific inhibitor for this enzyme,
named pravachol, is used as a very effective drug for
arteriosclerosis (171, 231). The geranylgeranyl moiety is
derived from geranylgeranyl pyrophosphate, which is an
intermediate product for the synthesis of dolichol and
ubiquinone (220, 231). The palmitoyl moiety is derived
from palmitoyl CoA. The methyl moiety is derived from
S-adenosyl-methionine. The enzymes that transfer the
prenyl moieties have been isolated and characterized
(811). The farnesylation of the Cys-A-A-X structure is
catalyzed by farnesyltransferase, the geranylgeranylation
of the Cys-A-A-Leu structure is catalyzed by geranylgera-
nyltrasnferase I, and the prenylation of the Cys-X-Cys and
Cys-Cys structures is catalyzed by geranylgeranyltrans-
ferase II. Farnesyltransferase and geranylgeranyltrans-
ferase I consist of two subunits, @ and 3 subunits, and the
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a-subunits of both enzymes are identical (648). Gera-
nylgeranyltransferase II consists of three subunits, origi-
nally termed component A but recently renamed Rab
escort protein I (Repl), and «- and B-subunits (289, 645,
646, 672). Repl binds unprenylated Rab proteins, presents
them to the catalytic aB-subunits, and remains bound to
Rab proteins after the geranylgeranyl transfer reaction
(20). In cells, Rab GDP dissociation inhibitor (GDI) (see
below) may dissociate this product from Repl, allowing
multiple cycles of catalysis. The human Repl gene has
been identified by positional cloning as that responsible
for choroideremia, which is an X-linked form of retinal
degeneration (131, 132, 187). Loss of Rep! activity causes
the reduced prenylation of Ram/Rab27, which is ex-
pressed at high levels in the retinal cell layers, and the
degeneration of this protein in the progression of this
disease (647). Palmitoyltransferase that palmitoylates Ha-
Ras has been purified (406), but it is not yet known
whether this enzyme is the one that functions in vivo.
Methyltransferases that transfer the methyl moieties to
small G proteins having Cys-A-A-X, Cys-A-A-Leu, and Cys-
X-Cys structures have not been well characterized. A
protease, Rcel, that removes the A-A-X and A-A-Leu por-
tions of Ha-Ras, N-Ras, Ki-Ras, and RaplB, has recently
been identified (345, 557).

B. A Role as Molecular Switches

According to the structures of small G proteins, they
have two interconvertible forms: GDP-bound inactive and
GTP-bound active forms (60, 250, 701) (Fig. 4). An up-
stream signal stimulates the dissociation of GDP from the
GDP-bound form, which is followed by the binding of
GTP, eventually leading to the conformational change of
the downstream effector-binding region so that this re-
gion interacts with the downstream effector(s). This in-
teraction causes the change of the functions of the down-
stream effector(s). The GTP-bound form is converted by
the action of the intrinsic GTPase activity to the GDP-
bound form, which then releases the bound downstream
effector(s). In this way, one cycle of activation and inac-
tivation is achieved, and small G proteins serve as molec-
ular switches that transduce an upstream signal to a
downstream effector(s).

Thus the rate-limiting step of the GDP/GTP exchange
reaction is the dissociation of GDP from the GDP-bound
form. This reaction is extremely slow and therefore stim-
ulated by a regulator, named GEP (also called GEF or
guanine nucleotide releasing factor), of which activity is
often regulated by an upstream signal. GEP first interacts
with the GDP-bound form and releases bound GDP to
form a binary complex of a small G protein and GEP.
Then, GEP in this complex is replaced by GTP to form the
GTP-bound form. Most GEPs, such as Son of Sevenless
(SOS), a Ras GEP, and Rab3 GEP, are specific for each
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member or subfamily of small G proteins (56, 75, 762), but
some GEPs, such as Dbl, a GEP active on Rho/Rac/Cdc42
proteins, show wider substrate specificity (259, 788). The
GDP/GTP exchange reactions of Rho/Rac/Cdc42 and Rab
proteins are furthermore regulated by another type of
regulator, named Rho GDI and Rab GDI, respectively (28,
206, 453, 629, 732). This type of regulator inhibits both the
basal and GEP-stimulated dissociation of GDP from the
GDP-bound form and keeps the small G protein in the
GDP-bound form. Rho GDI and Rab GDI show wider
substrate specificity than GEPs and GTPase-activating
proteins (GAPs) and are active on all Rho/Rac/Cdc42 and
Rab proteins, respectively (18, 275, 391, 627, 629, 732,
737). Thus the activation of Rho/Rac/Cdc42 and Rab pro-
teins is regulated by positive and negative regulators.
Recently, Ran GDI, pl0/NTF2, has also been reported
(125, 485, 563, 789), but GDIs have not been identified for
other small G proteins. The GTPase activity of each small
G protein is variable but relatively very slow and is stim-
ulated by GAPs. Most GAPs, such as Ras GAP and Rab3
GAP, are specific for each member or subfamily of small
G proteins (56, 205, 727), but some GAPs, such as p190, a
GAP active on Rho/Rac/Cdc42 proteins, show wider sub-
strate specificity (656).

C. Localization

Small G proteins as well as heterotrimeric G proteins
are present only in eukaryotes from yeast to human,
although G proteins involved in protein synthesis such as
elongation factors exist in both prokaryotes and eu-
karyotes. Most small G proteins are widely distributed in
mammalian cells, and most cells have the Ras, Rho, Rab,
Sarl/Arf, and Ran families, although expression levels of
their members may vary from one type to another. A few
members show tissue-specific expression; for instance,
Rab3A is expressed in cells having a regulated secretion

TAKAI, SASAKI, AND MATOZAKI
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pathway, such as neurons, neuroendocrine cells, and exo-
crine cells (140, 183, 476, 477, 625). Rab17 is detected in
epithelial cells (413). Most small G proteins are localized
either in the cytosol or on membranes. Ran is localized
either in the cytosol or in the nucleus. Each small G
protein is localized to a specific membrane. Ras proteins
are localized at the cytoplasmic face of the plasma mem-
brane. This localization is mediated by the posttransla-
tional modifications with lipid. The farnesyl moiety of
Ha-Ras and Ki-Ras alone is not sufficient for their binding
to the membrane (256). In the case of Ha-Ras, both the
farnesyl and palmitoyl moieties are necessary, whereas in
the case of Ki-Ras, both the farnesyl moiety and the
neighboring clustered polybasic amino acids are neces-
sary. The farnesyl and palmitoyl moieties may interact
with the acyl moieties of the phospholipids, whereas the
polybasic amino acids may interact with the polar head
groups of the acidic phospholipids. The methyl moiety
also contributes markedly to efficient membrane associ-
ation (255). Rapl is geranylgeranylated and has clustered
polybasic amino acids. Most Rab proteins have either a
Cys-X-Cys or Cys-Cys structure of which Cys residues are
both geranylgeranylated. These small G proteins are lo-
calized at the cytoplasmic faces of distinct membrane
compartments. It has not been experimentally clarified
how Rapl and Rab proteins exactly interact with the
membranes, but it is likely that both the prenyl moiety
and the polybasic region or two prenyl moieties are nec-
essary. In contrast, Arf proteins have one myristoyl moi-
ety and Sarl has no lipid moiety, but they interact with the
cytoplasmic faces of membranes. Arf proteins interact
with membrane lipids by its myristoylated and amphi-
pathic NH,-terminal helix (21, 47). In the case of Sarl, it
may interact with the phospholipid through only peptide
region. Small G proteins, such as Rho/Rac/Cdc42 and Rab
proteins, located on the plasma membrane and the cy-
tosol are translocated between these two sites. Ran is also
translocated between the cytosol and the nucleus through
the nuclear pore complexes (NPCs).

III. RAS PROTEINS AS REGULATORS
OF GENE EXPRESSION

A. Outline

Three Ras proteins are now known, Ha-Ras, Ki-Ras,
and N-Ras, which are capable of transforming mammalian
cells when activated by point mutations (71, 84, 182, 681).
In the yeast S. cerevisiae, there are two members of Ras
proteins, Rasl and Ras2, that are essential for cell viabil-
ity, and these yeast genes are functionally replaceable by
mammalian genes (141, 577). The downstream effector of
Ras proteins was first identified to be adenylate cyclase in
the yeast S. cerevisiae (66, 721). Mammalian adenylate
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cyclase is directly regulated by heterotrimeric G proteins,
but not by Ras proteins. Subsequently, genetic, cell bio-
logical, and biochemical studies in Caenorhabditis
elegans, Drosophila, and mammalian cells established the
mode of action of Ras proteins; they directly bind to and
activate Raf protein kinase (82, 151a, 254a, 743, 759, 767,
815), which then induces gene expression through the
mitogen-activated protein (MAP) kinase cascade in re-
sponse to various extracellular signaling molecules (145,
299, 416). Other studies have clarified that Ras proteins
regulate not only cell proliferation but also differentiation
(41, 249, 523), morphology (41a, 182, 779), and apoptosis
(334). Ras proteins regulate these functions mainly
through gene expression, but it has not been established
whether the Ras protein-mediated morphological changes
are a direct effect or an indirect effect through gene
expression. Another characteristic feature of Ras proteins
is that the mutations of their genes and their regulator
genes cause human cancers (9, 42, 59, 445, 607, 756, 786).
Thus Ras proteins are crucially important molecules not
only for biology but also for human health.

B. Ras Protein Cycle: Activation/Inactivation

Ras protein activity is regulated by GEPs and GAPs,
and activation is induced by a large variety of extracellu-
lar signals, most notably signals that activate receptors
with intrinsic or associated tyrosine kinase activity (168,
207, 399, 549, 617) (Fig. 5). Phosphotyrosines serve as
docking sites for the adaptor proteins, such as GRB2 and
SHC/GRB2 complex, which then recruit SOS, the most
characterized Ras GEP, from the cytosol to produce a

Extracellular signal
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receptor-adaptor-GEP complex. SOS recruited to the
plasma membrane then stimulates a Ras protein located
at the cytoplasmic face of the plasma membrane and
converts it from the the GDP-bound form to the GTP-
bound form. It is believed that GRB2 recruits SOS from
the cytosol to the plasma membrane without affecting its
GEP activity, but the possibility has not been totally ex-
cluded that GRB2 both recruits and activates SOS. Recep-
tors not directly associated with tyrosine kinases, such as
T-cell receptors, may activate Ras proteins indirectly
through Src-like tyrosine kinases or ligand-independent
activation of receptor tyrosine kinases (243, 690, 774).
Moreover, heterotrimeric G protein-coupled receptors,
such as a-adrenergic receptors, muscarinic acetylcholine
receptors, and lysophosphatidic acid, have also been
shown to activate Ras proteins (266, 285, 294). In addition,
an increase of cytoplasmic Ca®" induced by activation of
these receptors in neurons also induces activation of
another type of GEPs, p140 Ras GRF, that contains an 1Q
motif regulated by calcium-bound calmodulin (178).

After the GTP-bound forms of Ras proteins accom-
plish their effects on downstream effector(s), they are
converted to the GDP-bound form by the action of Ras
GAPs. However, how termination of Ras protein signaling
is achieved is not fully understood. Phosphorylation of
SOS by the Raf/MAP kinase pathway (see below) may
induce the dissociation of SOS from GRB2 (281, 356), and
another possible mechanism is that Ras GAPs are acti-
vated by their binding to tyrosine-phosphorylated growth
factor receptors such as the platelet-derived growth fac-
tor (PDGF) receptor (17, 332).

Three GEPs of Ras (SOS, Cdc25, and Ras GRF) have

Receptor

Membrane

14-3-3

MAP kinase

|Gene expression| r J

%

KSR (Drosophila)
CNK/MAGUIN

FIG. 5. Mode of action of Ras proteins in gene expres-
sion. Ras, Ras proteins.

