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ABSTRACT

The scaffold protein POSH (Plenty of SH3s) was discovered to be an effector for the
GTPase Rac using the yeast-two-hybrid system. Rac regulates numerous cellular
processes including actin reorganisation and the control of gene transcription (JNK and
p38 MAP kinase pathways and NF-kB and SRF transcription factors). It was previously
shown that POSH, like Rac, is able to activate both JNK and NF-kB. Unlike Rac, POSH
was also shown to induce apoptosis when over-expressed. The induction of apoptosis by
POSH provided the starting point for the functional analysis of POSH described in this

thesis.

Data is presented here showing that the Rac-binding domain of POSH contributes to
apoptosis, by inhibiting Rac, and that activated Rac rescues POSH-expressing cells by
providing a survival signal that is independent of binding to POSH. The whole of the N-
terminus of POSH (containing two SH3 domains and a RING finger) was also found to
be required, in addition to the Rac-binding domain, for POSH-induced apoptosis.
Investigation of the binding partners for POSH N-terminus revealed that the major
binding partner was dynamin, a GTPase required for endocytosis. The two N-terminal
SH3 domains of POSH were sufficient and necessary for binding of POSH to dynamin
and POSH constructs containing this region inhibited endocytosis, suggesting both a
physical and a functional link between POSH and dynamin. The RING finger of POSH
was essential for apoptosis and increased the potency of POSH inhibition of endocytosis.
Initial data suggests that POSH, like many other RING finger-containing proteins, is
itself ubiquitinated and may be involved in the ubiquitination of other, as yet unknown,

protein substrates.

Overall, the data presented here suggests the existence of a novel POSH-dependent link
between Rac activity and endocytosis (or another less well characterised dynamin-

dependent process), which is regulated by ubiquitin-dependent protein degradation.
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CHAPTER 1
INTRODUCTION

This thesis describes the characterisation of a protein named POSH (plenty of SH3s) first
identified as a binding partner for the small GTPase Rac. The introduction to this thesis,
therefore, covers: (1) the Ras superfamily, of which the Rho family is a part; (2) the Rho family,
of which Rac is a member, the general characteristics of these GTP-binding proteins, their
regulators and their interactions with effector proteins; (3) the specific functions of Rac and Rac-
binding proteins that may mediate these functions; (4) the information already available about
POSH itself. Results presented in this thesis suggest that POSH not only binds to Rac, but also to
dynamin, a much larger GTPase that is essential for the regulation of endocytosis. Finally,
therefore, the introduction ends with a description of endocytosis in general and the specific roles

that dynamin and its binding partners are thought to play.

1.1 THE RAS SUPERFAMILY OF GTP-BINDING PROTEINS

Ras proteins were first identified as the transforming prmmpal of two murine retroviruses, Harvey
Sarcoma Virus and Kirsten Sarcoma Virus (reviewed in l) ls1‘-)1?J’rn?'z;?loc‘:ge-:‘}lular homologues of these
viral proteins were subsequently identified (Ha-Ras and Ki-Ras) as well a third member of the
family, named N-Ras [Hall, 1983]. Ras proteins function as monomeric 20-30kDa GTP-binding
proteins, which cycle between an active GTP-bound form and an inactive-GDP-bound form [Bos,
1989]. This cycle is regulated by GTPase activating proteins (GAPs), which accelerate the slow
intrinsic GTPase activity of Ras, and Guanine nucleotide exchange factors (GEFs), which

catalyse exchange of GDP for GTP (discussed below).

In the active state Ras proteins exert their cellular effects by interacting with effector molecules.
Structural analysis and mutational studies have revealed that a region of Ha-Ras between amino
acids 30-40 is essential for its GTP-dependent interaction with effector proteins (reviewed in
[Wittinghofer, 1996]). A major cellular role for Ras is to regulate the ERK1/2 (Extracellular
Regulated Kinase) MAP (Mitogen Activated Protein) kinase pathway by directly interacting with
an upstream kinase, a MAPK kinase kinase, c-raf [Marshall, 1996]. Other Ras effectors include
phosphatidylinositol-3-OH kinase (PI3K) [Rodriguez-Viciana, 1994].

Since the discovery of Ras, a large number of Ras-related proteins have been identified. These
can be divided into six subfamilies, Ras, Rho, Rab, Arf/Sar, Ran and Rad, on the basis of amino
acid similarities, see figure 1.1. The members of the subfamilies are also related with respect to
their cellular functions. Ras controls growth, differentiation and survival [Olson, 2000]

[Downward, 1998]. The Rab and Arf/Sar family proteins are implicated in regulation of vesicle
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transport (reviewed in [Chavrier, 1999]). Ran is involved in nuclear transport and has been
implicated in mitotic spindle assembly [Azuma, 2000]. Members of the Rho family control
primarily the actin cytoskeleton and gene transcription (for reviews see [Van Aelst, 1997] and
[Bishop, 2000]). The most recently identified members of the Ras superfamily are the Rad-
related proteins, which are unusual in that for many members of the family their expression is
under transcriptional control, but their functions are as yet unclear (see for instance [Maguire,
1994] and [Finlin, 1997]). There are also multiple pathways mediating cross-talk between
members of different Ras subfamilies, as well as between members of the same subfamily, that

are gradually becoming evident (reviewed in [Kjoller, 1999] and [Bar-Sagi, 2000]).

Sub-family Members Biological Functions
N
( Ha-, Ki-, N-Ras, R- growth,
Ras Ras, Rap 1,2, Ral, —»  (differentiation,
\ TC21 ) cell survival
(RhoA, B, C, Racl, 2, 3,\
Cdc42, TC10, RhoD, Actin cytoskeleton,
Rho RhoG, TTF, TCL, ——>  gene transcription,
Rndl, Rnd2, Rnd3, NADPH oxidase,
\_Cho. Rif. ) exocytosis, growth
Rab ! >40 Rab proteins —»  Vesicle transport
ARF/Sar ARF1-6, Sarl —  Vesicle transport
{ Y
Ran | Ranl '} —  Nuclear protein import
(" Rad, Gem, Kir, Reml, |
ad, Gem, Kir, Reml,
Rad . Rem2, Ges | —»  Unknown

Figure 1.1 Members of the Ras superfamily of GTP-binding proteins
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1.2 THE RHO FAMILY

1.2.1 Rho family members

Rho GTPases are members of the Ras superfamily of GTP-binding proteins. Seventeen
mammalian Rho GTPase genes have been identified to date: Rho (A, B, C), Rac (1, 2, 3), Cdc42
(Cdc42Hs and G25K splice forms), Rnd1/Rho6, Rnd2/Rho7, Rnd3/Rho8/RhoE, RhoD, RhoG,
TC10, TTF/RhoH, Chp, TCL and Rif ([Aronheim, 1998], [Ellis, 2000a] [Vignal, 2000] and
reviewed in [Ridley, AJ, 2000]). These proteins are about 30% homologous to Ras and 50-55%
to each other [Hall, 1994]. Chp contains N- and C-terminal extensions not seen in other Rho
GTPases, a proline-rich sequence towards the N-terminus and extra residues involved in binding
to the effector protein Pak2 towards the C-terminus [Aronheim, 1998]. The most extensively
characterised members of the mammalian Rho family are RhoA, Racl and Cdc42. RhoA was
serendipitously discovered by homology to Ras, whereas Racl was found as a toxin substrate and

Cdc42 as a genetic mutant involved in cell division in S. cerevisiae.

Most Rho GTPases are ubiquitously expressed, exceptions are the brain-specific splice forms of
Cdc42, mouse Cdc42Mmb and human G25K [Marks, 1996] [Munemitsu, 1990], TTF, which is
only expressed in haematopoietic cells [Dallery, 1995]. Also, two of the three Rac proteins are
not ubiquitously expressed: Rac2 is only expressed by haematopoietic cells [Shirsat, 1990];
Rac3/ RaclB, at least in chick embryos, is only expressed in the developing nervous system
[Malosio, 1997].

Changes in levels of Rho GTPase proteins have also been observed, although the significance of
such regulation is poorly understood: RhoB transcription is induced by stress-inducing agents
such as UV light [Fritz, 1997] and by growth factors [Jahner, 1991]; RhoG and Rac3 genes are
also growth factor inducible [Vincent, 1992] [Haataja, 1997).

This thesis describes the characterisation of a Rac-binding protein and the three known
mammalian Rac gene products are shown in figure 1.2. Residues that are not identical between
Racl and Rac2 or Racl and Rac3 are underlined; Rac2 is 94% identical to Racl; Rac3 is 96%
identical to Racl. The differences between the three Rac proteins are mainly substitutions of
similar amino acids, such as phenylalanine instead of tyrosine or vice versa. A notable exception
is Rac residue 150 within effector loop 2, a region implicated in Rac activation of effectors such
as p65PAK (p2l-activated kinase) and the phagocyte NADPH oxidase complex [Diekmann,
1995]. Residue 150 is a glycine in Racl and Rac3, but is an aspartate in Rac2. The

consequences, if any, of this difference to Rac2-effector interactions are unknown.
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1.2.2 Post-translational modification of Rho GTPases

Ras and Rho GTPases all undergo a post-translational lipid modification called prenylation,
which is important for their ability to bind to membranes (reviewed in [Cox, 1992]). A C-
terminal CAAX box motif (where X is any amino acid and A is usually a small aliphatic residue),
shown in red in figure 1.2, is the target for prenylation. Prenylation involves three steps: (1) the
cysteine residue within this motif is linked to the lipid via a thioether linkage; (2) the three C-
terminal amino acids are removed by a prenylation-dependent endoprotease, which has been
identified in yeast, but not in mammals [Ashby, 1992]; (3) the carboxyl-group of the prenylated
cysteine is methylated [Clarke, 1992].

The nature of the “X” residue in this motif broadly determines the type of isoprenoid
modification received by a CAAX box-containing protein (reviewed in [Cox, 1992]). For the
majority of Rho GTPases, including Racl, 2 and 3 (see figure 1.2), “X” is leucine, isoleucine or
phenylalanine and these proteins are modified with a 20 carbon geranylgeranyl lipid. When “X”
is serine or methionine, as in Ha-Ras (see figure 1.2) and the Rho GTPases Rnd1-3, this has been
shown to result in modification of Ha-Ras and Rnd3 with a 15 carbon farnesyl lipid [Hancock,
1989] [Foster, 1996]. It has been demonstrated that if the terminal serine of Ha-Ras is mutated to
leucine then the protein is now geranylgeranylated [Seabra, 1991]. In some cases, however,
residues in addition to the “X” position contribute to the type of isoprenoid modification. For
instance, RhoB has a C-terminal leucine residue, but can be modified by either a farnesyl or a
geranylgeranyl group [Adamson, Marshall, 1992]. A cysteine adjacent to the CAAX box appears
to be important to the balance between addition of C20 or C15 lipids to RhoB [Adamson,
Marshall, 1992].

