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Cellular responses regulated by rho-related

small GTP-binding proteins

ALAN HALL, HUGH F. PATERSON, PETER ADAMSON anND

ANNE J. RIDLEY

Chester Beatty Laboratories, Institute of Cancer Research, Fulham Road, London SW3 6JB, U.K.

SUMMARY

Rho-related proteins are members of the ras superfamily of small GTP-binding proteins. Their function
in fibroblasts has been analysed using microinjection of living cells. Rho appears to link plasma
membrane receptors to the assembly of focal adhesions and actin stress fibres. The closely related protein
rac, on the other hand, links receptors to the polymerization of actin at the plasma membrane to form
membrane ruffles and pinocytotic vesicles. In phagocytic cells, rac has been shown to be required for
activation of a membrane-bound NADPH oxidase in response to receptor activation. These systems
provide the basis for a working model for the mechanism of action of the rho family of small GTPases.

1. THE RAS SUPERFAMILY

Around 40 members of the ras superfamily of small
GTP-binding proteins have now been described.
These can be divided into four subfamilies based on
sequence and functional similarities: (i) ras-like; (ii)
rho-like; (iii) rab-like; and (iv) ARF-like. Ras controls
signal transduction pathways linking receptors to cell
growth and differentiation, whereas rab and ARF
proteins are involved in the assembly and trafficking
of intercellular vesicles (Hall 1990).

2. THE RHO SUBFAMILY OF SMALL GTPASES

Nine members of the rho superfamily have been
identified so far. Rho (A,B,C), rac (1,2), CDC42/
G25K, rhoG, and TC10 (Madaule et al. 1987; Yera-
mian e/ al. 1987; Chardin et al. 1988; Didsbury et al.
1989; Munemitsu ef al. 1990; Shinjo ¢t al. 1990; Drivas
et al. 1990; Vincent e al. 1992). Most are expressed in
all cell types, although rac2 appears to be found
predominantly in haematopoetic cells (Olofssan et al.
1988; Didsbury et al. 1989; Shirsat ef al. 1990; Moll et
al. 1991). RhoB and RhoG are serum inducible gene
products (Jahner & Hunter 1991; Vincent et al. 1992).

(a) Exchange factors

A number of potential regulators of the rho sub-
family are known. SmgGDS was originally identified
as an exchange factor for rap and Ki-ras but later
shown to be active on rho and rac (Hiraoka et al.
1992). The product of the dbl oncogene is an exchange
factor for CDC42, although it is not yet clear that
malignant transformation by db/ is mediated through
CDC42 (Hart et al. 1991). Interestingly, a family of
proteins has been described containing a dbl-related

domain, including ber (the breakpoint cluster region
gene product), the vav oncogene and the N-terminal
domain of rasGRF, a ras nucleotide exchange factor
(Adams et al. 1992; Shou et al. 1992). It is not yet clear
whether these dbl-like proteins have any exchange
activity for members of the rho subfamily. A factor,
rhoGDI, originally identified through its ability to
inhibit the release of guanine nucleotides from rho,
was later shown to solubilize rho-like proteins from
membranes (Hiraoka et al. 1992; Isomura et al. 1991).
The role of this protein in vivo, however, is unclear.

(b) GTPase activating proteins

In 1990 we reported the purification of a GTPase
activating protein (GAP) specific for rho, rhoGAP
(Garrett et al. 1991). Partial amino acid sequence
revealed that two other known proteins were highly
related, ber and n-chimaerin, the product of a brain
specific cDNA (Diekmann et al. 1991). Since then two
other highly related proteins have been reported, p190,
a protein that binds to rasGAP after growth factor
stimulation of cells, and 3BP-1, a protein capable of
interacting with the SH3 domain of c-abl (Settleman
et al. 1992a,b; Ciccheti et al. 1992). The GAP activities
of these proteins on the different members of the rho
subfamily are summarized in table 1. p85, the regula-
tory subunit of PI-3 kinase, is more distantly related to
the rhoGAP family and we have been unable to detect
any GAP activity towards rho, rac or CDC42 (Otsu et
al. 1991). The in vivo roles of these GAPs are unknown,
they could act as downregulators or as target proteins
for the rho-like GTPases (Hall 19924).