One directional regulation
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been discovered to date. The first GEP for Ras, Cdc25, has
been identified genetically in S. cerevisiae (67, 81, 605).
Cdc25 has a GEP domain that is required for its catalytic
activity, located in its COOH-terminal region. In addition,
Cdc25 has an SH3 domain in the NH,-terminal region. In
higher eukaryotes, in addition to mammalian Cdc25
(mCdc25b), two different types of proteins with homology
to Cdc25 have been found. The first group includes SOS.
SOS was first identified in Drosophila. Genetic studies
have shown that SOS is downstream of Sevenless, a re-
ceptor tyrosine kinase, which is homologous to the epi-
dermal growth factor (EGF) receptor (609, 669). One
human and two murine homologs of SOS have been
cloned. SOS has one pleckstrin homology (PH) domain
that may interact with a membrane phospholipid, phos-
phatidylinositol 4,5-bisphosphate (PIP,), to determine its
localization (62, 98). In addition, SOS has a GEP domain
that is required for its catalytic activity in the middle
portion and a GRB2-binding site in its COOH-terminal
region. The second GEP group includes p140 Ras GRF
that is primarily expressed in neural tissues (667). p140
Ras GRF has also a PH domain and a GEP domain. In
addition, p140 Ras GRF contains an IQ motif that is
regulated by calcium-bound calmodulin (178). Ras GRP, a
GEP also predominantly expressed in brain, binds Ca®"
directly through a structure similar to the calcium binding
EF hand; moreover, Ras GRP is regulated by direct bind-
ing of diacylglycerol (166). SOS is active on Ha-Ras and
Ki-Ras but not on R-Ras, whereas Ras GRF is active on
Ha-Ras and N-Ras but not on RalA or Cdc42 (56, 75,
507, 667).

p120 Ras GAP is the first GAP to be characterized at
a molecular level (221, 727, 728, 755). p120 Ras GAP is
active on Ha-Ras, Ki-Ras, N-Ras, and R-Ras, but not on
Rho/Rac/Rab proteins (56, 221, 727). It contains a hydro-
phobic NH, terminus, two Src homology-2 (SH2) do-
mains, one Src homology-3 (SH3) domain, one PH do-
main, and a region similar to the calcium-dependent lipid
binding region of phospholipase A,. Although it is clear
that p120 Ras GAP acts as a negative regulator of Ras
proteins, it has long been speculated that it also has other
functions. One possible role of p120 Ras GAP is that it is
a downstream effector of Ras proteins (463, 804). How-
ever, it now seems unlikely that p120 Ras GAP plays a
major downstream role of Ras proteins. A number of
tyrosine protein kinases have been shown to stimulate
tyrosine phosphorylation of p120 Ras GAP in a variety of
cells (169, 481), although the stoichiometry of these phos-
phorylations is generally low, and no alteration in the
activity or localization of p120 Ras GAP has been demon-
strated upon tyrosine phosphorylation. Protein tyrosine
kinases may control the activity of pl120 Ras GAP by
forming a complex with it. In fact, p120 Ras GAP forms a
complex with activated PDGF receptors (332, 339). Two
other proteins have been found to associate with p120 Ras
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GAP. One is p62 Dok, a docking protein that contains
multiple tyrosine phosphorylation sites for its binding to
the SH2 domains of p120 Ras GAP and Nck (87, 796). The
other is p190 Rho GAP; however, the precise role of the
interaction between p190 Rho GAP and p120 Ras GAP is
not fully understood (486, 656). p120 Ras GAP-deficient
mice die during embryonic development, and the ability
of endothelial cells to organize a vascular network is
severely impaired in addition to extensive neuronal cell
death in these animals (268). Another Ras GAP named
GAP1m, which shows a high degree of similarity to the
Drosophila Gapl gene, has been also identified (426). In
addition to the GAP catalytic domain, GAP1m has two
domains with sequences closely related to those of the
phospholipid-binding domain of synaptotagmin and a re-
gion with similarity to the unique domain of Btk tyrosine
kinase.

S. cerevisiae contains two Ras GAPs, Iral and Ira2
(711, 712), which contain domains homologous to the
COOH terminus of p120 Ras GAP. In wild-type cells, Ras
proteins are generally inactive, but in the absence of
either the IRA gene product, they accumulate in their
GTP-bound state, becoming hyperactive and leading to
overproduction of cAMP. In yeast, at least, Ras GAPs are
therefore not the effectors of Ras proteins; rather, they
serve as negative regulators.

Neurofibromin (NF1), the human protein defective in
von Recklinghausen neurofibromatosis (a benign tumor),
contains a domain homologous to the catalytic domains
of p120 Ras GAP, Iral, and Ira2 (445, 786). Like p120 Ras
GAP itself, neurofibromin possesses GAP activity in vitro
and can complement the loss of Ira function in the yeast
S. cerevistiae, indicating that it may be the mammalian
homolog of Iral and Ira2 (34). These proteins share re-
gions of significant similarity outside the GAP-related do-
main and presumably perform similar functions.

Small G protein GDP dissociation stimulator (Smg
GDS) is a regulator that is entirely distinct from GEPs,
GDIs, and GAPs (328, 795). Smg GDS has two biochemical
activities on a group of small G proteins including Ki-Ras
and the Rho/Rac/Cdc42/Rap1 proteins: one is to stimulate
their GDP/GTP exchange reactions and the other is to
inhibit their binding to membranes (18, 275, 479, 480, 788).
A detailed kinetic study of Smg GDS with Ki-Ras as a
substrate has revealed that it interacts with not only
GDP-Ki-Ras and the guanine nucleotide-free Ki-Ras but
also GTP-Ki-Ras, under the conditions where a Ras GEP,
mCdc25, does not form a ternary complex with GTP-Ki-
Ras (506). This property of Smg GDS suggests that it
stimulates the GDP/GTP exchange reaction only once.
The physiological role of Smg GDS remains to be estab-
lished, although it shows mitogenic and transforming ac-
tivities in cooperation with Ki-Ras in fibroblasts (198).
Studies on Smg GDS-deficient mice have revealed that
mice die of heart failure shortly after birth (708). En-
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hanced apoptosis is observed in at least heart, thymus,
and neuron in Smg GDS-deficient mice. This phenotype is
apparently similar to those of Ki-Ras-deficient mice (321,
362), providing another line of evidence that Smg GDS
plays a role in Ki-Ras-mediated signaling pathway in vivo.

C. Raf Protein Kinase Activation by Ras Proteins

Ras proteins mediate their effects on cell prolifera-
tion mainly by activation of a cascade of protein kinases:
Raf protein kinase (c-Raf-1, A-Raf, and B-Raf), MEK (MAP
kinase kinases 1 and 2), and MAP kinase. Ras proteins
activate this protein kinase cascade by directly binding to
Raf proteins (743, 759, 767, 815). Raf proteins then phoso-
phorylate and activate MEK (145, 299, 378), which then
phosphorylates and activates MAP kinase (134, 450). The
activated MAP kinase translocates to the nucleus, where
it phosphorylates and stimulates the activity of various
transcription factors, including Elk-1 (442). The recent
observation that Ras proteins interact with two distinct
NH,-terminal regions of Raf-1 suggests that Ras proteins
promote more than just membrane translocation of Raf-1
and instead may also facilitate the subsequent events that
lead to Raf-1 activation (495, 513, 759).

The initial step of the Raf-1/MEK/MAP kinase cas-
cade is the activation of Raf-1 by direct interaction with a
GTP-Ras protein (GTP-Ras) (743, 759, 767, 815). The in-
teraction with GTP-Ras localizes Raf-1 to the plasma
membrane (389, 687). The first described and best-char-
acterized Ras-binding domain (RBD) is contained within
residues 51-131 of Raf-1 (121, 513, 759). The association
of the RBD with the Ras effector domain is a high-affinity
interaction that is mediated primarily by residues GIn-66,
Lys-84, and Arg-89 of Raf-1 (565). The interaction between
the RBD and GTP-Ras appears to then allow for a second
RBD of Raf-1 to contact GTP-Ras (72, 159). This second
RBD (residues 139-184 of Raf-1) encompasses the con-
served Cys finger motif within the Raf-1 NH, terminus and
is referred to as the Cys—rich domain (CRD) (495). In
terms of the Ras-Raf-1 interaction, the CRD associates
with different residues of GTP-Ras than does the RBD
(159), and posttranslational modifications of Ras proteins
may be important for CRD binding (297, 376). Thus, in the
full-length molecule, the CRD is inaccessible for GTP-Ras
binding, but either mutational events or RBD binding can
unmask the CRD and allow it to interact with GTP-Ras.
Thus, for the Ras-Raf-1 interaction to result in Raf-1 acti-
vation, binding to both the RBD and the CRD appears to
be required.

Ha-Ras is localized at the cytoplasmic surface of the
plasma membrane, while mutant forms of Ha-Ras, which
lack posttranslational lipid modification, are cytosolic and
lack biological activity. These findings suggest that post-
translational lipid modifications of Ha-Ras are required
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for both its localization and biological activity. Further-
more, lipid-modified Ras proteins have been shown to
more efficiently activate adenylate cyclase in the yeast
system (288, 376). Posttranslational modifications of Ki-
Ras are also required for MAP kinase activation in a
cell-free system (309). In addition, posttranslational mod-
ifications of Ha-Ras are required for activation of, but not
for association with, Raf protein kinase (392, 547).

The intracellular signals that couple growth factors
to MAP kinase may determine the different effects of
growth factors; for example, transient activation of MAP
kinase by EGF stimulates proliferation of PC12 cells,
whereas sustained activation of MAP kinase by nerve
growth factor (NGF) induces differentiation of PC12 cells.
Activation of MAP kinase by NGF involves two distinct
pathways: the initial activation of MAP kinase requires
Ras proteins, but its activation is sustained by Rap1 (806)
(see below). Rapl is activated by C3G, a GEP for Rapl,
and forms a stable complex with B-Raf (806). Activation
of B-Raf by Rapl represents a common mechanism to
induce sustained activation of the MAP kinase cascade.

D. Modifiers of the Ras Protein-Induced Raf
Protein Kinase Activation

In addition to Ras proteins, a protein named 14-3-3
seems to also interact with Raf-1 and activate it (176, 197).
14-3-3 is a specific phosphoserine-binding protein (500).
Raf-1 itself contains two phosphorylation sites that may
interact with 14-3-3. 14-3-3 may have two different roles:
first, 14-3-3 may be required for maintaining Raf-1 in an
inactive conformation, as Raf-1 that is unable to stably
interact with 14-3-3 is activated (467). In response to
signaling events and Ras protein activation, 14-3-3 may
subsequently play a second role in facilitating activation
of Raf-1 and stabilizing activated Raf-1.

The observation that Raf-1 becomes hyperphospho-
rylated in response to many signaling events (492) has
long suggested that phosphorylation plays a role in regu-
lating Raf-1 activity. Mechanisms by which phosphoryla-
tion could regulate Raf-1 function include direct alter-
ation of the intrinsic activity of Raf-1 and alteration of
critical protein interactions, such as with 14-3-3. The
rapid and transient nature of Raf-1 activation further com-
plicates the issue, making it difficult to distinguish be-
tween activating and inactivating modifications. Never-
theless, by the use of overexpression systems and
mutational analysis, the phosphorylation of tyrosine res-
idues 340 and 341 has been shown to enhance the cata-
Iytic activity of Raf-1 (441). The tyrosine kinases impli-
cated in phosphorylating Raf-1, and thereby enhancing its
activity, include members of the Src kinase family (441,
562, 576).

A novel protein kinase that functions downstream of
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Ras proteins, kinase suppressor of Ras (KSR), has re-
cently been identified by genetic screening as a suppres-
sor of phenotypes caused by an activated Ras protein in
both Drosophila and C. elegans (366, 694, 717). Epistasis
analysis in Drosophila suggests that KSR functions down-
stream of Drosophila Ras-1 but upstream or in parallel to
Raf protein (717). Characterization of a mouse KSR ho-
molog suggests that KSR facilitates signal transmission
between Raf proteins, MEK, and MAP kinase (718). In
addition, upon Ras protein activation, KSR translocates to
the plasma membrane, where it forms a stable complex
with Raf proteins (718). Moreover, KSR, via its kinase
domain, forms a stable complex with MEK in the cytosol
of quiescent cells (144). Therefore, in response to an
activated Ras protein, KSR might shuttle MEK from the
cytosol to activated Raf proteins at the membrane.

With the use of a screen for eye development de-
fects in Drosophila, the connector enhancer of KSR
(CNK) protein has been identified as an enhancer of a
KSR dominant negative mutant phenotype (719). Muta-
tion of CNK suppresses the phenotype of activated Ras
proteins or Sevenless but not Raf proteins, suggesting
that it acts upstream of Raf proteins. CNK has several
protein interaction domains. These domains include a
sterile alpha motif (SAM) domain, a PSD-95/DIg-A/Z0O-1
(PDZ) domain, two proline-rich (potential SH3-binding)
domains, and a PH domain; such domains are found in
many proteins involved in signaling and suggest further
interactions of CNK with other proteins and small mol-
ecules. In two-hybrid assays in S. cerevisiae, a COOH-
terminal portion of CNK that contains the PH domain
interacts with the Raf kinase domain (719). Thus the
SAM, PDZ, and novel domains might be available for
other interactions, although it is not known whether
CNK also binds other proteins in the Ras-Raf signaling
pathway. CNK has a molecular structure similar to that
of recently identified rat neuronal proteins, named
MAGUINSs, that interact with the PDZ domains of PSD-
95/SAP90 and S-SCAM (802). MAGUINs interact with
c-Raf-1 but do not affect its enzymatic activity (803).
PSD-95/SAP90 and S-SCAM are neuronal membrane-
associated guanylate kinases, and these proteins func-
tion as synaptic scaffolding proteins (264). In fact,
PSD-95/SAP90 further interacts with synGAP, which
regulates the activity of Ras proteins (346). Therefore,
MAGUINs may also bind Raf proteins and link it to
PSD-95/SAP90 and S-SCAM in synaptic junctions.