In addition to being farnesylated, Ha-Ras and N-Ras are palmitoylated at additional cysteines
close to the CAAX box (see figure 1.2), which increases their membrane association [Hancock,
1989]. RhoB also has two cysteines adjacent to the CAAX box, both of which been shown to be
palmitoylated [Adamson, Marshall, 1992]. Ki-Ras has no cysteines adjacent to the CAAX box,
instead there is a poly-basic region that contributes to membrane localisation [Hancock, 1991].
Most Rho GTPases also contain a poly-basic region, containing 3-6 arginine or lysine residues,
adjacent to their CAAX box. Racl-3 differ in the number of basic amino acids immediately
upstream of the CAAX box (Racl has 6, Rac2 has only 3 and Rac3 has 4, see figure 1.2), whether
this variation reflects a difference in affinity for membranes, or for protein binding partners, is

unknown.

Rho GTPases can also be covalently modified by a number of bacterial toxins, reviewed in
[Aktories, 2000] and discussed further below. The only other post-translational modifications

reported for Rho GTPases are phosphorylation events. RhoA has been reported to be
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phosphorylated by PKA, at serine 188, which is a residue that is not conserved in RhoB or RhoC
[Lang, 1996]. Phosphorylation of RhoA by PKA in natural killer cells resulted in a loss of RhoA
from the membrane, where it is active, and an increase in the amount of RhoA associated with its
cytosolic partners the Rho guanine nucleotide dissociation inhibitors (discussed below) [Lang,
1996]. In vitro Racl can be phosphorylated at serine 71, which is conserved in Rac2 and 3, by
Akt/PKB and this inhibits its ability to bind GTP [Kwon, 2000].

1.2.3 The Rho GTPase GDP/ GTP exchange cycle

Rho GTPases act as molecular switches, cycling between active GTP-bound and inactive GDP-
bound states, see figure 1.3. When in the GTP-bound form Rho proteins are competent to interact
with effector or target molecules to initiate downstream signals (figure 1.3 step 3). Each
biological response induced by a Rho GTPase requires the action of one or more effector
proteins. Intrinsic GTPase activity returns Rho proteins to their GDP-bound state, to complete
the cycle and terminate signal transduction (figure 1.3 step 4). Additional proteins that regulate

this cycle are discussed below.

1.2.3.1 Guanine nucleotide exchange factors and Rac activation

Guanine nucleotide exchange factors (GEFs) facilitate release of GDP, which is replaced by GTP
due to the high intracellular GTP/GDP ratio, thereby activating Rho GTPases (figure 1.3 step 2),
reviewed in [Whitehead, 1997]. Over fifty Rho GTPase GEFs have been identified (reviewed in
[Stam, 1999]), some due to their transforming activity, such as Dbl and Vavl, [Ron, 1988]
[Katzav, 1989]. Others were identified due to the presence of other catalytic domains or
interactions with proteins other than Rho GTPases. For instance, son of sevenless (Sos) that was
identified as a GEF for Ras is also a Rho GEF [Bowtell, 1992], Trio was isolated as a protein
binding to the phosphatase LAR and harbors two Rho GEF domains [Debant, 1996] and recently
an APC (adenomatous polyposis coli)-binding protein was cloned, termed Asef, which contains a
GEF domain [Kawasaki, 2000]. In a few cases Rho GEFs have been identified due to their
implication in specific processes. For instance, in Drosophila a screen for genes involved in axon
morphology during synapse maturation lead to the identification of a GEF called Still life (Sif)
[Sone, 1997]. The mammalian homologue of Sif is the T cell tumour invasive gene product,
Tiam-1, which was identified in a screen of invasive T-lymphoma variants induced by proviral
insertions [Habets, 1994]. Recently another mammalian Rac-specific Sif and Tiam-1-like

exchange factor, Stef, was cloned by PCR due to homology with Sif and Tiam-1 [Hoshino, 1999}].
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All Rho GEFs contain a Dbl-homology (DH) domain that encodes the catalytic activity ([Hart,
1994] and reviewed in [Cherfils, 1999]) and an adjacent pleckstrin homology (PH) domain. The
PH domain is thought to mediate membrane localisation through lipid binding [Zheng, Zangrilli,
1996] [Rameh, 1997]. In addition to bindng of lipids, binding of proteins, such as Gfy subunits
and filamentous actin, to some PH domains has been reported [Touhara, 1994] [Yao, 1999].
Recently it was found that the first PH domain within Trio’s two DH-PH modules not only binds
to lipids [Liu, 1998], but is also responsible for localisation of the Trio to the actin cytoskeleton
by binding to the actin cross-linking protein filamin [Bellanger, 2000]. Tiam-1 and RasGRF
contain additional PH domains (outside of their DH-PH motifs) essential for their membrane
association and activation [Michiels, 1997] [Buchsbaum, 1996]. In many cases it appears that
domains outside of the DH-PH motif negatively regulate the activity of the GEF. Activated
mutants of GEFs are often produced by deletion of regulatory domains, to create a constitutively
active DH-PH module. For example, truncation of the N-terminus of Dbl, Vav2 or Tiam-1 makes
these proteins more potent oncogenes than the full-length protooncogenes in NIH3T3 cell

transformation assays [Ron, 1989] [Schuebel, 1996] [van Leeuwen, 1995].

Rho GEFs are activated by a wide variety of “upstream” signals (figure 1.3 step 1a), ranging from
G protein-coupled receptors and receptor tyrosine kinases to integrins, reviewed in [Kjoller,
1999]. Protein-lipid and protein-protein interactions as well as protein phosphorylation events

have all been shown to contribute to the activation of different Rho GEFs, as discussed below.

Activation of Rac GEFs by the lipid products of PI3K
Binding of phosphatidylinositol-4,5-bisphosphate (PI-4,5-P,) to the PH domain of Vavl inhibits

its GEF activity, whereas phosphatidylinositol-3,4,5-triphosphate binds more strongly and
stimulates Vavl [Han, J, 1998]. The PH domains of Rho GEFs Tiam-1 and Sos also bind to the
lipid product of PI3K, PI-3,4,5-P; [Rameh, 1997] and see [Leevers, 1999] for a review of PI3K.
The DH-PH domain of Sos becomes active against Rac via a mechanism that is dependent upon
Ras activation of PI3K [Nimnual, 1998]. A GEF called aPIX, which associates with PAK (a Rho
GTPase effector) and Nck (an adaptor protein), is also activated in a PI3K-dependent manner
[Yoshii, 1999]. In S. cerevisiae the exchange factor ROM2 activates Rhol and Rho2 in response
to activity of the phosphatidylinositol kinase TOR2 [Schmidt, A, 1997]. Ras activates PI3K
[Rodriguez-Viciana, 1996] and both growth factors, such as PDGF, activate Rac in a PI3K-
dependent manner [Nobes, Hawkins, 1995] [Hawkins, 1995]. One link between Ras and Rac
activation may therefore be the indirect activation of specific Rho GEFs via PI3K (reviewed in

[Bar-Sagi, 20001]).
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Protein-protein interactions and phosphorylations involved in GEF activation

Vav is synergistically activated by a combination of lipid binding and phosphorylation by the Src
family member Lck, so requires two signal inputs for full activation [Han, 1997] [Han, J, 1998].
Some GEFs appear to be activated by direct interaction with other proteins. For instance,
pl115RhoGEF is activated via interaction with the Gay; heterotrimeric G protein subunit [Hart,
1998] [Kozasa, 1998] [Mao, 1998] and Asef is stimulated in a cell cycle-dependent manner by
binding to APC [Kawasaki, 2000]. '

GEFs implicated in the activation of Rac

The specificity of GEFs for particular Rho GTPases can be determined using a combination of in
vitro and in vivo assays. In vitro GEF assays are carried out using recombinant proteins and
radiolabelled nucleotides. In vivo specificity of LGEF is often assayed using fibroblasts, in which
induction of actin structures and gene transcription events reminiscent of the activity of a certain
Rho GTPase can be detected, and the ability to inhibit these events with a dominant negative

version of that GTPase can be tested.

Some DH proteins appear to be highly specific both in vitro and in vivo, such as FGDI, which
acts only upon Cdc42 in vitro and when over-expressed induces only actin microspike structures
reminiscent of Cdc42 activity [Olson, 1996] [Zheng, Fischer, 1996). Other GEFs in vitro are
capable of activating a number of different GTPases, for instance Vavl and Tiaml activate
RhoA, Racl, Rac2 and Cdc42 in vitro [Michiels, 1995] [Olson, 1996). In vivo, however, Tiaml
only induces actin-rich structures that are similar to those induced by activated Rac and are
inhibited by dominant negative Rac [Michiels, 1995]. The structure of Tiam1’s DH-PH module
with Racl reveals contacts with many switch 1 and II residues that are also present in Rho
GTPases other than Rac, but also with amino acids (3, 41, 43, 52 and 56) that are more specific to
Racl-3 (see figure 1.2) and may be important to the in vivo specificity of Tiaml for Rac
[Worthylake, 2000]. In vivo using fibroblasts Vav1, unlike Tiam1, still appears to activate RhoA,
Racl and Cdc42 [Olson, 1996]. The fibroblast system, however, may not truly reflect the in vivo
situation, as GEFs such as Vavl are only expressed in certain cell types and may have cell type
specific activities. Vavl appears to be a specific activator of Rac in lymphoid cells where it is
actually expressed [Crespo, 1996] [Crespo, 1997]. The more ubiquitously expressed Vav2
appears also to be active against RhoA, Racl and Cdc42 in vitro and in vivo in fibroblasts [Abe,
2000] and the specificity of Vav3, also widely expressed, has not yet been determined [Trenkle,
2000]. The domain structures of GEFs that have shown to be active against Rac are shown in

figure 1.4.
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GEFs that appear to be specific to Rac both in vitro and in vivo are the Tiam-1-related family
(Stef, Sif and Tiam-1 itself), the newly identified ASEF and possibly Vavl in haematopoietic
cells (discussed above). Kalirin/P-CIP10a was shown to bind specifically to Racl, but is not
included in figure 1.4 as exchange activity has not been shown [Alam, 1997]. aPIX appears to
activate Rac in vivo, so is included in figure 1.4, but recombinant aPIX and BPIX are poor GEFs
in vitro, suggesting a requirement for additional activating factors, possibly lipids [Manser, 1998]
[Yoshii, 1999]. Vav2, Ber and Abr activate RhoA, Racl and Cdc42 in vitro, and also in vivo for
Vav2, [Chuang, 1995] [Abe, 2000]. Trio is an unusual GEF, in that it contains two DH-PH
modules; the C-terminal one has been shown to be a RhoA GEF and the N-terminal one activates
Racl [Debant, 1996]. Trio has been included as a Rac GEF in figure 1.4, however, recently it
was reported that Trio activation of Rac may not be direct, but may occur through RhoG [Blangy,
2000]. Trio has become of particular interest because it has been implicated in axon guidance in
Drosophila and was genetically linked to Rac, Pak and dock (homolog of the scaffold protein
Nck) in this process [Awasaki, 2000] [Newsome, 2000] [Bateman, 2000]. The IgG domain of
Trio has also been shown to bind to activated RhoA, suggesting that Trio, which also contains a

kinase domain and spectrin-like regions, is both a GEF and an effector for RhoA [Medley, 2000].