(¢) Cellular localization

The cellular location of rho-like proteins has been
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Table 1. Proteins of the thoGAP family
GAP activity

rho rac CDC42
rhoGAP + + +
ber — + +
chimerin — + +
p190 + + +
3BP-1 n.d. n.d. n.d.
p85 — — —

somewhat confusing, as they have been purified from
both cytosolic and membrane compartments. We
have recently addressed this problem by microinject-
ing cells with an expression vector containing rho
c¢DNA attached to an N-terminal epitope tag (Adam-
son et al. 1992). The cellular localization of expressed
protein can then be visualized by immunofluorescence
using a tag-specific antibody. The results obtained
with the three different rho proteins are shown in
figure 1. Rho A and C (figure 1, right panel) are
predominantly cytosolic with a little at the plasma
membrane, whereas rho B (figure 1, left panel) is in a
vesicular compartment which we have identified as
early and late endosomes (but not mature lysosomes).
We have argued from this and other work that rho
proteins cycle on and off the plasma membrane and
that this is an integral feature of their mechanism of
action (Adamson et al. 1992; Hall 19925).

Cellular responses regulated by rho-related proteins

3. A FUNCTION FOR RHO IN FIBROBLASTS

Confluent Swiss 3T3 cells, starved of growth factors
overnight, show a punctate and disorganized distribu-
tion of polymerized actin (figure 2, left panel).
Microinjection of activated recombinant rho protein
into the cells induces the assembly of well-defined
actin stress fibres (figure 2, right panel) and the
concomitant assembly of focal adhesions (Ridley &
Hall 1992). Re-addition of serum produces the same
effect. We speculated therefore that the effects of
serum on cells might be mediated through endogenous
rho proteins. To test this we have made use of a
bacterial ADP-ribosyltransferase, C3 transferase, from
Clostridium botulinum. C3 transferase has been shown to
inactivate rho by ADP-ribosylating an asparagine
residue at codon 41 of rho A, B and C. (Sekine e/ al.
1989; Chardin et al. 1989; Rubin et al. 1988; Paterson
et al. 1990). When quiescent cells are preinjected with
C3 transferase and then challenged with serum, the
assembly of focal adhesions and of actin stress fibres is
blocked (Ridley & Hall 1992). We conclude from this
and other experiments that rho regulates a signal
transduction pathway linking membrane receptors to
the assembly of focal adhesions and actin stress fibres.

4. FUNCTION FOR RAC IN FIBROBLASTS

Rac has also been shown to have dramatic effects on
actin polymerization. Microinjection of recombinant
rac protein into quiescent fibroblasts induces actin

Figure 1. Cellular localization of rho proteins. A cukaryotic expression vector containing epitope-tagged rhoB (left
panel) or rhoC (right panel) cDNA was microinjected into the nucleus of Rat2 cells. Sixteen hours later cells were
fixed and rho proteins visualized with an anti-epitope antibody. Bar 15 pm.
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Figure 2. Microinjection of activated rho into quiescent SWISS 3T3 cells. Confluent cells were starved of serum
overnight and injected with buffer (left panel) or recombinant Vall4 rhoA (right panel) and fixed 30 min later.
Polymerized actin was visualized with TRITC labelled phalloidin. Bar 15 pm.

polymerization at the plasma membrane leading to
membrane ruffling (seen in figure 3) and pinocytosis
(Ridley et al. 1992). No effects are observed on stress
fibres.