E. Other Effectors of Ras Proteins

A variety of candidate Ras protein effectors have
been reported in addition to Raf proteins. These include
Ral GDS (279, 342, 676), RIN1 (254), and phosphatidylino-
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sitol (PI) 3-kinase (608). AF6/Canoe is also suggested to
be a binding partner of Ras proteins (373, 746), but this
result has been called into question (434). It has recently
been shown that Rapl shows a much higher affinity to
AF6 than Ras proteins do (404). p120 Ras GAP may par-
ticipate in Ras protein-mediated gene expression, al-
though it is still unclear whether pl120 Ras GAP is a
regulator, an effector, or both for Ras proteins. In con-
trast, activation of PI 3-kinase by Ras proteins may pro-
mote cell survival (334, 608). However, it has not been
established whether these effector molecules other than
Raf proteins really play a role in the downstream pathway
of Ras proteins.

F. Transport of Newly Synthesized Ras Proteins
From the Endoplasmic Reticulum to the
Plasma Membrane

The plasma membrane localization of Ras proteins is
crucial for their functions. The mechanism by which Ras
proteins get to the plasma membrane has not fully been
understood. It has recently been shown that Ras proteins
do not directly travel to the plasma membrane from the
cytosol, but interact with intracellular membranes (25,
114). Ras proteins first associate with the endoplasmic
reticulum and then with the Golgi apparatus. The initial
association of Ras proteins with the endoplasmic reticu-
lum requires only the COOH-terminal Cys-A-A-X structure
and farnesylation. N-Ras and Ha-Ras seem to be trans-
ported by exocytic vesicles following association with the
endoplasmic reticulum and the Golgi apparatus. Ki-Ras
takes a faster route that may not involve the Golgi appa-
ratus. The hypervariable domains of the three Ras pro-
teins are necessary and sufficient to account for their
differential localizations. Inhibition of vesicle transport
with brefeldin A (BFA), an inhibitor of Arf protein GEP
(see below), blocks the transit of N-Ras to the plasma
membrane, demonstrating the importance of vesicle
transport for N-Ras function. Carboxylmethylation and
A-A-X proteolysis are also necessary for proper associa-
tion with the plasma membrane (255).

G. Ras Proteins and Cancer

Mutated versions of the three human Ras genes have
been detected in ~30% of all human cancers, implying an
important role for aberrant Ras protein function in carci-
nogenesis. For example, Ras gene mutations are highly
prevalent in pancreatic (90%) (9), lung (30%) (607), and
colorectal (60%) (59, 756) carcinomas. Because Ras pro-
teins regulate diverse extracellular signaling pathways for
cell growth, differentiation, and apoptosis, the deregu-
lated function of other cellular components can cause
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aberrant Ras protein function in the absence of mutations
in the Ras genes themselves. Overexpression of ErbB2 or
EGF receptor tyrosine kinase is common in breast can-
cers, and their transforming actions are dependent on
signaling through the loss of negative Ras protein regula-
tors (155). Similarly, the loss of function of negative Ras
protein regulators, such as neurofibromin defective in
type 1 neurofibromatosis-associated tumors, can cause
aberrant upregulation of Ras protein function (42). There-
fore, the importance of aberrant Ras protein function in
human cancers may be greater than expected and may
extend to tumors that do not harbor mutated Ras alleles.

H. Rap Proteins

The Rap subfamily consists of RaplA, RaplB, and
Rap2. Rapl proteins have been independently isolated by
three laboratories by different methods: they have been
isolated as homologs of Ras proteins by hybridization
(573), they have been purified as small G proteins (smg
p21) by column chromatography (337, 534), and they have
been identified as K-Revl in a screen for cDNAs that
revert the morphology of Ki-Ras-transformed cells (353).
Interestingly, Rapl proteins have an effector domain vir-
tually identical to that of Ras proteins, suggesting that
both proteins theoretically interact with similar effectors
and show similar or antagonistic effects. The antagonistic
function of K-Revl on Ras-transforming activity was the
first studied (353). RaplA binds to the two Ras-binding
regions of Raf-1 (RBD and CRD), and this binding of
Rap1A to CRD is competitive with Ras proteins (296, 297).
Rapl does not induce Raf-1 activation in intact cells but
inhibits the Ha-Ras-induced Raf-1 activation in intact cells
when Rapl is overexpressed (124). However, most extra-
cellular signals that induce Raf-1 activation, such as
PDGF and EGF, activate rather than inhibit Rapl (828).
Furthermore, a phorbol ester induces Rapl activation in
Ratl cells, but does not inhibit the PDGF- and EGF-
induced activation of MAP kinase (828). These results
suggest that the suppression of Ras protein function by
Rapl is simply due to the artificially competitive inhibi-
tion of the Ras protein binding to RBD or CRD.

In contrast to the role of Rapl antagonistic to that of
Ras proteins, evidence is accumulating that Rapl func-
tions independently of Ras protein signaling, utilizing ef-
fectors similar or identical to those of Ras proteins, like
Raf proteins. Rapl, as well as Ki-Ras, induces DNA syn-
thesis in Swiss 3T3 cells (11, 807). Rapl, as well as Ki-Ras,
binds and activates B-Raf in vitro (541). In intact PC12
cells in response to cAMP and NGF, Rap1 is activated and
induces B-Raf activation, causing sustained activation of
the MAP kinase cascade that is necessary for neuronal
differentiation (761, 806). Most recently, CD31, an impor-
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tant integrin adhesion amplifier, has been shown to selec-
tively activate Rapl, but not Ha-Ras, R-Ras, or Rap2 (5687).
An activated mutant of Rapl stimulates T lymphocyte
adhesion to intercellular adhesion molecule and vascular
cell adhesion molecule, as does C3G. Thus Rap1 regulates
ligand-induced cell adhesion, and it may play a more
general role in coordinating adhesion-dependent signals.
In contrast to Rapl, little is known about Rap2 (5673).
Several distinct second messenger pathways, includ-
ing those for calcium (194), diacylglycerol (462), phos-
pholipase C-y (462), and cAMP (10), and perhaps others
(497a), are able to induce Rapl activation. Clearly, Rap1
activation is a common event, which suggests a function
that is central in signal transduction processes. C3G is a
Rapl-specific GEP containing a proline-rich domain that
interacts with the SH3 domain of members of the Crk
adaptor proteins, Crk I, Crk II, and Crk L (239, 355). In
general, this association is constitutive, but tyrosine phos-
phorylation of Crk may disrupt the interaction (5646). The
SH2 domain of Crk binds directly to various activated
receptor tyrosine kinases and phosphotyrosine-contain-
ing adaptor proteins (3565). This association of Crk-C3G
with these complexes may enhance GEP activity of C3G
(301), suggesting that complex formation and dissociation
of C3G regulate Rap1 activation by tyrosine kinases. How-
ever, in a human Jurkat T cell leukemia line, T-cell recep-
tor-dependent induction of a Cbl-Crk L-C3G signaling
complex does not activate Rapl (5686). Therefore, more
work will be required to clarify how C3G complex forma-
tion is coupled to Rapl regulation. Recently, two novel
GEPs specific for Rapl, named Epac/cAMP-GEFI and
nRap GEP/PDZ-GEF1/Hs-RA-GEF, have been identified
(147, 148, 335, 402, 540). Epac/cAMP-GEFI has cAMP-
binding and Ras GEP domains; thus this GEP activity is
dependent on cAMP (148, 335). nRap GEP has been iso-
lated as a binding partner of S-SCAM, that interacts with
N-methyl-p-aspartate (NMDA) receptors and neuroligin
through PSD-95/Dl1g-A/ZO-1 (PDZ) domains at synaptic
junctions (540). In contrast to Epac/cAMP-GEFI, nRap
GEP/PDZ-GEF1/Hs-RA-GEF has one PDZ, one Ras asso-
ciation, and one Ras GEP domains as well as one COOH-
terminal consensus motif for binding to PDZ domains.
However, nRap GEP/PDZ-GEF1/Hs-RA-GEF has an in-
complete cAMP-binding domain and its GEP activity is
independent of cAMP. SPA-1, a Rapl GAP, has been
shown to interfere with Rapl activation by membrane-
targeted C3G (729). Overexpression of SPA-1 in HeLa
cells suppresses Rapl activation upon plating on dishes
coated with fibronectin and results in the reduced adhe-
sion. In addition, overexpression of SPA-1 in promyelo-
cytic 32D cells also inhibited both activation of Rapl and
induction of cell adhesion by granulocyte colony-stimu-
lating factor, suggesting that Rapl is required for the cell
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adhesion induced by both extracellular matrix and solu-
ble ligands (729).

I. Ral Proteins

The Ral subfamily consists of RalA and RalB (100,
101). Ral GDS, a Ral GEP, has been found to be a Ras
protein effector (279, 342, 676). Moreover, insulin and
EGF induce activation of Ral proteins, and this activation
is inhibited by a dominant negative mutant of Ras pro-
teins, suggesting that RalA is downstream of the Ras
protein signaling pathway (783). In NIH 3T3 cells, both a
dominant active mutant of Ha-Ras and Ral GDS synergize
with Raf-1 in the induction of cell transformation and the
activation of c-fos promoter (548, 741), and a dominant
negative mutant of RalA inhibits the Ha-Ras- and Raf-1-
induced transformation (741). These observations suggest
that the Ral GDS-Ral protein pathway contributes to cell
transformation and gene expression. However, a domi-
nant active mutant of RalA alone cannot efficiently induce
the oncogenic transformation or the c-fos induction com-
pared with a dominant active mutant of Ha-Ras and Ral
GDS (548, 741), suggesting that the transformation and
the gene expression induced by Ral GDS may require
other factors in addition to Ral proteins.

Three effectors for Ral proteins are known: RalBP1,
phospholipase D, and filamin. RalBP1 contains a Rho GAP
homology domain that exhibits the GAP activity for Rac/
Cdc42 proteins, but not for Rho proteins (179). Although
Rac/Cdc42 proteins contribute to the Ha-Ras-induced on-
cogenic transformation (582) (see below), it is unclear
whether the association of Ral proteins with RalBP1 reg-
ulates the activity of these Rho/Rac/Cdc42 proteins.
RalBP1 has been found to interact with POB1 and Repsl
(302, 791), which have proline-rich sequences responsible
for interaction with Grb2 and Crk, and an Eps15 homol-
ogy domain. Ral proteins are involved in endocytosis of
the growth factor receptors probably through RalBP1,
POBI, Eps15, and Epsin (511). Another Ral protein effec-
tor, phospholipase D, is also implicated in vesicle traffick-
ing (179, 316). The activity of phospholipase D is induced
by Src and Ras proteins. A dominant negative mutant of
RalA inhibits both v-Src- and v-Ras-induced phospho-
lipase D activity (316). The third effector protein of Ral is
filamin (537). Either a dominant negative mutant of RalA
or the RalA-binding domain of filamin blocks Cdc42-in-
duced filopodium formation. A dominant active mutant of
RalA elicits actin-rich filopodia, but it does not generate
filopodia in filamin-deficient cells. Thus the Ral signaling
appears to regulate vesicle trafficking, cytoskeletal orga-
nization, gene expression, and cell transformation. The
GAP proteins for RalA were characterized and partially
purified (48, 170); however, the molecular cloning of these
proteins has not yet been achieved.
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R-Ras has been shown to be involved in multiple
biological functions: the ability to transform NIH 3T3
cells, the promotion of cell adhesion, and the regulation of
apoptotic response in hematopoietic cells (128, 621, 695,
816). Unlike other Ras family members, R-Ras does not
activate Raf proteins or MAP kinases in cells, whereas it
stimulates PKB/Akt effectively through PI 3-kinase (444).
TC21 has a highly oncogenic potential and is found mu-
tated in some human tumors and overexpressed in breast
cancer (37, 94, 300). As to the activation of Raf proteins by
TC21, it is controversial (242, 611). Recently, new mem-
bers of the Ras family, Rit and Rin, have been identified by
an expression cloning screen (385). Rit is ubiquitously
expressed, whereas Rin is expressed only in neural tissue.
A unique feature of their structures is that they lack a
known recognition signal for COOH-terminal prenylation.
Nonetheless, both proteins localize on the plasma mem-
brane, probably through a COOH-terminal cluster of basic
amino acids. Rin binds calmodulin through a COOH-ter-
minal motif, suggesting that Rin may be involved in cal-
cium-mediated signaling in neurons (385). Rad is another
member of Ras-like proteins that has originally been iso-
lated as a gene overexpressed in the skeletal muscle of
humans with type II diabetes (5694). Kir/Gem has also been
cloned as a gene that is overexpressed in cells trans-
formed by abl tyrosine kinase (123) or cloned from mito-
gen-induced human peripheral blood T cells (429). Kir/
Gem and Rad constitute a new family of Ras-related
proteins. The distinct structural features of this family
include the G3 GTP-binding motif, extensive NH,- and
COOH-terminal extensions beyond the Ras-related do-
main, and a motif that determines membrane association
(429). Rheb, another Ras protein-related molecule, has
been isolated by differential cloning techniques to identify
genes that are rapidly induced in brain neurons by syn-
aptic activity (790). Expression of Rheb is rapidly and
transiently induced in hippocampal granule cells by sei-
zures and by NMDA-dependent synaptic activity (790).
The amino acid sequence of Rheb is most closely homol-
ogous to yeast Rasl and human Rap2. In the developing
brain, Rheb mRNA is expressed at relatively high levels.
Its close homology with Ras proteins and its rapid induc-
ibility by receptor-dependent synaptic activity suggest
that Rheb may play an important role in long-term activ-
ity-dependent neuronal responses (790). More recently,
Ras protein-like proteins, named «B-Rasl and «B-Ras2,
have been identified (181). These proteins interact with
IkBa and IkBB, which are inhibitors for the nuclear tran-
scription factor kappa B, NF-«kB, and decrease the rate of
degradation of IkBs. In cells, kB-Ras proteins are associ-
ated only with NF-kB:IkBB complexes and therefore may
provide an explanation for the slower rate of degradation
of IkB compared with IkBa (181).
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IV. RHO/RAC/CDC42 PROTEINS AS
REGULATORS OF BOTH CYTOSKELETAL
REORGANIZATION AND GENE EXPRESSION