In addition to these mammalian Rac GEFs, Salmonella typhimurium produces a protein called
SopE that acts as a GEF that activates Cdc42 and Rac. SopE is injected into host cells via a type
III secretion system and triggers actin changes that enable the bacterium to be engulfed into a

normally non-phagocytic cell [Rudolph, 1999].

At first glance it seems that there are a surprisingly large number of Rho GEFs compared with the
number of Rho GTPases. It is becoming increasingly clear that variations in the expression
profiles, GTPase specificities and modes of activation (reflected in the domains present in each
Rho GEF outside of the core DH-PH motif) of Rho GEFs enable Rho GTPases to be activated in

different combinations, in specific cell types and in response to a variety of signals.

1.2.3.2 GTPase-activating proteins

Rho GTPases have a relatively slow intrinsic rate of GTP hydrolysis that can be stimulated by
GTPase activating proteins (GAPs), which thus inactivate Rho GTPases (see figure 1.3). At least
fifteen Rho GAPs have been identified, reviewed in [Lamarche, 1994] and [Van Aelst, 1997].
There are three blocks of homology between Rho GAPs, each consisting of 30-40 amino acids
and spread over around 150-200 amino acids. The human genome sequencing project reveals

that chromosome 22 alone encodes eight potential Rho GAPs [Dunham, 1999].
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A comparison of the crystal structures of a ground state complex between RhoGAP and

Cdc42.GMPPNP (GMPPNP is a non-hydrolysable GTP analogue) and a transition state-

mimicking complex of RhoGAP with RhoA.GDP.AIF,, along with NMR analysis of a Cdc42
RhoGAP complex, has provided insight into the mechanistic details of GAP-facilitated GTP
hydrolysis [Rittinger, Walker, Eccleston, Nurmahomed, 1997] [Rittinger, Walker, Eccleston,
Smerdon, 1997] [Nassar, 1998] and reviewed in [Scheffzek, 1998]. The most striking feature is

that a 20° rotation between GTPase and GAP, from ground state to transition state, allows an
arginine residue in the GAP protein, the "arginine finger", to enter the GTPase active site and

participate in the stabilization of the transition state.

Although GAPs often exhibit GTPase activating activity towards several Rho GTPases in vitro
their specificities in vivo, assessed according to their ability to inhibit actin changes characteristic
of a particular Rho GTPase, appear to be more restricted. GAPs that appear to act preferentially
upon Rac in vivo include three that are predominantly expressed in the brain: Bcr, the product of
the breakpoint cluster region gene, the translocation breakpoint in Philadelphia chromosome-
positive chronic myeloid leukaemias [Diekmann, 1991]; Abr, the product of the active Ber-
related gene [Tan, 1993]; N-chimaerin [Diekmann, 1991]. Other Rac GAPs include the testis-
restricted f-chimaerin [Leung, 1993] and the more ubiquitous 3BP-1 [Cicchetti, 1995]. The GAP
domains of N- and B-chimerins prevent both Rac and Cdc42-induced actin changes [Diekmann,
1991] [Leung, 1993] [Kozma, 1996]. Surprisingly injection of full-length N-chimerin, and a
mutant lacking GAP activity, actually induced formation of actin structures that could be
inhibited by dominant negative Rac and Cdc42, suggesting that this protein is both a GAP and an
effector [Kozma, 1996]. Interestingly, Salmonella typhimurium not only activates Racl and
Cdc42, by introducing the SopE protein into host cells, but also introduces a GAP-like protein,
SptP, to attenuate the Rho GTPase response [Fu, 1999]. Yersinia pseudotuberculosis also

produces a cytotoxin, called YopE, that also acts as a Rho GAP [Von Pawel-Rammingen, 2000].

Interactions with other proteins and binding to lipids may regulate both the catalytic activity of
GAPs and their association with membrane-associated activated Rho GTPases.. For instance,
myosinIXb and Myr5 (5" unconventional myosin from rat) bind to actin and act as GAPs for
RhoA [Muller, 1997] [Post, 1998]. As mentioned above, Ber and Abr contain both a Rho GAP
and a Rho GEF domain and their GAP domains are active against Racl, Rac2 and Cdc42
[Diekmann, 1991] [Tan, 1993] [Chuang, 1995]. N-chimaerin contains a zinc finger that binds to
phospholipids and phorbol esters and lipid binding positively regulates chimerin GAP activity in
vivo [Ahmed, 1991] [Ahmed, 1993]. In general the mechanisms by which GAPs are regulated

remain poorly understood.
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1.2.43 Rho guanine nucleotide dissociation inhibitors and the sub-cellular localisations ~f
Rho GTPases

Ha-, N- and Ki-Ras are exclusively localised to the plasma membrane [Hancock, 1991]. In
contrast most Rho GTPases, such as RhoA, RhoC and Racl, are mainly cytoplasmic, but
translocate to membrane fractions upon activation [Abo, 1991] [Adamson, Paterson, 1992]
[Bokoch, 1994]. For example, Rac was found to enter the membrane fraction of eosinophils and
neutrophils in response to phorbol myristate acetate stimulation [Quinn, 1993] [Lacy, 1999] and
association with neutrophil membranes was seen for Rac in a cell-free system in response to non-

hydrolysable GTPyS [Bokoch, 1994].

Only three Rho GTPases have been reported to have different subcellular localisations to that of
RhoA, RhoC and Racl: Cdc42 has been observed to be associated with the ER and Golgi
apparatus (see for instance [Abo, 1998]); RhoB was localised to an endosomal compartment
[Adamson, Paterson, 1992]; Rnd3 was found in the cytoplasm, but was also associated with

“worm-like” structures at the plasma membrane [Foster, 1996].

The cytoplasmic pools of prenylated Rho GTPases can be isolated as soluble complexes with a
protein called RhoGDI (guanine nucleotide dissociation inhibitor), reviewed in [Olofsson, 1999].
Three mammalian RhoGDI proteins have been identified: ubiquitously expressed GDI-
1/RhoGDIla  [Ohga, 1989] [Leffers, 1993]; haematopoietically expressed GDI-
2/RhoGDIB/LyGDI/D4 [Leffers, 1993] [Lelias, 1993] [Scherle, 1993]; GDI-3/RhoGDly,
preferentially expressed in brain and pancreas [Adra, 1997]. The three GDIs appear to differ in
their Rho GTPase-binding specificity. Using microanalytical liquid chromatography to separate
GDI-1 and GDI-2 complexes from a myelomonocytic cell line, GDI-1 was found to be associated
with Cdc42, RhoA, Racl and Rac2, whereas none of these proteins were found complexed with
GDI-2 [Gorvel, 1998]. GDI-3 appears to be preferentially associated with RhoB, reviewed in
[Olofsson, 1999].

GDI-1 is proposed to sequester GDP-bound Rho GTPases in the cytoplasm and inhibit their
spontaneous GDP/GTP exchange activity, but the precise role of the GDIs is still poorly
understood (reviewed in [Olofsson, 1999]). Binding of RhoA to GDI-1 requires that RhoA be
prenylated [Hori, 1991], suggesting that interactions with Rho GTPase geranylgeranyl or farnesyl
groups may contribute to the ability of GDI to retain Rho GTPases in the cytoplasm despite their
hydrophobic lipid modifications. NMR and crystal structures of GDI alone and crystal structures
of RhoA.GDI-1 and Cdc42.GDI-1 complexes all agree on the following points: binding of GDI
to a Rho GTPase occurs mainly through an immunoglobulin-like C-terminal domain of GDI; a

hydrophobic pocket in this C-terminal domain can accommodate the geranylgeranyl lipid; a
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flexible N-terminal domain inhibits GDP/GTP exchange [Keep, 1997] [Gosser, 1997]
[Longenecker, 1999] [Hoffman, Nassar, 2000]. Cytoplasmic RhoGDI is capable of extracting
Rho GTPases from membranes. For instance, recombinant GDI-1 has been observed to extract
endogenous RhoA and Cdc42, but not RhoB or Ha-Ras, from kidney brush border membranes
[Bilodeau, 1999]. Cerione's group have reported the use of fluorescence energy resonance
transfer (FRET) to follow the removal of Cdc42 from membranes by GDI-1 in real time
[Nomanbhoy, 1999]. They detected two phases, which appear to represent a rapid membrane-
associated GTPase-GDI binding step followed by a slow transfer of the geranylgeranyl moiety
from membrane to GDI-1. It should be noted that GDI-3 is membrane-associated not
cytoplasmic [Zalcman, 1996], so must regulate Rho GTPases using a slightly different
mechanism to GDI-1 and GDI-2.

The GDP/GTP exchange cycle (figure 1.3) raises interesting questions about how the transfer of a
GTPase between its binding partners is co-ordinated. In particular, the activation of Rho
GTPases must involve not only GEF activation (figure 1.3 step 1a) and GEF exchange activity
towards Rho GTPases (figure 1.3 step 2), but also removal of RhoGDI from the Rho GTPase
(figure 1.3 step 1b). Exactly how and when RhoGDI is removed from Rho GTPases during their
activation remains unclear, but some suggestions have been put forward, reviewed in [Olofsson,
1999]. (1) ERM (Ezrin/ Radixin/ Moesin) proteins may remove GDI from Rho GTPases. GDI-1
was isolated from BHK cells in a complex with ERM proteins [Hirao, 1996] and the N-terminus
of ERM proteins was found to bind weakly to GDI-1 in vitro [Takahashi, 1997]. (2) Lipids may
disrupt binding of GDI to Rho GTPases, as biologically active phospholipids have been reported
to enhance the release of RhoGDI from Rac in vitro [Chuang, 1993]. Also, the Rac-GDP.GDI-1
complex can bind to both diacylglycerol kinase and a type I phosphatidylinositol-4-phosphate 5-
kinase [Tolias, 1995] [Tolias, 1998], leading to the suggestion that the products of these enzymes
may facilitate dissociation of RhoGDI from Rho GTPases. (3) Phosphorylation of GDIs may
regulate their affinity for Rho GTPases. Phosphorylation of GDI-1 has been shown to stabilise
RhoA-GDI-1 complexes in the cytosol of neutrophils [Bourmeyster, 1996], in Jurkat T cells GDI-
2 was found to be threonine phosphorylated in response to phorbol ester treatment [Scherle,
1993] and in a later study phorbol esters were found to induce phosphorylation of GDI-2 in a
myelomonocytic cell line (U937) [Gorvel, 1998].

1.2.4 Experimental tools used to study Rho GTPases

The biological activities of individual Rho GTPases have been elucidated using a variety of
methods. These include transfection or injection of activated and dominant negative GTPase
mutants, treatment with bacterial toxins that inhibit or activate Rho GTPases and use of RhoGDI

as a general inhibitor of Rho family members (the latter is discussed in [Olofsson, 1999]).
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Based upon transforming mutations in Ras [Bos, 1989], amino acid substitutions of glycine to
valine at codon 12 or glutamine to leucine at codon 61 (Rac numbering, see figure 1.2) have been
extensively used to generate constitutively active Rho GTPases. These mutations prevent

intrinsic and GAP-induced GTP hydrolysis. The crystal structure of RhoGAP complexed with

RhoA.GDP.AIF, confirms an essential role for glutamine 63 (equivalent to Rac glutamine 61) in
stablizing the y-phosphate during GTP hydrolysis [Rittinger, Walker, Eccleston, Smerdon, 1997].
The crystal structure of a VI4RhoA.GTPyS (V14Rho is equivalent to the valine 12 mutant of
Rac) showed how the larger valine side chain forces glutamine 63 away from the y—phosphate, so
preventing it from facilitating GTP hydrolysis [lhara, 1998]. Rnd1-3 and TTF Rho family
members do not contain glycine and glutamine at the equivalent positions to Rac amino acids 12
and 61 respectively and thus are constitutively GTP-bound [Foster, 1996] [Nobes, 1998]. This

raises interesting questions as to how these proteins are regulated, but so far nothing is known.