To examine this in more detail, we looked at the
effects on actin organization, of adding individual
growth factors to serum-starved cells. PDGF, EGF
and insulin each induce rapid (5 min) accumulation
of polymerized actin at the plasma membrane to
produce ruffles followed at later times (30 min) with
some stress fibre formation. Serum, however, produces
a different effect; a rapid (5 min) induction of the
assembly of focal adhesions and stress fibres with very
little ruffling. Analysis of serum showed that lysophos-
phatidic acid (LPA) or a closely related molecule is
responsible for activating rho proteins leading to stress
fibre formation (Ridley & Hall 1992).

Because the effects of PDGF and microinjected rac
were similar we tested whether the observed effects of
this growth factor on actin polymerization were
mediated by endogenous rac proteins. Microinjection
of rac containing a dominant negative mutation
(N17rac) into quiescent fibroblasts completely
blocked PDGYF induced ruffling, but had no effect on
serum induced stress fibre formation (Ridley et al.
1992). It appears, therefore, that rac regulates the
polymerization of actin at the plasma membrane in
response to certain growth factors.

5. A FUNCTION FOR RAC IN PHAGOCYTES

Professional phagocytes are responsible for combating

Phil. Trans. R. Soc. Lond. B (1993)

microbial infections. One of their major lines of attack
is to phagocytose the invading bacteria and to activate
a membrane-bound NADPH oxidase to produce toxic
superoxide radicals. Activation of the oxidase is
complex, and requires the assembly of two cytosolic
proteins, p47 and p67 with the two oxidase subunits at
the plasma membrane. A defect in any one of these
four components has serious clinical consequences as
seen in patients with chronic granulomatosis disease
(GGD) (Morel et al. 1991).

The activation of the oxidase has been partly
reconstituted in an in vitro assay using membranes and
cytosol from neutrophils or macrophages. Detailed
biochemical analysis of cytosolic components has
revealed that rac, is also essential for activation of the
oxidase (Abo et al. 1991; Knaus et al. 1991). It has now
been shown that an active oxidase complex can be
assembled n vitro using purified NADPH oxidase (two
subunits), recombinant p47 and p67, and recombi-
nant rac in the GTP-bound form. It has been
suggested, therefore, that the role of rac in this system
is to promote the assembly of the multimolecular
complex.

6. A GENERALIZED FUNCTION FOR RHO
AND RAC

In fibroblasts rho controls the assembly of focal
adhesions; clusters of integrin receptors associated
with cytosolic proteins such as vinculin and talin
which serve as anchors for actin stress fibres (Burridge
et al. 1988). In phagocytes rac promotes the assembly
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Figure 3. Microinjection of activated rac into Rat2 cells. A cDNA expression vector containing epitope tagged racl
cDNA was injected into the nucleus of a Rat2 cell in a confluent monolayer. Sixteen hours later, cells were fixed and
the distribution of rac observed using an anti-epitope antibody (left panel). The right panel shows under phase
contrast the effect of rac expression on cell morphology and the stimulation of membrane ruffles by rac can be seen
in the left panel using immunofluorescence. Bar 15 pm.

of cytosolic proteins at a membrane-bound NADPH
oxidase. In vivo this is closely coordinated with phago-
cytosis, a process which involves changes in polymeri-
zed actin at the plasma membrane not unlike the
changes we have observed in fibroblasts after injection
of rac. We have argued previously that rac may serve
to coordinate the activation of NADPH oxidase with
phagocytosis (Ridley et al. 1992; Hall 19924). To
complete the story (so far) the CDC42 gene has been
studied in some detail in $. cerevisiae. Budding of a
daughter cell from its mother occurs at a particular
site on the plasma membrane, the bud site. CDC42 is
required for the correct assembly of components of the
bud at the bud site (Adams et al. 1990).

There appears to be a striking underlying similarity
between these diverse biological processes. Rho-like
proteins, in the GTP form, promote the assembly of
cytosolic proteins onto a plasma membrane target in
response to an extracellular signal. Furthermore the
formation of these multimolecular complexes is
accompanied by discrete changes in the organization
of polymerized actin. Many questions remain to be
answered not least the mechanism by which the
GTPase promotes protein assembly and the nature of
the link with actin polymerization. In addition, the
mechanism by which ras GTPases are activated by
membrane receptors is unclear and the role of the
growing number of rhoGAP-related proteins remains
to be investigated.