A. Outline

The mammalian Rho family consists of at least 14
distinct members as shown in Table 1 and Figure 1. The
function of the Rho family was first demonstrated in yeast
(5, 45, 320). Phenotypes of the mutants that carry muta-
tions in these genes indicated that Rho/Cdc42 proteins are
involved in the budding process, presumably through re-
organization of the actin cytoskeleton (320, 798). In mam-
mals, the function of Rac proteins was the first to be
clarified. GTP-Racl, in addition to two other cytosolic
proteins, p47phox and p67phox, were shown to be re-
quired for the activation of NADPH oxidase of phagocytic
cells (1, 2, 18, 358, 479, 649). Then, the function of mam-
malian Rho proteins was elucidated by use of an exoen-
zyme of Clostridium botulinum, named C3, that specifi-
cally ADP-ribosylates Rho proteins (6, 343, 512). C3 ADP-
ribosylates an amino acid (Asn-41) in the effector region
of RhoA and inhibits its function by preventing interaction
with downstream effectors (651). By the use of C3, Rho
proteins were first suggested to be involved in cytoskel-
etal control (97, 564). Rho proteins were subsequently
shown to regulate formation of stress fibers and focal
adhesions in fibroblasts by use of its dominant active
mutant and Rho GDI (475, 600, 601) and to regulate Ca**
sensitivity of smooth muscle contraction (276). In con-
trast, Rac and Cdc42 proteins regulate formation of lamel-
lipodia and filopodia, respectively (368, 522, 602). It has
now been established that at least Rho/Rac/Cdc42 pro-
teins regulate primarily cytoskeletal reorganization in re-
sponse to extracellular signals in mammalian cells. Evi-
dence has also accumulated that they may play additional
roles in gene expression (126, 272, 473, 567, 692, 776).
Furthermore, involvement of Rho/Rac/Cdc42 proteins in
diverse cellular events, such as cell growth (341, 420, 552,
581-583, 794), membrane trafficking (4, 69, 86, 365, 380),
development (227), and axon guidance (412) and exten-
sion (277, 314, 369), have been reported. In these cellular
events, it is not known whether Rho/Rac/Cdc42 proteins
directly regulate them or indirectly regulate them through
cytoskeletal reorganization and gene expression. Many
upstream regulators and downstream effectors have been
identified for Rho/Rac/Cdc42 proteins, and although their
modes of activation and action have gradually been elu-
cidated, our understanding remains incomplete. Post-
translational modifications of Rho proteins are also cru-
cial for their various functions including cell shape
change, cell motility, cytoplasmic division of Xenopus
embryo, and regulation of 1,3-B-glucan synthase of S.
cerevisiae (305, 352, 475, 705).
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B. Reorganization of the Actin Cytoskeleton

Reorganization of the actin cytoskeleton plays cru-
cial roles in many cellular functions such as cell shape
change, cell motility, cell adhesion, and cytokinesis. The
actin cytoskeleton is composed of actin filaments and
many specialized actin-binding proteins (671, 688, 826).
Filamentous actin is generally organized into a number of
discrete structures (Fig. 6): 1) actin stress fibers: bundles
of actin filaments that traverse the cell and are linked to
the extracellular matrix through focal adhesions; 2) la-
mellipodia: thin protrusive actin sheets that dominate the
edges of cultured fibroblasts and many migrating cells;
membrane ruffles observed at the leading edge of the cell
result from lamellipodia that lift up off the substratum and
fold backward; and 3) filopodia: fingerlike protrusions
that contain a tight bundle of long actin filaments in the
direction of the protrusion. They are found primarily in
motile cells and neuronal growth cones. It is important,
therefore, that the polymerization and depolymerization
of cortical actin be tightly regulated. For the most part,
this regulation of actin polymerization is orchestrated by
Rho/Rac/Cdc42 proteins. Rho proteins regulate stress fi-
ber formation (475, 600), while Rac proteins regulate
ruffling and lamellipodia formation (602), and Cdc42 reg-
ulates filopodium formation (368, 522).

C. Rho/Rac/Cdc42 Protein Cycle: Cyclical
Activation/Inactivation

The activation and inactivation of Rho/Rac/Cdc42
proteins are regulated by essentially the same mechanism
as Ras proteins by GEPs and GAPs, respectively. How-
ever, they are further regulated by another class of regu-
lator, GDIs (206, 275, 280, 704, 732). In the cytosol, Rho/
Rac/Cdc42 proteins are complexed with the GDI and
maintained in the GDP-bound inactive form. The GDP-
bound form is first released from a GDI by a still unknown
mechanism and is converted to the GTP-bound form by
the action of a GEP. The GTP-bound form then interacts
with the downstream effector(s). Thereafter, the GTP-
bound form is converted to the GDP-bound form by the
action of a GAP. The GDP-bound form then forms a
complex with the GDI and returns to the cytosol.

Rho/Rac/Cdc42 proteins are posttranslationally mod-
ified with lipid as described above and therefore they have
to be in complex with GDIs to remain soluble in the
cytosol. However, it is unknown whether all the GDP-
bound form of Rho/Rac/Cdc42 proteins are complexed
with GDIs and remain in the cytosol. Some amount of the
GDP-bound form may be associated with membranes, and
it may be converted to the GTP-bound form and exert its
function on the membrane. In this case, GDIs would not
be essential for their cyclical activation and inactivation.
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FIG. 6. Mode of action of Rho/Rac/Cdc42 proteins in cytoskeletal reorganization. A: mode of action of Rho proteins.
B: mode of action of Rac proteins. C: mode of action of Cdc42. Rho, Rho proteins; Rac, Rac proteins.

Many GEPs for Rho/Rac/Cdc42 proteins have been
isolated and characterized as shown in Table 2 and num-
bers are still increasing. Most GEPs have been isolated as
oncogenes. The GEPs thus far identified share a common
motif, designated the Dbl-homology (DH) domain, for
which the Dbl oncogene product is the prototype (93).
Biochemical analysis has confirmed that DH domains of
GEPs indeed show GEP activity on Rho/Rac/Cdc42 pro-
teins in a cell-free assay system (259, 262, 468). In addition
to the DH domain, GEPs share a PH domain, which may
be involved in proper cellular localization presumably
through interaction with PIP, (469, 824). Some members
of GEPs, such as Dbl and Vavl, have been shown to
exhibit exchange activity in vitro for a broad range includ-
ing Rho/Rac/Cdc42 proteins, whereas others appear to be
more specific. Lbc, for example, and more recently dis-
covered oncoproteins Lfc and Lsc are specific for Rho
proteins (226, 823), whereas FGD1 and frabin are specific
for Cdc42 (532, 738, 822). Although Vavl is a GEP for Rac
proteins (133, 245), Vav2, a GEP closely related to Vavl,
functions preferably as a GEP for Rho proteins (642, 643).
Some GEPs, such as Dbl, prefer the lipid-modified form of
the substrate small G proteins to the lipid-unmodified
ones (788).

In addition to the PH and DH domains, many GEPs
have other domains that are commonly found in signaling
molecules, such as the SH2 domain for Vav or the SH3
domain for Vav and Dbs, suggesting that they may have

additional functions (93, 133, 642, 778). A GEP for Rho
proteins, named p115 Rho GEF, that contains the regula-
tor of G protein (RGS) domain has recently been identi-
fied (262, 367). RGS stimulates the intrinsic GTPase ac-
tivity of the a-subunit of G, and G,5. p115 Rho GEF acts
as an intermediary in the regulation of Rho proteins by
Ga,y and Ga,z (260, 367). In addition, another Rho GEP
(named PDZ-Rho GEF) that contains RGS and PDZ do-
mains has been reported (204). These findings have pro-
vided a new model for a signaling pathway for Rho pro-
teins from membrane receptors. Recently, SHP-2, a
protein tyrosine phosphatase containing SH2 domains,
has been demonstrated to suppress the activity of Vav2
and consequently to reduce the Rho’s ability to form
stress fibers and focal adhesions (360). SHP-2 thereby
positively regulates the hepatocyte growth factor (HGF)/
scatter factor (SF)-induced cell scattering. However, de-
tailed information regarding signaling cascades coupling
the extracellular stimuli to activation of GEPs for Rac/
Cdc42 proteins is still limited. Some GEPs like Tiaml
(248) and Ras GRF (667) carry a second PH domain. For
Tiaml and Ras GEF, this second, NH,-terminal PH do-
main mediates localization to cell membranes (74, 469). In
addition to the PH domain, frabin has an actin-binding
domain at its NHy-terminal region (5632). The actin-binding
domain in addition to the DH and first PH domains is
essential for the filopodium formation mediated by frabin
through Cdc42 (532, 738). Frabin furthermore induces
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lamellipoidum formation through indirect activation of
Rac (553). The COOH-terminal FYVE and second PH do-
mains, which associate with an unidentified membrane
structure, in addition to the DH and first PH domains are
necessary for this action (553).

The first GAP protein specific for Rho proteins was
biochemically purified from human spleen and bovine
adrenal gland (211, 212/ 488). This protein, designated p50
Rho GAP, has GAP activity toward Rho/Rac/Cdc42 pro-
teins in vitro (381). A number of proteins that exhibit GAP
activity for Rho/Rac/Cdc42 proteins have subsequently
been identified in mammalian cells (Table 2). These pro-
teins all share a related GAP domain that spans ~140
amino acids of the protein but bears no significant resem-
blance to Ras GAP. The substrate specificity of Rho GAPs
toward Rho/Rac/Cdc42 proteins varies with each GAP
protein. Although some of these proteins exhibit GAP
activity for several small G proteins in cell-free assay
systems, their substrate specificities in vivo appear to be
more restricted. For instance, the substrate spectrum of
p50 Rho GAP in vitro encompasses Rho/Rac/Cdc42 pro-
teins; however, in vivo, it appears to be restricted to Rho
proteins only (603). Although first identified as a tyrosine-
phosphorylated p120 Ras GAP-associated protein in Src-
transformed cells and in growth factor-treated cells (169,
657), p190 Rho GAP was later shown to possess GAP
activity for Rho proteins (656). Although the biological
function of pl190 Rho GAP is not well understood, the
interaction of p190 Rho GAP with p120 Ras GAP has been
suggested to induce a conformational change in p120 Ras

TABLE 2. Regulators of Rho/Rac/Cdc42 proteins

Substrate Reference No.

GEP
Dbl Rho, Rac, Cdc42 259, 680
Vavl Rho, Rac, Cdc42 245
Dbs Rho, Cdc42 778
Lbc Rho 823
Lfc Rho 226
Lsc Rho 226
Vav2 Rho 269
pl15 Rho GEF Rho 262
PDZ-Rho GEF Rho 204
Tiam-1 Rac 248
FGD1 Cdc42 822
Frabin Cdc42 532, 738
GAP
p50 Rho GAP Rho, Rac, Cdc42 36, 381
p190 Rho GAP Rho, Rac, Cdc42 657
Graf Rho, Cdc42 271
myr5 Rho, Cdc42 589
Ber Rac, Cdc42 152
n-Chimaerin Rac, Cdc42 152
3BP-1 Rac 118
Abr Rac 709
GDI
Rho GDI Rho, Rac, Cdc42 206, 732
D4/Ly-GDI Rho 390, 635
Rho GDI-3 RhoB (not RhoA, RhoC) 809
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GAP, resulting in increased accessibility of the effector
binding surface of its SH3 domain (298). A role for p190
Rho GAP in regulating Rho protein function in cells un-
dergoing cytoskeletal rearrangements has been suggested
(95, 603), but it is not known whether this effect is in-
duced by p190 Rho GAP as a downstream effector of Rho
proteins.