A threonine 17 to asparagine amino acid substitution (Rac numbering) allows this mutant GTPase
to compete with the corresponding endogenous GTPase for binding to cellular GEFs, but this
leads to a non-productive complex unable to generate a downstream response [Feig, 1999].
These dominant negative proteins appear to be rather specific for individual Rho GTPases,
despite the complexity of the RhoGEF family (see [Whitehead, 1997]).

A variety of bacterial toxins have been used to modify the activity of Rho GTPases, reviewed in
[Aktories, 2000]. The exoenzyme C3 transferase, an ADP-ribosyltransferase from Clostridium
botulinum, is relatively specific and inactivates only RhoA, RhoB and RhoC [Aktories, 1997].
Cytotoxic nectotizing factor 1 (CNF-1) from Escherichia coli activates RhoA, Racl and Cdc42
by deamidation of the essential glutamine 63 residue of RhoA (glutamine 61 in Rac/Cdc42)
[Schmidt, G, 1997] [Lerm, 1999], so can be used to identify cellular processes that can be
activated by these Rho GTPases. Clostridium difficile toxin B inactivates most, if not all,
members of the Rho GTPase family and is useful to broadly assess the involvement of Rho
GTPases in a biological process [Aktories, 2000]. There is no known toxin that specifically
activates or inactivates Rac. The prevalence of Rho GTPase modifications by bacterial toxins

illustrates the fundamental importance of these proteins to cellular regulation.

GST-fusion protein pull-down assays have now been developed in order to extract the GTP-
bound fractions of endogenous Rho GTPases from cell lysates. These assays make use of the fact
that effector proteins bind selectively to the activated forms of Rho GTPases (see step 3 of the
GTPase cycle in figure 1.3), by using GST-fusions of activated Rho GTPase-binding domains
from effector proteins as bait. GTP-Rho can be isolated with a GST-rhotekin Rho-binding
domain and GTP-bound Rac and Cdc42 can be isolated with a GST-PAK1 CRIB construct. This

25



pull-down approach has successfully demonstrated agonist activation of RhoA, Racl and Cdc42
(see for instance [Leeuwen, 1997] [Benard, 1999] and [Kranenburg, Poland, 1999}).

A technique called FLAIR (fluorescence activation indicator for Rho proteins) has recently been
development to enable the spatial and temporal dynamics of activated Rho GTPases to be
visualised in living cells [Chamberlain, 2000]. The principal is that a fluorescent-tagged wild
type Rho GTPase protein is injected into cells along with a fluorescent-tagged effector domain
peptide like those used for the pull-down assays described above. The effector will only bind to
the GTPase when it is active and the close proximity of fluorescent markers can be detected at
these sites of activated GTPase. FLAIR, has been successfully used to visualise the localisation
of activated Racl in living cells, using a PAK CRIB construct as the activation state-specific
binding partner [Kraynov, 2000]. This revealed precise spatial control of growth factor-induced
Rac activation, in membrane ruffles and in a gradient of activation at the leading edge of motile

cells.

Attempts to visualise the localisation of endogenous activated Rho GTPases in vivo have so far
proved fruitless. Even so, the ability to visualise activation of over-expressed GTPases in live
cells with FLAIR, and the ability to biochemcally isolate endogenous activated GTPases with
pull-down assays, are exciting technical developments that are enabling new progress to be made

in the Rho GTPase field.

1.2.5 Binding of Rho GTPases to effector proteins

More than thirty potential effectors for Rho, Rac and Cdc42 have been identified (see [Bishop,
2000] and Rac effectors in figure 1.7), primarily using affinity chromatography and the yeast-
two-hybrid system. Most of these proteins interact only with the GTP-bound form of the
GTPase, as one would expect from an effector protein (see figure 1.3). Exceptions are DAGK
and PI-4-PSK that interact with GDP and GTP-bound Rac, but are only activated by GTP-bound
Rac [Tolias, 1998] [Tolias, 1995]. A comparison of the RhoA.GDP and Vall4RhoA.GTPyS
crystal structures has revealed that the conformational differences between the GTP and GDP-
bound forms are restricted primarily to two surface loops, named switch regions I and II
(Cdc42/Rac amino acids 26-45 and 59-74 respectively, see figure 1.2), [Wei, 1997] [Ihara, 1998].
Effector proteins must utilise these differences to discriminate between the GTP and GDP-bound
forms, as well as interacting with residues specific to a particular GTPase, within or outside of the

switches, in order to discriminate say Rac from Rho.
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1.2.5.1 Use of Rho GTPase mutants to identify effector binding sites

Numerous point mutations have been introduced into Switch I of Rho, Rac and Cdc42, orlen
referred to as effector region I, and have rather interesting effects preventing the binding of some,
but not all, target proteins, see for instance [Joneson, 1996] [Lamarche, 1996] [Sahai, 1998]. In
the case of Rac in particular numerous effector region point mutations have been made, some of
which knock out binding to certain targets. For example, the interaction of PAK with Cdc42 or
Rac is blocked by a tyrosine 40 to cysteine mutation (Y40C), but not by a phenylalanine 37 to
alanine mutation (F37A) [Lamarche, 1996]. Whereas the interaction of Mlk2 (mixed lineage
kinase 2) with Rac is blocked by either of these mutations [Tapon, Nagata, 1998]. Substitution of
different amino acids at the same position in switch I can also have varied effects upon target
protein binding, for instance, C40Rac can bind to p67phox (a component of the NADPH oxidase
complex), whereas K40Rac cannot [Lamarche, 1996]. Such results suggest that different
effectors interact with different residues even within the switch I region of a single GTPase, in

this case Rac.

Further studies using GTPase mutants and chimeras have implicated regions outside of switch I,
often different regions for Rho, Rac and Cdc42, in the binding of certain effectors. For instance,
Rac/Rho chimeras indicate that a region close to the C-terminus of Rac (amino acids 143-175,
shown in grey in figure 1.2), termed effector loop II, is required for activation of the phagocyte
NADPH oxidase (phox) complex and for binding to p65PAK [Diekmann, 1995]. For Rho amino
acids just C-terminal to switch II appear to be important for Rho binding to the effector proteins
PRK2 and ROK [Zong, 1999]. This same region of Rac (amino acids 74-90, shown in pink in
figure 1.2), has been implicated in binding to GAPs [Diekmann, 1995]. An overlapping region of
Cdc42 (amino acids 84-120) is involved in binding to WASP and IQGAP, but not to PAK1 [Li,
1999]. There is an a-helical region present in all Rho family GTPases (except Drosophila
RhoL), but not in Ras, referred to as the "insert region" (Rac amino acids 123-135, shown in
purple in figure 1.2). This region was also required for Rac activation of the NADPH oxidase
complex and for binding to IQGAP, but not for Rac interaction with PAK [Nisimoto, 1997]
[McCallum, 1996]. So far there are no known examples of Rho effectors requiring this insert
region for binding. Diacylglycerol kinase and phosphatidylinositol-4-phosphate 5-kinase are
unusual effectors in that a C-terminal region of Rac is necessary and sufficient for binding to Rac
in vitro and (mentioned above) these effectors can bind to GDP- as well as GTP-bound Rac
[Tolias, 1998].

1.2.5.2 Binding of Cdc42 and Rac to CRIB-containing effectors

Data obtained from many mutational studies has lead to a complex, and sometimes contradictory,
picture of Rho GTPase-effector interactions. NMR structures of Cdc42 bound to peptides from
activated Cdc42-associated tyrosine kinase, ACK, (amino acids 504-545) [Mott, 1999], Wiskott-
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(iii)

(iv)

achieve this selective binding, ACK and WASP must interact with amino acids that differ
between Cdc42 and Rac, and contacts with residues specific to Cdc42 were indeed revealed
in the NMR studies. Cdc42 leucine 174 and valine 42 have been shown to form strong
hydrophobic contacts with both ACK and leucine 174 is also important to the interaction
with WASP. The equivalent residues in Rac are arginine 174 (within Rac effector loop 1I)
and alanine 42, which should weaken these interactions (see sequences in figure 1.2). The
PAK1 peptide did in fact make contacts with both leucine 174 and valine 42, however,
mutation of neither Cdc42 valine 42 nor leucine 147 to alanine significantly disrupted
binding to PAK, showing that these interactions are not essential [Gizachew, 2000].
Instead, contacts between the hydrophobic portion of PAK lysine 48 and Cdc42 leucine 177
(conserved in Rac), in addition to some contribution from leucine 174 and the hydrophobic
portion of glutamate 178, form the dominant hydrophobic interface. The CRIB residues of
ACK that interact with leucine 174 and valine 42 of Cdc42 are leucine 505 (the equivalent
residue in WASP is an isoleucine, which also contacts leucine 174) and isoleucine 519
respectively. The equivalent residues in PAK1 are lysine 65 and glutamate 77 (see CRIB
sequences in figure 1.5), which should not pack well against leucine 174 and valine 42. It is
only the hydrophobic portions of these PAKI1 residues that are seen to make any

contribution to the interface with Cdc4?2 leucine 174 and valine 42.

From the NMR data PAK tyrosine 40 within switch I of Cdc42, which when mutated to
cysteine in either Cdc42 or Rac prevents binding to PAK [Lamarche, 1996], can be seen to
be essential for GTPase binding. The hydroxyl of tyrosine 40 makes contact with the
carboxylate group of glutamate 77 and additional hydrophobic contacts are made with
glutamate 77 and tyrosine 79. Tyrosine 40 is conserved in Rac and may contribute to the
ability of PAK to bind to both Rac and Cdc42.

A further insight gained from these NMR structures is that the GTPase induces significant
conformational changes in PAK, ACK and WASP. The CRIB-containing fragments of
ACK and WASP used in these experiments have no discernible structure in solution, but
when bound to Cdc42 they form a tight intermolecular f-sheet across GTPase switch
regions I and II. Presumably Cdc42 stabilises this key conformation, which is only one of
many that the free peptide can adopt in solution. Equally, the switch regions of free Cdc42

in solution are flexible, but become rigid when bound to an effector.

1.2.5.3 Interactions of Rac with non-CRIB proteins

This NMR data has certainly provided much insight into how CRIB motif-containing proteins in

general may interact with Cdc42, and how they may achieve specificity for binding to Cdc42 or

to Cdc42 and Rac. Even so, not all Rac effector proteins contain a classic CRIB domain, infact of
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the 25 or so known potential Rac effectors (shown in figure 1.7) only 6 have a full CRIB motif,
so cannot be assumed to bind to GTPases in the same way as Ack, WASP and PAK.