Phul. Trans. R. Soc. Lond. B (1993)

REFERENCES

Abo, A., Pick, E., Hall, A., Totty, N., Teahan, C.G. &
Segal, A'W. 1991 The small GTP-binding protein,
p2lracl, is involved in the activation of the phagocyte
NADPH oxidase. Nature, Lond. 353, 668-670.

Adams, A.E.M., Johnson, D.I.; Longnecker, R.M., Sloat,
B.F. & Pringle, JR. 1990 CDC42 and CDC43, two
additional genes involved in budding and the establish-
ment of cell polarity in the yeast Saccharomyces cerevisiae. J.
Cell. Biol. 111, 131-142.

Adams, J.M., Houston, H., Allen, J., Lints, T. & Harvey,
R. 1992 The hematopoietically expressed vav proto-
oncogene shares homology with the dbl GDP-GTP
exchange factor, the ber gene and a yeast gene (CDC24)
involved in cytoskeletal organization. Oncogene 7, 611-618.

Adamson, P.; Paterson, H.F. & Hall, A. 1992 Intracellular
localization of p21Irho proteins. J. Cell Biol. 119, 617-627.

Burridge, K., Fath, K., Kelly, T., Nuckolls, G. & Turner,
C. 1988 Focal adhesions: transmembrane junctions
between the extracellular matrix and the cytoskeleton. 4.
Rev. Cell Biol. 4, 487-525.

Chardin, P., Madaule, P. & Tavitian, A. 1988 Coding
sequence of human rho ¢cDNAs clone6 and clone9. Nucl.
Acids Res. 16, 2717.

Chardin, P., Boquet, P., Maduale, P., Popoff, M.R., Rubin,
E.J. & Gill, D.M. 1989 The mammalian G protein rhoC
is ADP-ribosylated by Clostridium botulinum exoenzyme
C3 and affects actin microfilaments in Vero cells. EMBO
J. 8, 1087-1092.

Ciccheti, P., Mayer, B., Thiel, G. & Baltimore, D. 1992
Identification of a protein that binds to the SH3 region of


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Cellular responses regulated by rho-related proteins

abl and is similar to Ber and GAP-rho. Science, Wash. 257,
803-806.

Didsbury, J., Weber, R.F., Bokoch, G.M., Evans, T. &
Snyderman, R. 1989 Rac, a novel ras-related family of
proteins that are botulinum toxin substrates. J. biol. Chem.
264, 16378-16382.

Diekmann, D., Brill, S., Garrett, M.D. et al. 1991 Bcer
encodes a GTPase activating protein for p2lrac. Nature,
Lond. 351, 400-402.

Drivas, G.T., Shih, A., Coutavas, E., Rush, M.G. &
D’Eustachio, P. 1990 Characterization of four novel ras-
like genes expressed in a human teratocarcinoma cell line.
Molec. cell. Biol. 10, 1793-1798.

Garrett, M.D., Major, G.N., Totty, N. & Hall, A. 1991
Purification and N-terminal sequence of the p2lrho
GTPase activating protein rhoGAP. Biochem. J. 276, 833
836.

Hall, A. 1990 The cellular function of small GTP-binding
proteins. Science, Wash. 249, 635-640.

Hall, A. 19924 Signal transduction and small GTPase: a
tale of two GAPs. Cell 69, 389-391.

Hall, A. 19926 Ras-related GTPases and the cytoskeleton.
Molec. Biol. Cell 3, 475-479.

Hart, M.J., Eva, A,, Evans, T., Aaronson, S.A. & Cerioine,
R. 1991 Catalysis of guanine nucleotide exchange on the
CDC42Hs protein by the dbl oncogene product. Nature,
Lond. 354, 311-314.