Recent studies have shown that a cycle of inactiva-
tion and activation of Rho/Rac/Cdc42 proteins is neces-
sary for dynamic cell functions such as growth factor-
induced cell scattering. Expression of dominant active
mutants of Rho/Rac/Cdc42 proteins inhibits HGF/SF-in-
duced cell scattering (303, 331, 599), whereas C3 or Rho
GDI blocks HGF/SF-induced cell scattering (706). The
mode of action of Rho proteins in cell scattering remains
to be clarified, but the Rho protein-regulated assembly
and disassembly of stress fibers and focal adhesions have
been suggested to be, at least in part, involved in this
process (303, 331, 599, 706). It is not known how inacti-
vation by GAPs is induced. In one case, integrin-induced
formation of stress fibers inhibits Rho protein activation
as part of a feedback inhibition system (593).

Rho GDI was originally isolated as a cytosolic protein
that preferentially associated with GDP-RhoA and GDP-
RhoB and thereby inhibited the dissociation of GDP (206,
732). Rho GDI requires the posttranslational lipid modifi-
cations of RhoA for its activity (286). Rho GDI prefers
GDP-RhoA and GDP-RhoB to the corresponding GTP-
bound forms and forms a ternary complex with the GDP-
bound form (628, 732). Rho GDI is also capable of inhib-
iting GTP hydrolysis by Rho proteins (116, 261, 628),
blocking both intrinsic and GAP-catalyzed GTPase activ-
ity. Rho GDI dissociates the GDP-bound form of preny-
lated RhoB from the membrane (308). Based on these
properties of Rho GDI, it has been proposed that Rho GDI
is involved not only in the regulation of the activation of
Rho proteins but also in their translocation between the
cytosol and the membrane (630, 702, 704). The GDP-
bound forms of Rho proteins are complexed with Rho
GDI and remain in the cytosol. When the GDP-bound form
is released from Rho GDI, it is converted to the GTP-
bound form by the action of Rho GEPs. The GTP-bound
form then activates its specific downstream effector(s)
until the GTP-bound form is converted to the GDP-bound
form by Rho GAPs. Once the GDP-bound form is pro-
duced on the membrane, it is captured by Rho GDI and
the complex returns to the cytosol.

Rho GDI has also been shown to be active not only
on Rho proteins but also on Rac/Cdc42 proteins (18, 275,
391). In addition to Rho GDI, at least two other isoforms,
named D4/Ly-GDI and Rho GDI-3, have been identified
(390, 635, 809). Now, the originally identified Rho GDI is
referred to as Rho GDIa or Rho GDI1; D4/Ly-GDI is
named Rho GDIS or Rho GDI2; and Rho GDI3 is named
Rho GDIy or Rho GDI3. Recent NMR studies have shown
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that Rho GDI« has a pocket that masks the lipid moieties
of Rho proteins (238), consistent with biochemical anal-
yses (286). More recently, the X-ray crystallographic
structure of the Cdc42/Rho GDI complex has revealed
two major sites of interaction between Rho GDI and
Cdc42 (280). The NH,-terminal regulatory region of Rho
GDI binds to the switch I and II domains of Cdc42, leading
to inhibition of both GDP dissociation and GTP hydroly-
sis. In addition, the geranylgeranyl moiety of Cdc42 in-
serts into a hydrophobic pocket within the immunoglob-
ulin-like domain of the GDI molecule, keeping GDP-Cdc42
in the cytosol and permitting the dissociation of GDP-
Cdc42 from membranes.

Although the mechanism by which Rho proteins are
released from Rho GDI has largely been unknown, it has
been shown that ERM, which consists of ezrin, radaxin,
and moesin, has the capacity to displace the GDP-bound
form of Rho proteins from Rho GDI« (700). ERM has two
functional domains; the NH,-terminal plasma membrane-
binding and COOH-terminal F-actin-interacting domains
(30, 730). ERM is translocated to the plasma membrane
probably through the interaction with the cytoplasmic
domain of integral plasma membrane proteins such as
CD44, providing the F-actin binding sites. Rho GDI« in-
teracts with the NHy-terminal fragments of ERM, and this
interaction reduces Rho GDI« activity (700). The unfold-
ing of ERM may induce Rho GDI« interaction with ERM
NH,-terminal regions, causing release of the Rho-GDP
and making it sensitive to the action of each Rho GEP
(699, 700). The interaction of full-length ERM with the
cytoplasmic fragment of CD44 does not induce the asso-
ciation of ERM with Rho GDI« (700). However, CD44 and
Rho GDI«a are coimmunoprecipitated with moesin (274).
It is likely that full-length ERM unfold to permit interac-
tions with Rho GDIa and CD44 via ERM NH,-terminal
regions and F-actin via ERM COOH-terminal regions; a
signal from CD44 may trigger this process. These findings
suggest that the activation of Rho proteins is regulated in
a temporally and spatially dynamic manner and is distinct
from that of Ras proteins, which appears to be regulated
in a unidirectional manner.

Little is known about the physiological function of
Rho GDlIs in vivo, but microinjection studies have shown
that Rho GDI« inhibits several downstream functions of
Rho proteins (303, 352, 475, 521, 630, 705, 706). Rho
GDIa-deficient mice have revealed several abnormal phe-
notypes (722). These mice are initially viable, but they
develop massive proteinuria mimicking nephrotic syn-
drome in humans, leading to death due to renal failure
within a year. Histologically, degeneration of tubular ep-
ithelial cells and dilatation of distal and collecting tubules
are readily detected in the kidneys. Rho GDIa-deficient
mice are also infertile and show impaired spermatogene-
sis with vacuolar degeneration of seminiferous tubules. In
contrast, Rho GDIg-deficient mice show normal hemato-
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poietic differentiation but subtle defects in superoxide
production by macrophages derived from in vitro embry-
onal stem cell differentiation (244). Thus these two lines
of evidence suggest that Rho GDIs play physiologically
important roles.

Yeast Rom7/Bem4 is a novel type of Rhol- and
Cdc42-related molecule (273, 419). This protein appears
to be distinct from GEPs, GDIs, and GAPs, in the sense
that it interacts genetically with the Rhol pathway but
does not show GEP, GDI, or GAP activity, and it is not a
downstream effector.

D. Mode of Action of Rho Proteins
in Cytoskeletal Reorganization

Mammalian Rho proteins are required for many actin
cytoskeleton-dependent cellular processes, such as plate-
let aggregation, lymphocyte and fibroblast adhesion, cell
motility, contraction, and cytokinesis (251, 704). In the
yeast S. cerevisiae, Rho proteins, including Rhol, Rho2,
Rho3, and Rho4, regulate budding and -cytokinesis
through reorganization of the actin cytoskeleton (80, 119,
200, 713). The mode of action of Rho proteins was first
clarified for Rhol in the yeast budding process. Pkcl, a
yeast homolog of mammalian protein kinase C, was first
shown to be a downstream effector of Rhol (330, 525).
Pkel regulates gene expression through the MAP kinase
cascade, consisting of Bckl (MAP kinase kinase kinase),
Mkk1/Mkk2 (MAP kinase kinase), and Mpkl (MAP ki-
nase) (173, 396). This MAP kinase cascade regulates ex-
pression of the genes necessary for cell wall integrity.
Bnil is another effector of Rhol (363). Bnil also interacts
with GTP-Rho3, GTP-Rho4 (T. Kamei and Y. Takai, un-
published observations), and GTP-Cdc42 (175). Bnil has
two domains, named formin homology (FH)1 and FH2
domains, which are found in a variety of proteins involved
in cytoskeletal rearrangement needed to achieve cell po-
larity and cytokinesis (196). Bnil binds the actin mono-
mer-binding protein profilin via its FH1 domain to regu-
late reorganization of the actin cytoskeleton (175, 363).
Furthermore, Bnil binds Aip3 (Bud6), another actin-bind-
ing protein (15), and elongation factor 2, which is known
to stimulate actin polymerization (739), suggesting that
Bnil is the downstream effector of Rhol that directly
regulates reorganization of the actin cytoskeleton. More
recently, Bnil has also been shown to participate in mi-
crotubule function, since disruption of BNII causes de-
fects in spindle orientation (386), Kar9 localization (472),
and growth defect together with mutation either PACI
and NIP100 (199), whose gene products are implicated in
microtubule function (215).

1,3-B-Glucan synthase is the third effector of Rhol
(157, 456, 580). This enzyme synthesizes 1,3-B-glucan, a
major component of the cell wall. This series of experi-
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ments has established that Rho proteins regulate compli-
cated cell functions through multiple effectors in a coop-
erative manner. Another protein having FH domains has
also been found in yeast and named Bnrl (304). This
protein serves as an effector of Rho4 and binds both
profilin and Aip3 (Bud6), indicating that Rho4 regulates
the actin cytoskeleton at least though Bnrl. Rho2 has 53%
identity to Rhol, and a RHOZ null mutant does not show
any growth defect (422). Hence, it has been assumed that
Rho2 has redundant functions with Rhol, although sev-
eral lines of evidence suggest Rho2-specific functions
(149, 436). Rho3 and Rho4 are implicated in polarized
growth presumably through regulating the actin cytoskel-
eton via their interactions with Bnil and Bnrl (175, 331a).
Moreover, it has been shown that Rho3 interacts with
Myo2 (type V myosin) and Exo70 (a component of the
exocyst, a multiprotein complex which is involved in
exocytosis) (606), suggesting the involvement of Rho3 in
the polarized secretion.

Numerous downstream effectors of mammalian Rho
proteins have been identified (Table 3). p160ROCK, also
named ROKa/Rho kinase, is a recently identified, serine/
threonine protein kinase (307, 395, 451) and a down-
stream effector of Rho proteins. The activity of this pro-
tein kinase is stimulated by GTP-Rho proteins. Many
ROCK/Rho kinase substrates have been identified; these
include the myosin binding subunit of myosin light-chain
phosphatase (347), myosin light chain (13), ERM (202),
and cofilin (425). Of these substrates, myosin light-chain
phosphatase appears to be a physiological substrate
(347). Guanosine 5'-O-(3-thiotriphosphate) (GTPyS), a
poorly hydrolyzable GTP analog, increases the sensitivity
of smooth muscle contraction to Ca?* (354, 487, 785).

TABLE 3. Effectors of Rho/Rac/Cdc42 proteins
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This action of GTP+S is inhibited by C3 or an exoenzyme
of Staphylococcus aureus, named EDIN, which also in-
hibits the function of Rho proteins, and it is mimicked by
GTPyS-RhoA, but not by GDP-RhoA, indicating that Rho
proteins are involved in GTPyS-induced Ca®" sensitiza-
tion of smooth muscle contraction (276). Subsequently,
myosin light-chain phosphatase has been shown to be a
downstream effector of Rho proteins (232, 524). ROCK/
Rho kinase has finally been shown to phosphorylate and
to inhibit myosin light-chain phosphatase, causing the
sustained contraction of smooth muscle contraction even
after decrease in Ca®" concentrations (347). In this mode
of action, Rho proteins do not induce smooth muscle
contraction without Ca®* triggering; rather, they modify
Ca®" sensitivity of smooth muscle contraction. In this
sense, the physiological relevance of the ROCK/Rho ki-
nase-induced direct phosphorylation of the myosin light
chain and the subsequent activation of the myosin ATPase
could not be considered (13). The physiological relevance
of the phosphorylation of other substrate proteins, includ-
ing moesin, is also controversial. ROCK/Rho kinase phos-
phorylates moesin, which induces microvilli formation
(202), but another report indicates that ROCK/Rho kinase
is not involved in this phosphorylation (452). p140mDia, a
mammalian homolog of Bnil and Bnrl in the yeast S.
cerevisiae (304, 363) and that of Drosophila diaphanous
(92), has also been implicated as a downstream effector
of Rho proteins (770). mDia has FH1 and FH2 domains.
mDia as well as Bnil and Bnrl bind profilin via its FH1
domain to regulate reorganization of the actin cytoskele-
ton. Overexpression of mDia induces weak formation of
stress fibers without affecting the formation of focal ad-
hesions (5610, 769). ROCK and mDia cooperatively regu-

Rho Proteins Rac Proteins Cdc42
Effectors Reference no. Effectors Reference no. Effectors Reference no.
Mammal PI 3-kinase 812 NADPH oxidase 2, 358, 479 ACK 438
Phospholipase D 431 PAK 439 PI 3-kinase 820
PI 4,5-kinase 112, 592 PI 3-kinase 57, 724 PAK 439
Citron 423 PI 4,5-kinase 263, 724 WASP 31, 698
ROK/ROCK/ 307, 393, 451 IQGAP 65, 374, 4568 S6-kinase 113
Rho kinase PORI1 745 IQGAP 65, 374, 458
MBS 347 S6-kinase 113 MLK2, 3 502
PKN 14, 768 MLK2, 3 502 N-WASP 470
Rhophilin 768 Sra-1 359 MRCK 394
Kinectin 292 POSH 716 MSE5 76
Rhotekin 588 DGK 725 Borg 318
pl40mDia 770
DGK{¢ 293
Yeast Pkcl 330, 525 Ste20 819
Fksl, 2, 580, 456 Clad 137
(glucan synthase) Bnil 175, 363
Bnil 363 Skm1 446, 652
Bnrl 304 Gicl, 2 106

PI, phosphatidylinositol.
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late the Rho protein-induced reorganization of the actin
cytoskeleton (510, 769) (Fig. 64). ROCK is part of another
downstream cascade of Rho proteins, a Rho-ROCK-LIM
kinase pathway (425). ROCK directly phosphorylates LIM
kinase, which in turn is activated to phosphorylate cofilin.
Cofilin exhibits actin-depolymerizing activity that is inhib-
ited as a result of its phosphorylation by LIM kinase (425,
693). Overexpression of LIM kinase induces the formation
of actin stress fibers in a ROCK-dependent manner. Thus
phosphorylation of LIM kinase by ROCK and subsequent
increased phosphorylation of cofilin by LIM kinase con-
tribute to the Rho protein-induced reorganization of the
actin cytoskeleton.