Some Rac and Cdc42 effectors appear to have partial CRIB domains that may act along with
other regions of the protein to facilitate GTPase binding. The MAP kinase kinase kinase
MEKKA4, for instance, contains a partial CRIB motif with only 6 of the potential 8 conserved
residues of a full CRIB motif [Fanger, G. R., 1997]. Recently it was found that the mammalian
version of C. elegans PARG6 polarity determination gene product requires both a partial CRIB
sequence, plus regions remote to this motif (a PDZ domain in particular), for its interaction with
GTP-Cdc42. The full CRIB motif alone is sometimes sufficient for a strong interaction between
classic CRIB-containing proteins and Rac or Cdc42 and is certainly sufficient for a weak
interaction (see for instance [Rudolph, 1998] and [Guo, 1998]). For PAR6 the PDZ domain is
required for even weak binding to Cdc42, but deletions or mutations within the partial CRIB
indicate that it plays an essential part in the interaction [Joberty, 2000] [Lin, 2000] [Qiu, 2000]. It
will be interesting to see whether sequence analysis of proteins thought to be non-CRIB Rac or
Cdc42 effectors may also reveal partial CRIB motifs that mediate GTPase binding in combination

with additional regions of the protein.

The p67phox component of the NADPH oxidase is one of the non-CRIB-containing Rac effectors
(see figure 1.7). Based upon the sequence and circular dichroism studies it was suggested that the
Rac-binding domain of p67phox folds into four tetratricopeptide repeat (TPR) motifs, each
comprised of a pair of antiparallel a-helices, [Koga, 1999]. The structure of the p67phox Rac-
binding domain (amino acids 1-203) along with GTP-Rac has now been solved [Lapouge, 2000].
The TPR repeats can be seen to form a platform on which a B-hairpin insertion sits. This f-
hairpin, along with a few surface residues from TPR3 and TPR4, makes the majority of contacts
with Rac. When p67phox binds to Rac it does not appear to mask the GAP-binding region of
Rac, which includes switches I and II plus amino acids 75-90 (shown in pink in figure 1.2)
[Diekmann, 1995] [Rittinger, Walker, Eccleston, Nurmahomed, 1997] [Rittinger, Walker,
Eccleston, Smerdon, 1997]. In contrast, these regions are hidden in the PAK1-Cdc42 structure
[Gizachew, 2000]. These data suggest that Rac may be turned off by a GAP even when bound to
p67phox, resulting in a very transient interaction compared with effectors, like PAK, that

compete more efficiently with GAPs.
1.2.6 Activation of effectors by Rho GTPases

The structural analysis of Rho GTPase-effector interactions has, so far, made use of discrete

binding domains derived from effectors. When considering how a GTPase might regulate the
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activity of a target protein, and how these proteins subsequently transduce signals to the cell, the

whole effector protein must be considered.

1.2.6.1 Relief of autoinhibitory interactions by Rho GTPases

The most common mechanism of effector activation by Rho GTPases appears to be the disruption
of autoinhibitory intramolecular interactions, to expose functional domains within the effector
protein (see step 1 of the model shown in figure 1.6). For example, the Rac/Cdc42 targets PAK1-
3 are Ser/Thr kinases, which contain a regulatory domain that inhibits kinase activity. Upon
GTPase binding, the autoinhibitory sequence is displaced leaving the kinase domain free to bind
to substrates [Tu, 1999] [Bagrodia, 1999]. A more distantly related PAK family member, PAK4,
does not contain an autoinhibitory domain, and is not significantly stimulated by GTPase binding
[Abo, 1998].

In agreement with the model a peptide from the PAK1 regulatory region (amino acids 83-149)
can be used as an inhibitor of PAK activity both in vitro and in vivo and mutants of the PAK
inhibitory domain have constitutive kinase activity [Zhao, 1998] [Frost, 1998]. Cleavage of
PAK-2 by caspases during apoptosis also removes its regulatory domain and creates a
constitutively active protein [Tang, 1998]. A crystal structure of the two autoinhibitory regions of
PAK1 (amino acids 70-149 and 249-545) surprisingly showed an intermolecular dimer, mediated
by the N-terminal fragments, which also sterically hinders kinase activity and adds to

intramolecular autoinhibitory interactions to stabilise the inactive state of PAK [Lei, 2000].

A similar activation principal has been observed for some of the scaffold-like targets of Rho
GTPases, such as the Cdc42 effectors WASP and N-WASP. In these cases, rather than directly
masking a catalytic site, the intramolecular autoinhibitory interactions mask binding sites for
other proteins that are required to initiate downstream signaling. The regions of WASP that bind
to each other were identified, using a tryptophan fluorescence quenching assay, as the N-terminal
GTPase-binding domain (amino acids 230-310) and a cofilin-homology region at the C-terminus
(amino acids 461-492) [Kim, 2000]. Cdc42-GTP competes with WASP C-terminus for binding
to the N-terminus and induces a conformational change in the WASP N-terminus quite different
from its conformation when autoinhibited [Kim, 2000]. NMR analysis of WASP’s autoinhibitory
regions fused to each other has suggested that the acidic region, which binds to the Arp2/3
complex that is essential for WASP activity [Machesky, Mullins, 1999] [Rohatgi, 1999], is
masked making the protein inactive [Kim, 2000].
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Recently it has been shown that Arp2/3 can in fact bind to inactive N~-WASP, priming it for
activation, but that a region adjacent to the Rac-binding domain inhibits its activity until
intramolecular interactions are disrupted [Prehoda, 2000]. In this same study it is shown that both
Cdc42-GTP and lipids, which bind to the same site that forms inhibitory contacts with Arp2/3,
are required for full activation of the N-WASP-Arp2/3 complex [Prehoda, 2000]. In light of
these data co-activators, that cooperate with GTP-bound GTPases to induce effector activation,

could be added to step 1 of the effector activation model in figure 1.6.

Once an effector has been activated by binding to a GTP-bound Rho GTPase (figure 1.6 step 1),
inactivation of the GTPase by a GAP will cause the effector to dissociate from the Rho GTPase,
leaving an inactive effector protein (figure 1.6 step 2). Alternatively, a second event can allow
the effector to dissociate and yet remain active even in the absence of an active GTPase (figure
1.6 step 3). For example, once the kinase PAK has been activated by its interaction with GTP-
bound Rac or Cdc42 it then autophosphorylates. This both reduces its affinity for GTPase
(freeing the GTPase to bind to more effectors or to be inactivated by GAPs) and maintains PAK

in an activated conformation even when dissociated from the GTPase [Manser, 1994].

Similar mechanisms may exist to control the duration of activation for scaffold-like effectors, but
a separate kinase activity would be needed if effector activity is to be maintained by
phosphorylation. WASP may be an example of this, as it is a substrate for two tyrosine kinases,
Lyn and Btk [Guinamard, 1998] [Baba, 1999] and shows increased tyrosine phosphorylation in
the presence of constitutively active Cdc42, indicating that Cdc42 may recruit WASP to the site
of Lyn and Btk activity [Guinamard, 1998]. The tyrosine residue phosphorylated by Btk
(tyrosine 291) [Baba, 1999] is predicted to disrupt the autoinhibited fold of WASP N-terminus, so

may stabilize WASP in an active conformation even in the absence of Cdc42 [Kim, 2000].

The presence, or not, of kinases that phosphorylate scaffold-like effectors (figure 1.6 step 3), and
the activity of phosphatases that may dephosphorylate both activated kinase and scaffold types of
effectors (figure 1.6 step 4), may prove to be a general mechanism for regulating the kinetics of
effector activity. Interestingly protein phosphatase 2A co-precipitates with PAK1 and another
Rho GTPase effector, p70S6 kinase, so may be involved in their inactivation (figure 1.6 step 4)
[Westphal, 1999]. In keeping with the model, binding of other proteins to an activated effector,
in addition to or instead of phosphorylation, could stabilize effectors in an active conformation
after GTPase dissociation (figure 1.6 step 3), although no clear example of an effector that utilises

such a mechanism has yet been identified.
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1.2.6.2 Regulation of effector proteins by sub-cellular localisation

Almost all Rho GTPase effectors have multiple domains, which, in addition to Rho GTPase
binding, may regulate their activity. They could, for instance change the subcellular localisation
of the effector. For example, a number of effectors contain PH domains, which may mediate
membrane-association: the Cdc42 effectors WASP, N-WASP and MRCKo/f and the RhoA
effectors ROK, citron and citron-kinase. For N-WASP a point mutation that reduces lipid
binding by the PH domain destroys the ability to support actin microspike formation seen for the

wild type protein [Miki, 1996].

Protein-protein, as well as protein-lipid, interactions can regulate the subcellular localization of
GTPase effectors. For example, PRK2 (but not the related PKN/PRK1), WASP and PAK all
contain PXXPXR (where X is any amino acid, P is proline and R is arginine) SH3 domain-
binding motifs which have been reported to bind to the adaptor Nck [Quilliam, 1996] [Rivero-
Lezcano, 1995] [Bokoch, Wang, 1996] [Galisteo, 1996]. Nck also has an SH2 domain so it could
recruit these effectors to activated receptor tyrosine kinases. PAK also interacts with another
SH3-containing protein, oPIX (also known as Cool-2), though this interaction is via a non-
classical SH3 domain-binding region of PAK (amino acids 175-206) [Obermeier, 1998] [Manser,
1998]. aPIX, which is a Cdc42/Rac GEF, can potentially activate PAK and can also localize the
kinase to specific sites within the cell (reviewed in [Bagrodia, 1999]). For example, paxillin
recruits Cat/Git/Pkl to focal contacts which, in turn, binds to PIX [Turner, CE, 1999]. Binding of
PAK to Nck and Pix is inhibited upon activation, as are PAK autoinhibitory interactions, creating

a dynamic cycle of PAK kinase activity and protein localisation [Zhao, Manser and Lim, 2000].

13 BIOLOGICAL ACTIVITIES AND EFFECTORS OF RAC

1.3.1 Potential Rac Effector Proteins

Around 25 effectors for Racl have been identified to date. These are listed in figure 1.7, along
with key references. Rac effector proteins fall mainly into three broad types. (1) serine/
threonine kinases Mlk2, MEKK1 and 4, PAK1-3 and p70S6 kinase, all of which also bind to
Cdc42, Prk2 that binds to RhoA as well as Rac but in a nucleotide-independent manner and Mlk3
that binds to Rac and Cdc42, but has been functionally linked only to Cdc42. (2) cytoplasmic
scaffold proteins POSH, POR-1, p67phox, p140Sra-1, IRSpS3 (possibly also a Cdc42 effector,
Krugman and Hall unpublished data) and IQGAP1 and 2 and PAR6, which have all been
reported to bind to activated Rac and Cdc42, but have been functionally linked only to Cdc42.
(3) lipid modifying enzymes phosphatidylinositol-3 kinase (PI3K), phospholipase D (PLD),
phospholipase C-$2 (PLC-B2), synaptojanin2 (Sacl-like phosphatidylinositol phosphatase),
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diacylglycerol kinase (DAG) and phosphatidylinositol-4-phosphate 5-kinase (PI-4,5-P5K), the
latter two effectors appear to bind both to GDP and GTP forms of Rac, but their activation by Rac
is GTP-dependent. Rac effectors that fall outside of these categories are the Rho GAP N-
chimaerin, which in one report was implicated as an effector for Rac and Cdc42 as well as a

GAP, and the axon guidance semaphorin receptor plexin B1.