Hiraoka, K., Kaibuchi, K., Ando, S. e al. 1992 Both
stimulatory and inhibitory GDP/GTP exchange proteins
are active on multiple small GTP-binding proteins.
Biochem. biophys. Res. Comm. 182, 921-930.

Isomura, M., Kikuchi, A., Ohga, N. & Takai, Y. 1991
Regulation of binding of rhoB to membranes by its
specific regulatory protein thoGDI. Oncogene 6, 119-124.

Jahner, D. & Hunter, T. 1991 The ras-related gene rhoB is
an immediate early gene inducible by v-fps, EGF and
PDGEF in rat fibroblasts. Molec. Cell. Biol. 11, 3682-3690.

Knaus, U.G., Heyworth, P.G., Evans, T., Curnette, J.T. &
Bokoch, G.M. 1991 Regulation of phagocyte oxygen
radical production by the GTP-binding protein Rac2.
Science, Wash. 254, 1512-1515.

Madaule, P., Axel, R. & Myers, A .M. 1987 Characteriza-
tion of two members of the 740 gene family from the yeast
Saccharomyces cerevisiae. Proc. natn. Acad. Sci. U.S.A. 84,
779-783.

Moll, J., Sansig, G., Fattori, E. & von der Putten, H. 1991
The murine racl gene: cDNA cloning, tissue distribution
and regulated expression of racl mRNA by disassembly of
actin microfilaments. Oncogene 6, 863-866.

Morel, F., Doussiere, J. & Vignais, P.V. 1991 The
superoxide-generating oxidase of phagocytic cells. Eur. J.
Biochem. 201, 523-546.

Munemitsu, S., Innis, M.A., Clark, R., McCormick, F.,
Ullrich, A. & Polakis, P. 1990 Molecular cloning and
expression of a G25K ¢cDNA, the human homolog of the
yeast cell cycle gene CDC42. Molec. cell. Biol. 10, 5977—
5982.

Phil. Trans. R. Soc. Lond. B (1993)

A. Hall and others 271

Olofssan, B., Chardin, P., Touchot, N., Zahraoui, A. &
Tavitian, A. 1988 Expression of the ras related ralA,
rhol2, and rab genes in adult mouse tissues. Oncogene 3,
231-234.

Otsu, M., Hiles, 1., Gout, I. et al. 1991 Characterization of
two 85 kd proteins that associate with receptor tyrosine
kinases, middle T, pp60src complexes and PI-3kinase. Cell
65, 91-104.

Paterson, H.F., Self, A.J., Garrett, M.D., Just, I., Aktories,
K. & Hall, A. 1990 Microinjection of recombinant p21
induces rapid changes in cell morphology. J. Cell Biol.
111, 1001-1007.

Ridley, A.J. & Hall, A. 1992 The small GTP-binding
protein Rho regulates the assembly of focal adhesions and
actin stress fibres in response to growth factors. Cell 70,
389-399.

Ridley, A.]J., Paterson, H.F., Johnston, C.L., Diekmann, D.
& Hall, A. 1992 The small GTP-binding protein Rac
regulates growth factor-induced membrane ruffling. Cell
70, 401-410.

Rubin, E.J., Gill, D.M., Boquet, P. & Popoff, M.R. 1988
Functional modification of a 2l-kilodalton G protein
when ADP-ribosylated by exoenzyme C3 of Clostridium
botulinum. Molec. cell. Biol. 8, 418-426.

Sekine, A., Fujiwara, M. & Narumiya, S. 1989 Asparagine
residue in the rho gene product is the site for botulinum
ADP-ribosylation. J. biol. Chem. 264, 8602-8605.

Settleman, J., Narasimhan, V., Forster, L.C. & Weinberg,
R.A. 1992 Molecular cloning of cDNAs encoding the
GAP associated protein p190: implications for a signalling
pathway from ras to the nucleus. Cell 69, 539-550.

Settleman, J., Albright, C.F., Foster, L.C. & Weinberg,
R.A. 1992 Association between GTPase activation for
the rho and ras families. Nature, Lond. 359, 153-154.