In addition to ROCK, a variety of Rho effector pro-
teins have recently been discovered (Table 3). These in-
clude serine/threonine protein kinase PKN (14, 768),
citron (424), rhotekin (588), and rhophilin (768). Citron
contains a protein kinase domain that is related to ROCK.
Citron kinase localizes to the cleavage furrow and mid-
body of cultured cells (423). Overexpression of citron
mutants results in the production of multinucleate cells,
and a kinase-active mutant causes abnormal contraction
during cytokinesis, suggesting that citron kinase is in-
volved in the Rho protein-regulated cytokinesis (423).

E. Mode of Action of Rac/Cdc42 Proteins
in Cytoskeletal Reorganization

The function of Rac/Cdc42 proteins in cytoskeletal
reorganization was first demonstrated in the yeast. In the
yeast S. cerevisiae, Cdcd2 participates in recognition of
the landmark that defines the incipient bud site (5, 320,
827). In fibroblasts, Rac proteins regulate formation of
lamellipodia and membrane ruffles and subsequent stress
fiber formation (602). In contrast, Cdc42 plays a key role
in the formation of filopodia at the cell periphery followed
by the formation of lamellipodia and membrane ruffles
(368, 522). Both Rac/Cdc42 proteins induce the assembly
of multimolecular focal complexes at the plasma mem-
brane of fibroblasts (5622). In addition, Rac/Cdc42 proteins
regulate the cadherin-based cell-cell adhesion and hence
control the HGF- and 12-O-tetradecanoylphorbol-13-ace-
tate (TPA)-induced cell scattering of Madin-Darby canine
kidney cells (284, 324, 331, 361, 624, 686, 707). Cdc42 may
play a role in the polymerization of both actin and micro-
tubules toward antigen-presenting cells (689). Further-
more, the involvement of Cdc42 in the control of cytoki-
nesis in HeLa cells and Xenopus embryos has been
reported (156, 164). In Drosophila, Rac/Cdc42 proteins
are implicated in axonal guidance, wing hair formation,
actomyosin-driven furrow canal formation, and nuclear
positioning (130, 165, 214).

To date, several potential effectors of Cdc42 and Rac
proteins have been identified (Table 3). Several of these
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proteins are common effectors for both Rac and Cdc42
proteins. Among them, the family of serine/threonine pro-
tein kinases known as PAKs are especially interesting.
Homologs of the mammalian PAKs have been identified in
S. cerevisiae (Ste20 and Clad) (137, 384), S. pombe (Pakl,
also called Shkl) (443, 556), Drosophila (PAK1) (258),
and C. elegans (Ste20) (108). In the yeast S. cerevisiae,
Cdc42 interacts with Ste20, which in turn associates with
Steb and Beml, both of which interact with actin (387,
821). Drosophila PAK1 also plays a role in dorsal closure
(258). Thus it is likely that PAK proteins are involved in
mediating the effect of Cdc42/Rac proteins on the cy-
toskeleton. Most recently, Drosophila Trio, a GEP for Rac
proteins, has been shown to play an important role in
axon guidance (32, 43, 403, 515). One of the two Trio GEP
domains is critical in photoreceptor axon guidance (515).
This GEP domain activates Rac, which in turn activates
PAK. Trio interacts genetically with Rac proteins, PAK,
and DOCK, an SH2-SH3 docking protein. Thus Trio regu-
lates Rac proteins, which subsequently activates PAK,
linking guidance receptors to the growth cone cytoskele-
ton (515). However, in mammalian cells, the role of PAKs
remains unclear (Fig. 6B). Expression of a mutant form of
Rac or Cdc42 protein that is unable to bind and activate
PAKSs can still induce the formation of membrane ruffles
and lamellipodia (323, 379), indicating that PAKs are not
essential for the Rac protein-elicited membrane ruffling
and lamellipodium formation or for the Cdc42-triggered
filopodium formation. This does not exclude the possibil-
ity, however, that PAKs themselves may play a role in
cytoskeletal rearrangement by inducing actin reorganiza-
tion independently of Rac/Cdc42 proteins. Alternatively,
PAKs may mediate effects on the cytoskeleton induced by
Rac/Cdc42 proteins, which are different from the imme-
diate actin reorganization (437, 653).

All PAKs identified to date share a similar 18-amino
acid CRIB (Cdc42/Rac interactive binding) motif that me-
diates the interaction with Rac/Cdc42 proteins. Most re-
cently, N-WASP, a ubiquitously expressed Cdc42-interact-
ing protein (470), and the Arp2/3 complex have been
shown to participate in the downstream cascade of
Cdc42-induced actin polymerization (49, 417, 418, 610,
697, 775, 782) (Fig. 6C). Wiskott-Aldrich syndrome protein
(WASP), which is only expressed in hematopoietic cells,
was originally identified as a protein mutated in patients
with Wiskott-Aldrich syndrome (31, 698). WASP and N-
WASP (470) possess a PH domain that binds PIP, and a
CRIB domain. The binding of both GTP-Cdc42 and PIP, to
N-WASP activates N-WASP by stabilizing the active con-
formation of this molecule. The COOH terminus of N-
WASP binds the Arp2/3 complex and consequently stim-
ulates its ability to nucleate actin polymerization in vitro
(49, 415, 417, 418, 610, 697, 775, 782). Therefore, the
interaction of N-WASP with the Arp2/3 complex is a core
mechanism that directly connects the Cdc42-mediated
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signal transduction pathway to the stimulation of actin
polymerization.

In addition to the CRIB-containing proteins, a 34-kDa
protein, POR1 (partner of Rac), interacts specifically with
GTP-Rac proteins and is implicated in mediating Rac
protein-dependent membrane ruffling (745). A dominant
active mutant of Racl (Racl1V12L37) that fails to bind
PORI also fails to induce membrane ruffling (323). Arf6 is
also implicated downstream of Rac proteins and mediates
membrane ruffling through PIP, kinase « (283). Arf6 and
PORI1 function on distinct signaling pathways to mediate
cytoskeletal reorganization induced by Rac proteins (Fig.
6B). Another protein with a potential role in cytoskeletal
organization is IQGAP (65, 374, 458). IQGAP interacts
with both GTP-Racl and GTP-Cdc42 and localizes to
membrane ruffles. IQGAP has been shown to be localized
to cell-cell adhesion sites (375). It has been suggested that
activated Cdc42 blocks the ability of IQGAP to inhibit
asse bly of a cadherin-catenin complex and thereby pro-
motes formation of adherens junctions (375), but this
model has not yet been substantiated. In addition, no
apparent abnormality is observed in the formation of adhe-
rens junctions in the IQGAPI1-deficient mice (400). Al-
though IQGAP contains some interesting motifs found in
signaling molecules such as a WW domain, an SH3-bind-
ing domain, a calmodulin-binding domain, and, somewhat
surprisingly, a Ras GAP-like motif, its function remains
unknown. Although a number of potential Rho family
effectors have been identified, a major goal for the future
will be to determine the physiological roles of these pro-
teins in Rho family-mediated cytoskeletal rearrangement.

F. Mode of Action of Rho/Rac/Cdc42 Proteins
in Gene Expression

Whereas Ras proteins control the activation of the
p42/44 MAPK cascade, in certain cell types, Rac/Cdc42
proteins regulate the activation of Jun NH,-terminal ki-
nase (JNK) and p38 MAP kinase (126, 473). Expression of
a constitutively active mutant of Rac or Cdc42 protein in
HeLa, NIH 3T3, and COS cells results in a stimulation of
JNK and p38 activities (126, 473). Furthermore, the same
effects have been observed with oncogenic GEPs for
Rho/Rac/Cdc42 proteins, such as Dbl (473). The exact role
of Rho/Rac/Cdc42 proteins in MAP kinase activation is,
however, unclear, and it is still largely unknown whether
physiological activation of the JNK pathway is induced by
endogenous Rac/Cdc42 protein activity. Genetic analysis
of dorsal closure in Drosophila also supports a role for
Rac proteins in JNK regulation (227).

Rho/Rac/Cdc42 proteins have each been reported to
activate serum response factor (SRF) (272, 776). They
have also been shown to activate the transcription factor
NF«B (567, 692). In addition, generation of reactive oxy-
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gen species by Rac proteins might be the trigger for NF«xB
activation. This observation may be related to the fact
that Rac proteins regulate an NADPH oxidase enzyme
complex in phagocytes to produce superoxide as de-
scribed earlier (1, 2, 18, 358, 479, 649). Rho/Rac/Cdc42
proteins are required for G, cell cycle progression (420,
552, 794), but it is unclear whether this is due to their
effects on the actin cytoskeleton and integrin adhesion
complexes or, instead, to more direct effects on gene
transcription.

G. Other Functions of Rho/Rac/Cdc42 Proteins

Various studies have suggested the involvement of
Rho/Rac/Cdc42 proteins in membrane-trafficking pro-
cesses. Cytoskeletal rearrangements are closely coupled
to the onset of phagocytosis. Rho/Rac/cdc42 proteins are
implicated in one or more steps of the phagocytic re-
sponse (86, 129, 449). Two distinct mechanisms for the
phagocytic response have recently been defined (8, 514).
In type I phagocytosis, plasma membrane protrusions
extend to engulf the particle and drag it into the cell; this
is mediated by coordinated actions of Rac/Cdc42 proteins
(86). In type I phagocytosis, particles sink into actin-lined
investigations in the plasma membrane; here, internaliza-
tion is dependent on RhoA (86). There are morphological
similarities between these processes and the invasion of
mammalian cells by certain pathogenic bacteria. Shigella
invasion starts with actin nucleation and Rho protein-
induced actin polymerization (4, 496). This is followed by
continued actin polymerization around membrane-bound
protrusions that fold over the bacterium and coalesce to
engulf it. The complete inhibition of Shigella-induced
membrane folding by C3 suggests that actin polymeriza-
tion is essential for the generation of the surface exten-
sions (4, 496). Interestingly, Cdc42 has been shown to
play a direct role in Salmonella internalization (107) and
in Shigella flexnert motility (696).

Rho/Rac proteins have also been implicated in the
regulation of endocytosis. In mammalian cells, expression
of dominant active mutants of Rho/Rac proteins reduces
the efficiency of endocytosis of the transferrin receptor
(380), and a dominant active mutant of RhoA also blocks
internalization of muscarinic acetylcholine receptors
(757). Expression of a dominant active mutant of RhoA
causes an increase in clathrin-independent endocytosis in
Xenopus oocytes (639). In Swiss 3T3 cells, expression of
a dominant active mutant of Rac proteins stimulates pi-
nocytosis (602), and the pinocytic vesicles are coated
with the Rac signaling partner PAK1 (150). However,
expression of a dominant active Rac protein has no effect
on pinocytosis in baby hamster kidney cells (398); thus
the role of Rac proteins in pinocytosis is still unclear.

Rho/Rac proteins have also been implicated in the
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regulation of secretory vesicle transport (69, 555a). In
mast cells, Rho/Rac proteins stimulate the exocytosis of
secretory granules, whereas C3 and dominant-negative
mutants of Rho/Rac proteins inhibit GTP+yS-induced se-
cretion (526). In PC12 cells, RhoA, Racl, and Rho GDI are
also involved in Ca®"-dependent exocytosis at least partly
through the reorganization of actin cytoskeleton, and the
activation of RhoA or Racl alone is not sufficient for this
reaction (365). RhoD and RhoB are localized to endocytic
vesicles, suggesting that they might perform roles in the
regulation of intracellular trafficking (209, 498).