Of the potential Rac effectors shown in figure 1.7 only a small number (PAK1-3, Mlk2, MIk3,
Plexin-Bl, PAR6 and MEKK4) contain CRIB motifs (mentioned above) that are essential,
although not sufficient, for their interaction with activated Rac. The CRIB domain was identified
as a motif that was similar between murine p65PAK and ACK and formed the most minimal
Cdc42 binding site within p65PAK [Burbelo, 1995]. Alignment of this domain with proteins in
the GenBank™ data base revealed potential CRIB domains in a number of proteins that were
subsequently found to bind to GTP-bound Rac and Cdc42 in vitro [Burbelo, 1995] [Teramoto,
1996] [Nagata, 1998]. Of the non-CRIB effectors only the GTPase-binding region of p67phox
has been well characterised [Lapouge, 2000].

Rac effectors identified using the yeast-two-hybrid system

The scaffold proteins POR-1 and POSH were identified as potential Rac effectors using
constitutively active Rac mutants as bait in yeast-two-hybrid screens [Van Aelst, 1996] [Tapon,
Nagata, 1998]. PORI has been found to interact with Arf6 via the same region that binds to Rac,
and is proposed to act as a co-ordinator of actin reorganisation at the plasma membrane in

response to both GTPases [D'Souza-Schorey, 1997].

Figure 1.7 Potential effector proteins for the Rho family GTPase Rac
* denotes proteins that are activated only by the GTP-bound GTPase, but the interaction is GTP-

independent. * denotes proteins that have been functionally linked to a GTPase, but a direct interaction has
not been shown. () denotes a GTPase for which an in vitro interaction has been demonstrated, but there is
no known functional link. Note that Rho inhibits DAG, whereas the other target proteins are activated by
Rho GTPases. Where an effector function has been reported this is noted, but in many cases these are far
from clear. Abbreviations: the Cdc42/Rac-interactive binding (CRIB) motif; the tetratricopeptide (TPR) motif;
Mixed lineage kinase (MIk); p21-associated kinase (Pak); phosphatidylinositol phosphate (PIP); phosphatidic
acid (PA); phospholipase (PL); diacylglycerol (DAG); kinase (K); insulin receptor substrate (IRS); plenty of
SH3s (POSH); Wiskott-Aldrich syndrome protein-like verponin-homologous protein (WAVE); Specific Rac1-
associated protein (Sra); partitioning-defective (PAR).
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IPAKI, 2,3  [Ser/Thr kinase UNK/ actin organisation Rac dcd2 ICRIB Reviewed in [Bagrodia, 1999]

TR : lias, 19
PI-4-P5K Lipid kinase PIP; levels/ actin Rac * Rho * +) ["[{‘glli:: 2033% [Ren, 1996]

. . Zheng, 1994] [Tolias,
IPI3K Lipid kinase PIP3 levels Rac [Cdc42 EB e] “g] Vi ]l [Tj;;]l”s]
[pack  |Lipid kinase PA levels Rac * Rho * [Tolias, 1998] [Houssa, 1999]

. Malcolm, 1996 , 1
IPLD Lipase PA levels Rac [Cdc42 [Rho EH:nc?S " 208] []B[H"’SSE 5 9& ]97]
[pLC-B2 Lipase DAG/IP3 levels Rac [Tllenberger, 1998]

. .. : Saki
Synaptojanin2 |Lipid phosphatase  [PIP,/PIP3 levels/ actin ac [ ak;s:;aééggr 1[Nemoto, 1997]
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[PARG Scaffold Polarity (Rac) [Cdc42 (TC10)  |Partial CRIB +PDZ  [Fo0er. 20001 [Lin, 2000]
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POSH Scaffold [Unknown Rac [Tapon, Nagata 1998]
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|IQGAP1,2 Scaffold Actin/ cell-cell contacts (Rac) Cdcd2 gnll, 1996] [Erickson, 1997]
p140Sra-1 Scaffold Actin organisation Rac [Kobayashi, 1998]
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Figure 1.7 Potential effector proteins for the Rho family GTPase Rac



Very recently synaptojanin2, the ubiquitious and constitutively membrane-bound form of a Sacl-
like phosphatidylinositol lipid phosphatase implicated in regulation of endocytosis [Nemoto,
1997], was found in a yeast-two-hybrid screen to be a binding partner for Rac [Malecz, 2000].

Mouse PAR6 was identified as a Cdc42 or TC10-binding protein in yeast-two-hybrid screens by
two groups [Joberty, 2000] [Qiu, 2000]. Another group working on the PAR6-PAR3 complex in
mammalian cells noticed the PAR6 partial CRIB and this lead them directly to check for Rho
GTPase binding [Lin, 2000]. Each of the three groups reported different results for binding of the
four known mammalian PAR6 isoforms (A-D) to Rac: two groups found that mouse PAR6C
binds to Rac [Lin, 2000] [Qiu, 2000], whereas Joberty et al reported that only PAR6A bound to
Rac [Joberty, 2000]. In Caenorhabditis elegans PARG is involved in embryonic polarity [Hung,
1999], as is Cdc42 in many organisms [Johnson, 1999], therefore it seems likely that Cdc42 is the
functional partner for PARG in vivo.

Rac effectors identified biochemically

For many other effectors an interaction with, and activation by, Rac was discovered
biochemically. IQGAP1 had been initially identified as a protein that has some sequence
homology to a yeast RasGAP and binds to calmodulin, via an IQ domain, hence its name
[Weissbach, 1994]. IQGAP1 was subsequently isolated by two groups as a protein, from cell
lysates [Hart, 1996] or rat brain lysate [Kuroda, 1996], that associated with Cdc42Hs-GTP. As a
recombinant protein both groups found that IQGAP1 bound directly to both Rac and Cdc42 in a
GTP-dependent manner. The very similar IQGAP2 was also shown to bind to both Rac and
Cdc42 [Brill, 1996]. More recent experiments showing a complex between IQGAPI1, actin and
Cdc42 did not address whether Rac can also form such a complex [Erickson, 1997] [Fukata,
1997], whereas sudies of IQGAP1 and regulation of cell-cell contacts showed effectes with both
Cdc42 and Rac [Fukata, 1999]. Kaibuchi’s group, who were one of the groups to isolate IQGAP1 with
Cdc42, also isolated p140Sra-1 from rat brain cytosol using GTPyS-GST-Racl as bait [Kobayashi,

1998].

Rac, complexed with RhoGDI, was purified as a cytosolic fraction required for NADPH oxidase
activation [Abo, 1991]. Subsequently the p67phox component of the complex was identified as
the direct binding partner for Racl [Diekmann, 1994] [Prigmore, 1995].

Mouse p65PAK (homolog of human PAKI1) was first isolated as a Rac and Cdc42-binding
protein from rat brain [Manser, 1994]. When Prigmore et al identified p67phox as a binding
partner for Rac in neutrophils they also observed that Cdc42 was associated with a 68kDa protein
from neutrophil cytosol that turned out to be a PAK family member [Prigmore, 1995].

Mammalian PAK3 was identified by sequence homology with PAK1 and was shown also to bind
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to GTP-Rac and GTP-Cdc42 in vitro [Bagrodia, Taylor, 1995]. There now known to be are at
least four mammalian PAK family proteins, three of which bind to both Rac and Cdc42.

Prk2 was first identified as a protein from a bacterial expression library that bound to Nck adaptor
protein SH3 domain, and was subsequently shown to bind to RhoA [Quilliam, 1996]. Prk2 was
later identified as the major RhoA-associated kinase in many tissue extracts and was shown to be
activated by both activated Rac and Rho, but the interaction with RhoA was GTP-independent
[Vincent, 1997].

A fraction from neutrophil cytoplasm that contained a Rho family GTPase and LyGDI was found
to activate PLC-B2 and using recombinant Rho GTPases and PLC-B2 it was shown that activated

Rac and Cdc42 both stimulate PLC-B2 directly in vitro [Illenberger, 1998].

Rac effectors identified because of known links with Rac-dependent processes

Due to links between actin reorganisation, Rho GTPases and lipid signaling lipid modifying
enzymes in addition to PLC-82 (PI-4-P5K, DAG, PLD and PI3K) were tested in vitro and in vivo
and were found to bind directly to Rac [Tolias, 1995] [Bokoch, Vlahos, 1996] [Hess, 1997]
[Tolias, 1998].

p70S6 Kinase was identified as a binding partner for Rac and Cdc42 because of previous
observations that PI3K mediates activation of both p70S6K and Rac in response to growth factors
such as PDGF [Chung, 1994] [Ridley, Paterson, 1992] [Hawkins, 1995], which lead Chou and
Blenis to test for a direct interaction between Rho GTPases and p70S6 Kinase [Chou, 1996].

Recently a direct interaction has been shown between Rac and a member of the plexin family
(B1) [Vikis, 2000]. Plexins act as receptors and co-receptors for semaphorins; some semaphorins
(such as Sema3A/collapsin) bind directly to neuropilins, but signal through plexin co-receptors,
while Sema4D/CD100 binds directly to plexins such as plexin Bl [Takahashi, 1999]
[Tamagnone, 1999]. Previous reports implicating Rac in axon guidance downstream of
semaphorins [Jin, 1997] [Kuhn, 1999] lead Vikis et al to test for a direct plexin-Rac interaction
[Vikis, 2000], whereas Driessens et al identified a B-type Plexin as a binding partner for Rac
using the yeast-two-hybrid system [Driessens, 2001].

1.3.2 Biological activities of Rho, Rac and Cdc42
The most studied function of Rho GTPases is to regulate the assembly and organization of the
actin cytoskeleton [Hall, 1998]. The effects of Rho, Rac and Cdc42 were initially described using

quiescent Swiss3T3 fibroblasts, a cell line in which serum starvation creates a very low
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background of organised F-actin structures. Addition of lysophosphatidic acid (LPA) induces the
formation of contractile actin-myosin stress fibres and associated focal adhesions, and this can be
blocked by C3 transferase [Ridley and Hall, 1992]. Growth factors, such as PDGF, insulin or
EGF induce the formation of actin-rich lamellipodia and membrane ruffles, associated with focal
contacts, and the dominant negative N17Rac specifically inhibits this response [Ridley, Paterson,
1992]. Thirdly, bradykinin induces the formation of peripheral microspikes or filopodia, which
are also associated with focal contacts, and this can be inhibited by expression of dominant
negative N17Cdc42 [Kozma, 1995] [Nobes and Hall, 1995]. These types of experiment have
lead to the conclusion that Rho, Rac and Cdc42 regulate three signal transduction pathways
linking various membrane receptors to the assembly of actin-myosin filaments, lamellipodia and

filopodia respectively.