Shinjo, K., Koland, J.G., Hart, M.T. et al. 1990 Molecular
cloning of the gene for the human placental GTP-binding
protein Gp (G25K): Identification of this GTP-binding
protein as the human homolog of the yeast cell division
cycle protein CDC42. Proc. natn. Acad. Sci. U.S.A. 87,
9853-9857.

Shirsat, N.V., Pignolo, R.J., Kreider, B.L. & Rovera, G.
1990 A member of the ras superfamily is expressed
specifically in T, B and myeloid hemopoietic cells.
Oncogene 5, 769-772.

Shou, C., Farnsworth, C.L., Neel, B.G. & Feig, L.A. 1992
Molecular cloning of cDNAs encoding a guanine nucleo-
tide releasing factor for rasp2l. Nature, Lond. 358, 351-
354.

Vincent, S., Jeanteur, P. & Fort, P. 1992 Growth regulated
expression of rhoG, a new member of the ras homolog
gene family. Molec. cell. Biol. 12, 3138-3148.

Yeramian, P.; Chardin, P., Madaule, P. & Tavitian, A.
1987 Nucleotide sequence of human rho cDNA clone 12.
Nucl. Acids Res. 15, 189.


http://rstb.royalsocietypublishing.org/

SOCIETY

TRANsactions 1 HE ROYAL

— OF

>
=
(23]
@)
o
W

OF

=
=
@)
I~
L
am
=
=l )
<Z
=0
=0
AZ
OV)
=%
.
B =

‘igure 1. Cellular localization of rho proteins. A cukaryotic expression vector containing epitope-tagged rhoB (left
yanel) or rhoC [}I-igln pun.pl_j. cDINA was mi{ﬂ,mji_._{.[ﬂl e theruclens ol Rat celle. Sicteen hours later cells were

ixed and rho proteins visualized with an anti-epitope antibody. Bar 15 pum.



http://rstb.royalsocietypublishing.org/

30 min later.

5]
g

labelled phalloidin. Bar 15 pm.

1
]

1) or recombinant Vall4 rhoA (right panel) and fixed

P
'
e
—
—
#
=1
l..|..
u
F
e
=
)
——
bt
& 5
L1
>
#
e
o
.
.
-
S
¥
e
-
l.-.
—
o
=
a7
e
P
T
e
—
=
-
b
—
o
——
——
—
—
Fa ]
bl
- =
o
o
===
—
-
et
]
o
£y
_—
k] o
fa———
E
S il
-
—
—
—_
A
ad
#
"
il
<
8
—_—
Pl
L
—~
P
)
—_—
—
¥ =
=
i
—
—_—

d
r (left panc

L]

(

activatc

h bufl

1t
Polymerized actin was visualized with TRI'T(

ht and 1njected w

L

IVEITIE

e
Ve
. 7 . p ]
rat :M._...”— et .._.w. AL P d : 1 . i

ALIIDOS 40 ALIIDOS 10
SNOILDVSNVY L SNOILJDVSNVYL

TVAOY HdH.L 1vDIHdOSOTIHd TVAOY dH.L IvDIHdOSOTIHd

igure 2. Microinjection of



http://rstb.royalsocietypublishing.org/

SOCIETY

p
>
@)
e
[RS8
T
=
= ()
<Z
£0
=
-

oU
m<
OU)
=%
T
o=

——OF

SOCIETY

agure 3. Microinjection of activated rac into Rat2 cells. A ¢cDNA expression vector containing epitope tagged racl

L

sDNA was injected into the nucleus of a Rat2 cell in a confluent monolaver. Sixteen hours later, cells were fixed and

TRANsactions 1 HE ROYAL

he distribution of rac observed using an anti-epitope antibody (left panel). The rnight panel shows under phase
ontrast the effect of rac expression on cell morphology and the stimulation of membrane ruffles by rac can be seen

n the left panel using immunofluorescence. Bar 15 pum.


http://rstb.royalsocietypublishing.org/