Rho/Rac/Cdc42 proteins have been implicated in
morphogenesis by regulation of cytoskeletal rearrange-
ments. For instance, the Drosophila homologs of Racl,
Rac2, and Cdc42, namely, DRacl, DRac2, and DCdc42,
respectively, are highly expressed in the nervous system
and in the mesoderm during development, respectively
(411, 412). Particularly, the inhibition of axonal outgrowth
induced by a dominant active or dominant negative mu-
tant of DRacl is due to different cytoskeletal defects in
developing neurons, suggesting that cyclical activation
and inactivation of DRacl is crucial for axonal develop-
ment (214, 412). In addition, expression of a dominant
active mutant of DCdc42, DCdc42V12) in the neurons of
fly embryos results in a similar but qualitatively differ-
ent effect on neuronal development, compared with
DRacl1V12 (412). In mammalian N1E-115 neuroblastoma
cells, Rho proteins appear to inhibit neurite outgrowth,
whereas Rac/Cdc42 proteins promote neurite outgrowth,
presumably by regulating the formation of growth cone
filopodia and lamellipodia (277, 369). In contrast, in chick
dorsal root ganglion neurons, Rho proteins induce neurite
outgrowth, while an activated mutant of Rac proteins
increases the proportion of collapsed growth cones (317).
DRacl and DCdc42 have also been implicated in muscle
differentiation (172, 412). Rac/Cdc42 proteins also regu-
late muscle development, probably via their effects on
membrane fusion and the actin cytoskeleton. Finally, lit-
tle is known at present about the role of Rho proteins in
neuronal and muscle development. In summary, Rho/Rac/
Cdc42 proteins have multiple essential functions during
morphogenesis.

V. RAB PROTEINS AS REGULATORS
OF VESICLE TRAFFICKING

A. Outline

Rab proteins exist in all eukaryotic cells and form the
largest branch of the small G protein superfamily (103,
447, 528, 529, 550, 636). The yeast S. cerevisiae genome
sequence encodes 11 Rab proteins (383). In mammalian
cells, over 50 Rab proteins (including isoforms) are
known (447, 528, 529, 550, 636). Evidence that Rab pro-
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teins regulate intracellular vesicle trafficking was first
obtained genetically in the yeast S. cerevisiae. Many
genes essential for secretion were isolated and named the
SEC genes (527). One of the SEC genes, the SEC4 gene,
was shown to encode a small G protein that is required for
vesicle trafficking from the Golgi apparatus to the plasma
membrane (623). The yeast YPT1 gene was first discov-
ered as a gene located between the actin and tubulin
genes in 1983 (208) and was later identified to encode a
small G protein (641). Yptl was shown to be later in-
volved in vesicle trafficking from the endoplasmic reticu-
lum to the Golgi apparatus (33, 650). Subsequently, a large
body of evidence has accumulated in support of a role for
Rab proteins in vesicle trafficking from yeast to human
(447, 528, 529, 550, 636).

B. Vesicle Trafficking

Transmembrane proteins and secreted, soluble pro-
teins are transported from one membrane compartment
to another by vesicles (465, 579, 616) (Fig. 7). Newly
synthesized secretory proteins are translocated into the
endoplasmic reticulum and are then transported to the
plasma membrane via the Golgi apparatus by vesicles;
some proteins are delivered to prelysosomes. In parallel,
macromolecules that are taken up from the plasma mem-
brane are transported inward to endosomes and lyso-
somes by vesicles. Some cell-surface proteins including
receptors for extracellular ligands transit through a recy-
cling endosome and are recycled back to the plasma
membrane. Thus exocytosis, endocytosis, and recycling
are performed by intracellular vesicle trafficking. There
are two exocytotic pathways: regulated and constitutive
pathways. In the regulated pathway, secretory proteins
are stored at very high concentrations in the core of

Donor membrane compartment

Budding

Cargo receptor, ((e
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e Sert/A
Coat proté{n * o
= Targeting =
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i D

Fusion Docking

cceptor membrane compartment

FIG. 7. Principal mechanism of intracellular vesicle trafficking. Rab,
Rab proteins; Sarl/Arf, Sarl/Arf proteins.
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secretory granules that can be mobilized by an exocytosis
pathway in response to neural or hormonal stimuli. In
contrast, constitutive exocytosis occurs independently of
extracellular stimuli and proceeds at a steady rate. Con-
stitutive exocytosis is responsible for the insertion of
plasma membrane proteins and secretion of extracellular
proteins, such as matrix components and plasma pro-
teins. Vesicle trafficking is needed for various other cell
functions, such as establishment of cell polarity, cytoki-
nesis, and cell motility.

There are at least four principal events in a given step
of intracellular vesicle transport: 1) budding of a vesicle
from the donor membrane; 2) targeting of the vesicle to
the acceptor membrane; 3) docking of the vesicle to the
acceptor membrane; and 4) fusion of the vesicle with the
acceptor membrane (Fig. 7). Rab proteins regulate these
processes (447, 528, 529, 550, 636). Substantial evidence
has accumulated that most Rab proteins regulate the
targeting/docking/fusion processes and that some of them
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regulate the budding process, which is mainly regulated
by Sarl/Arf proteins (see sect. vi).

There are two types of Rab proteins: one type is
involved in regulated secretion, and the other type is
involved in other vesicle transport steps and is essential
for this function (447, 528, 529, 550, 636). Of the first type,
the mode of action of Rab3A has most extensively been
investigated (703). Rab3A plays a key regulatory role in
Ca®*-dependent exocytosis, particularly in neurotrans-
mitter release from nerve terminals. Studies on Rab3A-
deficient mice have revealed that Rab3A is not essential
for basal neurotransmission but modulates it, thereby
contributing to synaptic plasticity (91, 216, 217, 218, 408).
In contrast, mutations of Rab proteins mediating other
vesicle transport steps can have more dramatic conse-
quences. In the yeast S. cerevisiae (383), Rab mutants are
often characterized by a massive accumulation of the
vesicles in the respective secretory pathways (623). More-
over, some of them are essential for cell viability.
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FIG. 8. Subcellular localization of Rab proteins. Plain,
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C. Localization of Rab Proteins

Rab proteins contain unique, hypervariable COOH-
terminal domains with two Cys residues, both of which
require geranylgeranyl moieties by geranylgeranyltrans-
ferase type II as described above. This lipid modification
is essential for the membrane association of Rab proteins
(27, 322, 340, 349, 568, 765). The COOH-terminal hyper-
variable region is important for the correct targeting of
Rab proteins to their target membranes (64, 102), but how
it directs localization remains to be clarified.

At steady state, 10-50% of a given Rab protein is
detected in the cytosol. This pool is maintained in the
GDP-bound form through interaction with Rab GDIs.
Each Rab protein is localized at organelles and is involved
in the vesicle transport of the organelle (447, 528, 529, 550,
636) (Fig. 8). For example, Rabl, Rab2, and Rab6 are
localized at the endoplasmic reticulum and the Golgi ap-
paratus and regulate vesicle transport along the biosyn-
thetic/secretory pathway (104, 240, 265, 448, 575, 720);
Rab3 is localized on secretory granules including synaptic
vesicles and is involved in Ca®"-dependent exocytosis
(91, 140, 183-185b, 216, 217, 282, 319, 408, 476, 477, 625);
Rab4 and Rabb are present on early endosomes and reg-
ulate early steps of the endocytic process, mediating en-
dosome-endosome fusion and receptor recycling, respec-
tively (73, 104, 237, 747, 748). However, the sites of action
of the majority of Rab proteins have not yet been eluci-
dated. In addition, it seems likely that some functional
specialization of Rab proteins takes place, both in differ-
ent cell types and in different organisms. One example is
Rab11A and Rabl1B and its two yeast homologs Ypt31p
and Ypt32p. A role for Rab11 has been documented in late
recycling of transferrin receptors (5690, 736) and in trans-
Golgi network-to-plasma membrane transport (109). On
the other hand, in yeast, Ypt31p and Ypt32p are involved
in intra-Golgi transport or protein export from the trans-
Golgi (46).
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D. Rab Protein Cycle: Cyclical
Activation/Inactivation and Translocation

Rab proteins cycle between the GDP-bound inactive
and GTP-bound active forms and between the cytosol and
the membranes, and these cyclical activation, inactiva-
tion, and translocation are regulated by at least three
types of regulators: GEPs, GDIs, and GAPs (447, 5628, 703)
(Fig. 9). In the cytosol, a Rab protein is maintained in the
GDP-bound inactive form by a GDI. The GDP-bound form
is first released from the GDI by a still unknown mecha-
nism that is coupled to the delivery of the Rab protein to
a specific membrane compartment (673, 735); the Rab
protein is subsequently converted to the GTP-bound form
by the action of a GEP. The GTP-bound form then inter-
acts with a downstream effector(s). Thereafter, the GTP-
bound form is converted to the GDP-bound form by the
action of a GAP. The GDP-bound form produced on the
membrane then complexes with the GDI and returns to
the cytosol as a Rab protein-Rab GDI complex. Thus a
characteristic of Rab proteins is that a cycle of membrane
association/dissociation is superimposed onto their GDP/
GTP cycle.

Yeast Dss4 and its mammalian counterpart, Mss4,
were first isolated and characterized as Rab GEPs (79,
497). Dss4 is active on both Sec4 and Yptl and Mss4 is
active on a subset of Rab proteins. Moreover, the ex-
change activities of both GEPs are very low compared
with the values of other GEPs for Ras and Rho/Rac/Cdc42
proteins. These proteins are unlikely to serve as physio-
logically relevant GEPs, and their real roles are currently
unknown. Only three physiological Rab GEPs have been
isolated and characterized: Rab3 GEP, specific for the
Rab3 subfamily members (762); Rabex-5, specific for the
Rab5 subfamily members (290); and Sec2 for Sec4 (763).
Rab3 GEP is ubiquitously expressed but abundant in
brain (762). It is active at least on Rab3A, Rab3C, and
Rab3D and is inactive on other Rab proteins, including

Vesicle

FIG. 9. Cyclical activation/inactivation of Rab proteins
and their translocation. Rab, Rab proteins.

Target
membrane
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Rab2, Rab5A, Rab10, and Rabl1. It prefers the lipid-mod-
ified form to the lipid-unmodified form as a substrate. A C.
elegans counterpart gene of this mammalian GEP, Aex-3,
has been identified genetically; mutation of this gene
causes a defect in synaptic transmission (310). Rabex-5
forms a tight complex with Rabaptin-5, a Rabb effector,
and activation of Rab5 by Rabex-5 is likely coupled to
effector recruitment (290). Rabex-5 is homologous to
Vps9, a yeast protein involved in endocytosis (77). In the
yeast, Sec2, a GEP for Sec4, is genetically essential for the
Golgi-to-plasma membrane transport (763). Sec2 shares
sequence homology to Rabin-3 that specifically interacts
with Rab3A and Rab3D (68). However, Rabin-3 has no
detectable GEP activity. These data suggest that each
member or each subfamily of the Rab family could inter-
act with a specific GEP. It is not known whether Rabex-5
and Sec2 require lipid modifications of their small G pro-
tein substrates.

Only two GAPs for Rab proteins have been isolated
and characterized in mammalian cells: Rab3 GAP, spe-
cific for the Rab3 subfamily members (205, 501) and
GAPCenA, specific for Rab6 (135). Rab3 GAP is ubiqui-
tously expressed and enriched in the soluble synaptic
fraction in brain (205, 501, 543). Rab3 GAP consists of two
subunits, a catalytic and a noncatalytic subunit (205, 501).
It is active at least on Rab3A, Rab3B, Rab3C, and Rab3D
and is inactive on other Rab proteins, including Rab2,
RabbA, and Rab11 (205). It prefers the lipid-modified form
to the lipid-unmodified form as a substrate. The role of the
noncatalytic subunit of Rab3 GAP is unknown, but Sarl
GAP also consists of catalytic (Sec23) and noncatalytic
(Sec24) subunits (270, 808) (see sect. vi). GAPCenA is
ubiquitously expressed (135). It is mainly cytosolic, but a
minor pool is associated with the centrosome. It forms a
complex with y-tubulin and may play a role in microtu-
bule nucleation. In the yeast S. cerevisiae, five GAPs have
been isolated and characterized: Gypl (GAP for Sec4 and
Yptl), Gyp6 (GAP for Ypt6), Gyp7 (GAP for Ypt7), Mdrlp/
Gyp2p (GAP for Ypt6 and Sec4), and Msb3p/Gyp3p (GAP
for Sec4, Ypt6, Ypt51, Ypt31/ Ypt32, and Yptl) (7, 163, 691,
760). Interestingly, Gyp proteins and GAPCenA (but not
Rab3 GAP) share significant homology to yeast cell cycle
checkpoint proteins, Bub2 and Cdc16, raising a possibility
that these Rab GAPs serve to coordinate membrane traf-
ficking with other events taking place during mitosis, such
as the control of microtubule nucleation.

GAPs terminate the function of Rab proteins, but it is
not yet clear whether GTP hydrolysis is important for Rab
proteins to accomplish their functions. The cycle of GTP
hydrolysis of Rabb has been shown to be uncoupled to the
Rabb-regulated endosome-endosome fusion (619). Simi-
larly, the GTP hydrolysis of Yptl seems dispensable for
the Yptl-mediated fusion events in the yeast (598). In
these cases, the GTP-bound form seems to be requisite or
even stimulatory for the progression of a vesicle toward

SMALL G PROTEINS

175

membrane fusion. In contrast, for Rab3A, the GTP-bound
form might interact with a prefusion complex, thus pre-
venting fusion. The GTPase-deficient mutant of Rab3A
inhibits Ca®"-dependent exocytosis from PCI12 cells and
chromaffin cells (282, 319) (see below). In this case, Rab3
GAP plays a crucial role in the function of Rab3 proteins.