It is not surprising, therefore, that Rho GTPases have been found to play a role in a variety of
cellular processes that are dependent on the actin cytoskeleton, such as cytokinesis [Mabuchi,
1993] [Drechsel, 1997], phagocytosis [Cox, 1997] [Caron, 1998], pinocytosis [Nobes, 1999]0,

cell migration [Allen, 1998] [Nobes, 1999], morphogenesis [Settleman, 1999] and axon guidance [Luo, L,
1997].

o st QY wes RN Clon e s o
Rho + + - + - + + + - +
Rac + + + + + + + + - +
Cdc42 + + + + - + + ? + +

Figure 1.8 Summary of cellular processes that involve Rho, Rac and Cdc42

The activities shown refer to biological pathways that can be induced by the activated Rho GTPases
indicated and can be inhibited by dominant negative constructs of the appropriate Rho GTPases. SRF
(serum response factor) and NF-xB (nuclear factor-xB) are both transcription factors; JNK (c-jun N-terminal
kinase) and p38 are MAP Kinase pathways; the NADPH oxidase complex is present only in professional
phagocytic cells; secretion has only been shown to involve Rho GTPases in mast cells.
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In fibroblasts injection of activated Cdc42 protein induces filopodia, but also lamellipodia, which
are Rac-dependent. Also, within Smin of treatment, growth factor-induced Rac stimulation
causes lamellipodia formation, but at later time points (20-30min) stress fibres, which are
inhibited by the Rho inhibitor C3, have been observed [Nobes and Hall, 1995]. These data
indicate that in fibroblasts there is a GTPase cascade from Cdc42 to Rac and then Rho. In other
cell types, however, it appears that Rac and Cdc42 activity inhibits Rho, see for instance [Sander,
1999] and [Noren, 2000]. RhoG has also been shown to activate both Rac and Cdc42 [Gauthier-

Rouviere, 1998]. The mechanistic links between these Rho GTPases are poorly understood.

In addition to their effect on the actin cytoskeleton, the Rho family also regulate a variety of other
biochemical pathways (see figure 1.8) including: SRF and NF-kB transcription factors [Hill,
1995] [Perona, 1997]; the JNK and p38 MAP Kinase pathways [Coso, 1995] [Minden, 1995];
the phagocytic NADPH oxidase complex [Abo, 1991]; G1 cell cycle progression [Olson, 1995];
the assembly of cadherin-containing cell-cell contacts (for Rac this may be actin-dependent)
[Kaibuchi, 1999] [Braga, 1999]; secretion in mast cells [Norman, 1996]; cell polarity [Johnson,
1999]; and cell transformation [Van Aelst, 1997]. Although Rho GTPases are best characterised
for their effects on the actin cytoskeleton there is now much interest in their abilty to affect cell
proliferation and gene transcription. The contributions of all of these Rho GTPase activities to
malignant transformation is a particularly important field of study. The involvement of Rac and

its effector proteins in a broad range of biological processes is discussed in the following sections.
1.3.3 Biological activities of Rac and links to downstream effectors

1.3.3.1 Rac-induced actin reorganisation and focal contact formation

Rac induces actin web-like structures called lamellipodia at the periphery of cells, which often
fold back onto the cell and are then termed ruffles. These structures appear in fibroblasts in
response to constitutively active Rac and stimulation by growth factors such as insulin, epidermal
growth factor and platelet-derived growth factor. Rac-induced lamellipodia are essential for the
migration of many cell types in response to various stimuli. For example, migration of primary
rat embryo fibroblasts at a wound edge [Nobes, 1999], migration of the Bacl macrophage cell
line in response the chemoattractant colony stimulating factor-1 [Jones, GE, 1998] and neurite
outgrowth in response to inhibition of Rho [Kozma, 1997] are all Rac-dependent events. During
development a number of cell movements and morphological changgs have been shown to be
both actin- and Rac-dependent. During Drosophila development a dominant inhibitory DRac
transgene interferes with the appropriate migration of a subset of follicle cells called border cells
[Murphy, 1996], inhibits actin-dependent epidermal cell shape changes required for dorsal
closure [Harden, 1995] and interferes with motor neuron axon guidance [Kaufmann, 1998]. In

mammalian systems the growth cone collapse response of neurons to the Sema3/collapsin axon
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guidance cue is also inhibited by dominant negative Rac [Jin, 1997] and by Rac switch I and PAK
CRIB cell permeable peptides [Vastrik, 1999]. Recent observations that Rac binds directly to the
cytoplasmic tail of the Sema3 receptor Plexin B1 [Vikis, 2000] and that Rac is localised to actin-
rich vacuoles and membrane ridges induced by Sema3 provide interesting links between Sema3

signaling and Rac [Fournier, 2000].

Rac has been linked not only to actin reorganisation, but also to associated focal complex (FC)
formation, reviewed in [Ridley, A, 2000]. In fibroblasts Rac-induced ruffles are accompanied by
the appearance of small FCs [Nobes and Hall, 1995]. Also, adhesion to fibronectin requires Rac
activity, in fibroblasts and T cells [Price, 1998] [D'Souza-Schorey, 1998], and in fibroblasts can
be seen to induce transient Rac activation [del Pozo, 2000]. Spreading on a thrombospondin-1
matrix also activated Rac and Cdc42, but in a more prolonged way than on fibronectin [Adams,
2000]. At least two FC-associated Rac-activating protein complexes have been reported that
could locally activate Rac at sites of FC formation: the Rac/Cdc42 GEF oPIX binds to PKI/Git,
which binds to the focal adhesion component paxillin [Turner, CE, 1999]; the focal adhesion
kinase-p130“*-CrkII-DOCK 180 complex is regulated by integrin adhesion and the DOCK180
component binds to and somehow activates Rac, possibly via the Rac GEF Vav [Kiyokawa,
1998].

13.3.2 Effectors of Rac implicated in actin reorganisation

There are very few examples of unique Rac effectors that have been implicated in actin
reorganisation. POR-1 (Partner of Rac) has been implicated in Rac-induced lamellipodia
formation, since POR-1 truncations act as dominant negative constructs [Van Aelst, 1996]
[D'Souza-Schorey, 1997] and p140Sra-1 (Specific Racl-associated protein) co-sediments with F-
actin, implying a role in Rac-induced actin reorganisation [Kobayashi, 1998]. Little more is

known about the cellular functions of these two proteins.

A target of Rac that is better characterised is PI-4-P5K, see figure 1.9. Many observations point to
a role for lipids, particularly phosphatidylinositol-4,5-bisphosphate (PI-4,5-P,), in actin
cytoskeleton rearrangements. For instance, the binding of PI-4,5-P, to capping proteins, such as

gelsolin, can induce their release from actin filament barbed ends, providing a mechanism

whereby PI-4,5-P, could increase actin polymerization [Janmey, 1987]. Over-expression of PI-4-
PSK, (to produce PI-4,5-P,, induces massive actin polymerization in COS7 cells [Shibasaki,
1997].  Also, the PI-4,5-P, phosphatase synaptojanin, now known itself to be a Rac target
although poorly characterised as yet [Malecz, 2000], when over-expressed reduced PI-4,5-P,

levels, resulting in a reduction in actin structures [Sakisaka, 1997].
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Rac interacts directly with PI-4-PSK and although this interaction is not GTP dependent the
activation of PI-4-P5K by Rac is dependent upon GTP [Tolias, 1998]. A GTP-independent
interaction of RhoA with PI-4-P5K has also been detected, however, unlike for Rac, this has not
been shown to be direct [Ren, 1996]. It has been established, using permeabilised platelets, that
thrombin-induced actin filament assembly requires actin filament uncapping, which is absolutely
dependent upon an increase in PI-4,5-P, levels, and this is now known to be mediated by Rac
activation of a type I (PI-activated) PI-4-P5K [Hartwig, 1995] [Tolias, 2000]. PI-4,5-P, also
binds to vinculin, increasing its talin-binding ability, which could induce focal adhesion
formation [Gilmore, 1996]. PI-4-P5K could, therefore, provide a link between Rac and the

stimulation of both new actin polymerization and of focal complex assembly.

At least three other effectors of Rac have also been implicated in actin-reorganisation: IRSpS3,
via binding to a WASP family member, WAVE, (WASP proteins being Cdc42 effectors);
IQGAPs, which are also potential Cdc42 effectors; PAKSs, which are again also Cdc42-binding

proteins. These proteins shall be discussed below.

The WASP family of Rac and Cdc42-regulated proteins

WASP is a Cdc42 effector protein that is expressed only in haemoatopoietic cells and is the
product of the X-linked immunodeficiency gene found in Wiskott-Aldrich syndrome [Derry,
1994] [Kirchhausen, 1996]. The more ubiquitously expressed (neuronally enriched) N-WASP,
like WASP, also binds to Cdc42 [Aspenstrom, 1996] [Kolluri, 1996] [Miki, 1996]. WASP and
N-WASP each contain an N-terminal PH domain, followed by a WASP-homology domain 1
(WH1), a CRIB domain, an SH3-binding proline-rich sequence, a WH2 domain containing
verprolin-like sequences and an acidic C-terminus to which Arp2/3 binds (see below). Over-
expression of N-WASP plus Cdc42 induces very long microspikes, like an exaggeration of Cdc42
activity [Miki, Sasaki, 1998], suggesting that these proteins may be involved in the formation of
filopodia downstream of Cdc42. N-WASP binds to profilin, which binds to actin, and WASP and
N-WASP bind directly to actin monomers through their verprolin-like WH2 domains [Machesky,
1998] [Miki and Takenawa, 1998] [Suetsugu, 1998].
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A WASP-like Verprolin-homologous protein (WAVE, also known as Scar) has beeen shown to
precipitate with Rac [Miki, Suetsugu, 1998]. This interaction is not direct, but has recently been
reported to occur through a scaffold protein called IRSp53 (insulin receptor substrate), which
binds to both activated Rac (via an N-terminal non-CRIB binding site) and WAVE (via a C-
terminal SH3 domain) [Miki, 2000]. WAVE was localised to membrane ruffles, and its over-
expression caused actin clusters, an activity that required the profilin-binding and verprolin-
homology (actin-binding) domains; a verprolin-homology domain mutant of WAVE inhibited
Rac-induced ruffling, further suggesting an in vivo link between Rac and WAVE [Miki,
Suetsugu, 1998]. WAVE/Scar, like WASP and N-WASP, interacts with and activates the Arp2/3
complex through its C-terminal acidic domain (see figure 1.9) [Machesky, 1998] [Machesky,
Mullins, 1999]. The Arp2/3 complex binds to actin monomers and acts as a nucleation site for
new actin polymerization [Machesky and Gould, 1999] [Welch, 1999]. By recruitment of actin,
profilin and Arp2/3 and binding, directly or indirectly, to a Rho GTPase WASP family members
appear to create GTPase-activated actin nucleation complexes involved in actin reorganisation

downstream of both Rac and Cdc42 (see figure 1.9).