Three isoforms of Rab GDI have been isolated: Rab
GDIa (Rab GDI-1), Rab GDIB, and Rab GDIy (Rab GDI-
2)(315, 453, 520, 629, 666). Southern blot analysis of
genomic DNA indicates that both mouse and rat contain
at least five Rab GDI genes (315). In contrast, there is only
one Rab GDI gene (GDI1) in the yeast S. cerevisiae, and
it is essential for cell viability (213). The properties of Rab
GDIa and Rab GDIB have most extensively been studied
(26, 27, 28, 315, 520, 629, 665, 666, 800). Rab GDIB is
ubiquitously expressed, whereas Rab GDI« is abundantly
expressed in neuronal cells (520). Despite the different
tissue distribution, both isoforms show similar biochem-
ical properties (26, 28, 520, 629, 800). 1) Both proteins
bind the lipid-modified, GDP-bound form, but not any
other forms such as the lipid-modified, GTP-bound form,
the lipid-unmodified GDP-bound form, and the lipid-un-
modified GTP-bound form. 2) Both proteins inhibit the
basal and GEP-stimulated dissociation of GDP from the
GDP-bound form. 3) Both proteins inhibit the binding of
the GDP-bound form to the membrane and keep it in the
cytosol. 4) When the GDP-bound form is produced from
the GTP-bound form on the membrane, both proteins
bind the GDP-bound form and retrieve it from the mem-
brane. In addition to these activities, Rab GDI plays an
important role in specific delivery of Rab proteins to their
target membranes (572, 673, 703, 735). For instance, Rab5-
Rab GDI and Rab9-Rab GDI complexes mediate in vitro
binding of Rab5 and Rab9 to organelles where these pro-
teins normally reside (673, 735). The GDP/GTP exchange
reaction does not seem to be a prerequisite for the Rab
protein binding to the membranes, because the GDP-
bound form can be transiently detected in the membranes
after delivery of Rab protein-Rab GDI complexes onto
membranes is likely to be followed by GDP/GTP ex-
change and the release of the GDI. A GDI dissociation
factor (GDF) has been identified that is active on Rabb
and Rab9 and devoid of GEP activity but is not yet fully
characterized (154).

Rab GDI«a and Rab GDIf are significantly related to
the mammalian Choroideremia gene product CHM,
which delivers Rab proteins to the catalytic subunit of
geranylgeranyltransferase II as described above (645).
Choroideremia is an X-linked form of retinal degenera-
tion (267). Recently, the crystal structure of Rab GDI« has
been determined, and the sequence-conserved regions are
clustered on one face of the molecule (633). The two most
sequence-conserved regions, which form a compact struc-
ture at the apex of Rab GDIe, play a crucial role in the
binding of Rab proteins. Mutations of this region in the
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human Rab GDI« gene are responsible for X-linked non-
specific mental retardation (see sect. vG) (138).

E. SNAREs and Tethering Proteins in Vesicle
Targeting/Docking/Fusion

According to the SNARE hypothesis, there are vesi-
cle and target membrane SNAREs (v- and t-SNAREs) and
these two types of SNAREs interact with each other,
resulting in the docking of vesicles with their target mem-
branes (615) (Fig. 10). Recent results suggest that SNARE
pairing cannot be solely responsible for the appropriate
targeting and docking of transport vesicles. For example,
the docking of endoplasmic reticulum-derived vesicles
with Golgi membranes can occur in the absence of
SNARE components (83). Similarly, initial events leading
to the homotypic fusion of vacuoles are not dependent on
SNARE components (632, 740). Moreover, SNARE com-
ponents can form promiscuous complexes in vitro (799).
These results suggest that SNAREs are not primarily in-
volved in the specific targeting of vesicles.

Evidence is accumulating that targeting/docking
specificity is determined by the collaboration of several
factors. Tethering proteins play key roles in vesicle tar-
geting/docking (571, 771). This group includes Usol (83),
TRAPP (620), p115 (505, 620), exocyst (246), and EEA1
(115), all of which bind membranes before the formation
of SNARE complexes. In S. cerevisiae, Usol and a large
protein complex named TRAPP are implicated in endo-
plasmic reticulum-to-Golgi transport (83, 620, 749); the
exocyst, a large protein complex consisting of Sec3, Secb,
Sec6, Sec8, Secl0, Seclb, and Exo070, is involved in tar-
geting of post-Golgi vesicles to the plasma membrane
(246). A mammalian version of the exocyst has been
identified in mammalian cells, where it may be involved in
targeting of vesicles (or docking with) the basolateral
membrane of epithelial cells (243a, 295). In mammalian
cells, a complex of p115, GM130, and giantin induces the
interaction of Golgi-derived vesicles with Golgi mem-
branes (505, 675), and EEA1 is involved in the homotypic

Tethering proteins
(p115, Uso1, EEA1)

v-SNARE /;/////

I/

t-SNARE
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endosome fusion process (115). EEA1 has recently been
found to be an effector of Rabb (115) (see below). It is
likely that the events that precede stable, SNARE-depen-
dent docking of vesicles or membranes are the result of a
network of interactions between many proteins including
tethering proteins. Although the direct interaction be-
tween Rab proteins and the tethering proteins has only
been documented for Rab5/EEA1, Sec4, and the exocyst,
Rab proteins are likely candidates for orchestrating vesi-
cle targeting through tethering proteins as described be-
low.

F. Mode of Action of Rab Proteins in Vesicle
Targeting/Docking/Fusion

Several Rab protein effectors have been isolated and
characterized. The first effector to be identified is Rabphi-
lin-3 for the Rab3 subfamily members (662, 663). Rabphi-
lin-3 is expressed in neurons and interacts preferentially
with GTP-Rab3A. Rabphilin-3 is present on the surface of
synaptic vesicles (478). It has not been established how
Rabphilin-3 localizes to synaptic vesicles: one model is
that it is recruited to the vesicles by Rab3A, analogous to
the Ras protein-Raf protein kinase system (397, 683);
another model is that it is targeted to synaptic vesicles
independently of Rab3 (460, 654, 664). The NH,-terminal
region constitutes the Rab3-binding region; the COOH-
terminal region contains two C2 domains that bind Ca®"
and phospholipid (5666, 662, 792). Expression or microin-
jection of either the NH,-terminal or the COOH-terminal
region of Rabphilin-3 blocks Ca®"-dependent exocytosis
in several different systems (78, 117, 364). Recently, it was
shown that the abnormalities of synaptic transmission
and synaptic plasticity that are observed in Rab3A-defi-
cient mice are not observed in Rabphilin-3-deficient mice
(638). This observation suggests that another Rab3 effec-
tor is present and compensates for loss of function of
Rabphilin-3 in these mice. Rim is another effector of Rab3
proteins (766). Rim has an NH,-terminal Rab3A-binding
domain that is homologous to that of Rabphilin-3, a cen-

FIG. 10. Possible modes of action of Rab
proteins, tethering proteins, and SNARE pro-
teins in vesicle targeting/docking/fusion pro-
cesses. Rab, Rab proteins.

Rab

Target
membrane

Docking
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tral PDZ domain, and two COOH-terminal C2 domains
that are separated by alternatively spliced sequences. In
contrast to Rab3A and Rabphilin-3, Rim is clearly absent
from synaptic vesicles but enriched on the presynaptic
plasma membrane, especially at the active zone. Although
the precise function of Rim is still obscure, overexpres-
sion of its NHy-terminal fragment suggests that Rim is
implicated in neurotransmitter release. The localization of
Rim to the presynaptic plasma membrane is intriguing in
terms of its interaction with vesicle-associated GTP-
Rab3A and the postulated role of Rab proteins in vesicle
docking.

Rabaptin-5 was identified in a yeast two-hybrid
screen using the GTPase-deficient mutant of Rab5 as a
bait (685). Rabaptin-5 consists of two isoforms: Rabap-
tin-5a and Rabaptin-58 (241). Rabaptin-5 is recruited from
the cytosol to endosomal membranes by GTP-Rabb. In
addition, its overexpression induces the formation of
large endosomes, a phenotype that is also observed upon
overexpression of a GTPase-deficient mutant of Rabb.
Rabaptin-5 has an NH,-terminal coiled-coil region that
serves as a self-association determinant and a COOH-
terminal Rab5h-binding domain. The NH, terminus of
Rabaptin-5 has recently been found to also interact with
the GTPase-deficient mutant of Rab4, which is involved in
the receptor recycling process (753). Rabaptin-b is part of
a large complex required for membrane docking/fusion
processes (457). EEAL, another effector of Rabb, is also
included in this complex (115, 457, 670). EEA1 may rep-
resent the core component of this complex and serve as a
tethering protein, because it alone could replace the re-
quirement for cytosol in an early endosome fusion assay
(115). EEALI contains two spatially separate Rabb-binding
domains and a phosphatidylinositol 3,4,5-trisphosphate
(PIP;) binding, “FYVE finger” at its COOH terminus (670).
Rabaptin-5 also interacts with the NH,-terminal region of
Rabphilin-3, and this interaction is inhibited by GTP-
Rab3A (542). Because endocytosis is often coupled with
exocytosis, particularly at nerve terminals, this Rabphilin-
3-Rabaptin-5 interaction may contribute to the coupling of
these two events.

A Rab8-interacting protein (Rab8ip) is a serine/thre-
onine protein kinase, closely related to the GC kinase
found in lymphoid germinal centers (5691). Like Rab§, this
kinase localizes to the Golgi apparatus where it may
regulate vesicle transport to the cell surface in response
to Rab8. Rab8ip shares sequence homology to PAKSs, pro-
tein kinases that are effectors of Rac/Cdc42 proteins
(439). An effector of Rab9, p40, is associated with endo-
somes and shows synergy with Rab9 in its ability to
stimulate transport of the mannose 6-phosphate receptor
from endosome to the trans-Golgi network in an in vitro
transport assay (151). p40 is comprised entirely of six
internally repeated sequences, named kelch repeats,
which were first identified in the Drosophila kelch protein
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(787), although the function of this domain remains un-
known. Rabkinesin-6 is an effector of Rab6, and a member
of the kinesin family (167). This protein displays a con-
ventional kinesin structure with an NHy-terminal motor
domain, followed by a region predicted to form an «-
helical coiled-coil stalk and a tail domain. Rab6 may reg-
ulate microtubule-dependent retrograde transport from
the Golgi apparatus through Rabkinesin-6 (777).
Rab11BP/Rabphilin-11, an effector of Rabll, is also in-
volved in microtubule-based vesicle transport (432, 668,
810), although it is not a motor protein. This protein
contains a prolinerich domain within its NH,-terminal
half and WD40 repeats, important for the protein-protein
interactions, within its COOH-terminal half.

Thus several effectors have been identified within the
past 5 years. In addition, the recent determination of the
X-ray crystal structure of Rab3A complexed to the Rab3-
binding domain of Rabphilin-3 has enabled the identifica-
tion of complementarity-determining regions, which are
potentially involved in the interactions of Rab proteins
with their effectors (555). These regions exhibit a high
degree of sequence variability among Rab proteins and
might enable them to interact with a wide variety of
effectors (482).

Although it has not been fully elucidated how each
Rab protein regulates vesicle targeting/docking/fusion
processes through their specific effectors, one probable
mechanism is to regulate or facilitate the assembly of
SNARE complexes (Fig. 10). Rab proteins are not core
components of SNARE complexes. However, genetic
studies in yeast have shown that functions of Rab and
SNARE proteins are linked: the effects of a mutation in
the effector domain of Sec4 is suppressed by overexpres-
sion of Sec9, the SNAP-25-like protein (63), and Yptl is
involved in the priming of t-SNARE (401). In this process,
Rab proteins may function to recruit tethering proteins
onto membranes and coordinate loose membrane tether-
ing to induce the SNARE complex-mediated, tighter and
stable docking process.

GTP-Sec4 interacts with Secl15, a component of the
exocyst (246). Then, a chain of protein-protein interac-
tions leads to the assembly of the exocyst and its binding
to Sec3, which marks the specific site of exocytosis at the
plasma membrane. After Rabb is activated by Rabex-5
complexed with Rabaptin-5, Rabb recruits EEA1, which
interacts with PIP; to early endosome (115, 670). PIP,
might serve to stabilize EEAl1 on membranes through
interaction with its FYVE domain. Usol is needed to allow
the assembly of SNARE complex and Usol-regulated teth-
ering is helped by Yptl (83). Although it is not clear how
Rab proteins and tethering proteins induce the assembly
of SNARE complexes, they may induce the dissociation of
the Secl/Muncl8 family members which impair the asso-
ciation of t-SNARE with v-SNARE (Fig. 10). Consistent
with this possibility, Vacl, a mammalian homolog of
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