PAK kinases and Rac-dependent regulation of actin and focal contacts

PAKI1, 2 and 3 (called a, B and y in mouse) are Ser/Thr kinases, related to yeast Ste20, which
have received a great deal of detailed attention [Manser, 1994] [Manser, 1995] [Bagrodia, Taylor,
1995] and reviewed in [Bagrodia, 1999]. In vitro PAK1 and 3 bind equally well to Cdc42 and
Rac, though Cdc42 stimulates PAK1 activity more strongly than does Rac [Manser, 1995].
PAK2 only inhibits the intrinsic GTPase activity of Rac, and not Cdc42, suggesting that it may be
a Rac target [Zhang, B, 1998]. It is difficult to be sure whether PAK1,2,3 are targets for Rac,

Cdc42 or both in vivo from these in vitro interactions.

There have been conflicting reports linking PAKs to actin changes. Activated mutants of PAK1
have been reported to induce both filopodia and membrane ruffles in Swiss3T3 cells, to increase
NIH3T3 cell migration and to cause neurite outgrowth in PC12 cells, similar to the affects of
constitutively active Cdc42 and Rac [Sells, 1997] [Daniels, 1998] [Sells, 1999]. PAKI1 has also
been seen to localize to membrane ruffles, as well as phagocytic actin-containing cups, in N-
formyl-methionyl-leucyl-phenylalanine (fMLP) stimulated neutrophils [Dharmawardhane, 1997].
Other groups, however, have failed to find any effects of PAK over-expression on the actin
cytoskeleton [Lamarche, 1996] [Joneson, 1996].

A variety of substrates for PAKs have been identified that could affect the actin cytoskeleton.
Rac and Rho both induce phosphorylation of LIM Kinase (LIMK), when phosphorylated LIMK
is able to inhibit (by phosphorylation) cofilin, leading to stabilization of filamentous actin

structures (see scheme in figure 1.9) [Arber, 1998] [Bamburg, 1999] [Maekawa, 1999]. The Rac
44



target PAK1 (in vitro) and the Rho target ROK (in vitro and in vivo) have been shown to
phosphorylate LIMK [Maekawa, 1999] [Edwards, 1999], also, an inactive form of LIMK has
been shown to inhibit both Cdc42 and Rac induced actin changes [Yang, 1998]. These data
suggest that cofilin phosphorylation may be required in a number of Rho GTPase signaling

pathways that lead to actin reorganisation (see scheme in figure 1.9).

PAK has also been reported to phosphorylate and inactivate myosin light chain (MLC) kinase,
thus decreasing MLC phosphorylation [Sanders, 1999]. Phosphorylation of MLC occurs at
Ser19, which stimulates the actin-activated ATPase activity of myosin II and promotes the
assembly of actomyosin filaments [Bresnick, 1999], therefore a decrease in MLC
phosphorylation causes disassembly of actomyosin filaments. RhoA has the opposite affect, it
increases MLC phosphorylation, thereby increasing actomyosin filament assembly and
contraction.  This activity of RhoA is mediated by its effector protein ROK, which
phosphorylates both myosin light chain phosphatase, inactivating the enzyme, and myosin light
chain itself [Amano, 1996] [Kawano, 1999]). There has also been a report of Rac-induced
phosphorylation of Myosin II Heavy Chain (MHC), which potentially would also lead to loss of
actomyosin filaments [Bresnick, 1999] [van Leeuwen, 1999]. Dominant negative PAK inhibited
MHC phosphorylation, but active PAK did not reconstitute the effect, suggesting that multiple

effectors may mediate this activity of Rac [van Leeuwen, 1999].

Interestingly, PAK-induced actin cytoskeletal changes are partly independent of its kinase
activity, but require membrane targeting [Sells, 1997] [Daniels, 1998] [Lu, 1997]. PAK is
recruited to the plasma membrane by binding to the receptor tyrosine kinase-associated adaptor
protein Nck [Bokoch, Wang, 1996] [Galisteo, 1996]. At the plasma membrane PAK can be
recruited to focal contacts by binding to PIX, which forms part of a paxillin-associated GIT-PIX
complex [Turner, CE, 1999]). GIT has been shown to induce focal contact dissassembly when
over-expressed [Zhao, Manser, Loo, 2000]. PAK autophosphorylation disrupts its interactions
with Nck and PIX, so PAK dissociates from these membrane-associated complexes upon
activation [Zhao, Manser and Lim, 2000]. In Drosophila a Nck homologue (Dock) is required for
projection of photoreceptor cells to the optic ganglia and membrane-targeted PAK can rescue the
loss of Dock [Hing, 1999]; Rac and its activator Trio have now been genetically linked with this
Pak-dependent signaling pathway [Newsome, 2000]. In PC12 cells over-expression of kinase
dead B-PAK lead to increased neurite outgrowth [Daniels, 1998]. The ability of activated Rac to
translocate to the membrane and to activate PAK is somehow reduced in non-adherent fibroblasts
[del Pozo, 2000], suggesting again that the activities of Rac and Pak and the presence of cell-
matrix contacts are highly co-ordinated. The build-up of such data has lead to a proposal that the
primary function of PAK is to regulate focal contact turn over, particularly in the context of axon
guidance.

45



IQGAP and actin reorganisation by Rac and Cdc42 .

IQGAPI and 2 are binding partners for Rac and Cdc42 and have been linked to Cdc42-dependent
actin polymerization [Hart, 1996] [McCallum, 1996] [Brill, 1996]. IQGAP has been detected in a
complex with F-actin and Cdc42, which was enhanced by EGF and disrupted by dominant

negative Cdc42 (Rac was not mentioned in these experiments) [Erickson, 1997]. IQGAP is able
to oligomerize and to cross-link F-actin in vitro, an activity that is enhanced by GTPyS-GST-
Cdc42 (again Rac was not mentioned) [Fukata, 1997]. Calmodulin inhibits the binding of
IQGAP to actin and to Cdc42 [Joyal, 1997]. It has, therefore, been suggested that IQGAP
oligomers may form upon binding to GTPase (probably Cdc42 and possibly Rac) after
dissociation of calmodulin, and that somehow this facilitates cross linking of F-actin, reviewed in

[Johnson, 1999].

1.3.3.3 Rac and modification of cell-cell contacts

Cadherins form homophilic calcium-dependent contacts between cells, which inside the cells are
anchored to the actin cytoskeleton via proteins called catenins (reviewed in [Yap, 1997]). B-
catenin binds to cadherin cytoplasmic tails and to o-catenin, which is linked directly and
indirectly to actin filaments (see for instance [Oyama, 1994] and [Rimm, 1995]). E-cadherin and
P-cadherin are essential to establish and maintain the differentiated phenotype of epithelial cells,
reviewed in [Gumbiner, 1996]. E-cadherin also performs a tumour supressor role by influencing
both the physical links between cells and their differentiation state (reviewed in [Christofori,
1999]).

RhoA and Racl, and also Ras, have been identified as key regulators of cadherin-mediated
adhesiveness and Rac regulation of cell-cell contacts is thought to be primarily due to actin-
dependent events (reviewed in [Braga, V, 2000b]). For primary human keratinocytes Rac is
required for both the establishment and the maintenance of E-cadherin mediated cell-cell
contacts, both of which are inhibited by dominant negative N17Rac [Braga, 1999] and also by
high levels of activated L61Rac [Braga, VM, 2000]. Activated Ras also disrupts E-cadherin-
mediated cell-cell contacts and this appeared to be dependent on the activity of Rac [Braga, VM,
2000]. Using keratinocytes in low calcium, without contacts formed, Rac was seen to be required
for recruitment of actin to beads coated with antibodies to E-cadherin [Braga, 1999], suggesting
an actin-dependent role for Rac in cell-cell contact formation. Using mutants in effector domain
II (in particular A147A148L61Rac and A162A163L61Rac) the disrupting effects of activated
L61Rac upon cell-cell contacts were found to be separate from the ability of L61Rac to induce
lamellipodia [Braga, VM, 2000}, indicating a possible actin-independent effect.
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The effects of dominant negative N17Rac upon cell-cell contacts depend on the cell type and the
cadherins tested: VE-cadherin in endothelial cells is not disrupted by N17Rac, but VE-cadherin
is disrupted by N17Rac in CHO cells; E-cadherin is disrupted by N17Rac in keratinocytes, but
not in L cells (fibroblasts) [Braga, 1999]. In the MDCK epithelial cell line activated Rac (or its
activator Tiam-1) increased, rather than disrupting, cell-cell contacts [Sander, 1998]. Both
activated and dominant negative mutants of Rac were also observed to be concentrated with actin

at sites of cell-cell contacts in MDCK cells [Jou and Nelson, 1998].

One Rac effector implicated in modulation of cell-cell adhesion is IQGAP1. IQGAPI binds to B-
catenin-cadherin complexes, apparently in competition with a-catenin [Kuroda, 1998]. Binding
of Rac or Cdc42 to IQGAP reduces its interaction with B-catenin, so shifting the balance back to
o-catenin-B-catenin complex formation [Fukata, 1999]. Although IQGAP binding to f-catenin
does not visibly disrupt E-cadherins it is thought to render the cadherins less adhesive [Kuroda,
1998]. IQGAP is, however, an actin-binding protein itself, so could potentially replace a-catenin

at sites of cell-cell contact [Fukata, 1997].

Cell-cell adhesion can influence motility [Huttenlocher, 1998]; upon formation of cell-cell
contacts migration rates of cells are decreased and both microtubule and actin dynamics are
reduced [Waterman-Storer, 2000]. Rho proteins are essential to both cell motility and cell-cell
adhesion, making them likely co-ordinators of the balance between these two processes (reviewed
in [Braga, V, 2000a]). One possible mechanism of co-ordinating Rac activity in cell migration
with cell-cell adhesion may come from the ability of a cadherin-associated catenin (p120 catenin)
to activate Rac and Cdc42, possibly via Vav2, and to down-regulate RhoA [Noren, 2000]. This is
not the only report of Rac activation being linked to Rho inactivation, RhoA downregulation has

also been observed in NIH3T3 cells in response to Tiam-1 or activated Rac [Sander, 1999].

Interestingly, one report shows that activated and dominant negative Rac are also able to disrupt

Z0-1-containing tight junctions in polarised epithelial cells [Jou, Schneeberger, 1998].
1.3.3.4 The role of Rac in endocytic processes

Clathrin-dependent endocytosis

Activated Rac has been reported to inhibit clathrin-mediated transferrin receptor endocytosis in
transfected HeLa cells and using a perforated A431 cell assay [Lamaze, 1996]. It is possible,
however, that these effects are {8 due to changes in the actin cytoskeleton induced by Rac that

indirectly affect endocytosis [Lamaze, 1997].
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Clathrin-independent endocytic events

Macropinocytosis and phagocytosis are both actin-dependent, and clathrin-independent
vesiculation events, but they can be distinguished by the size of their cargo and the stimuli that
induce them. Macropinocytosis and phagocytosis in some contexts are dependent upon Rac,
which may act at the level of actin recruitment or possibly of vesicle closure (reviewed in [Nobes,

2000]).

Macropinocytosis

Rac-induced ruffling is often accompanied by the production of large plasma membrane,
extracellular fluid-containing, vesicles (>0.2um in diameter) that are separate from the clathrin-
dependent pool of endocytic vesicles [Racoosin, 1992] [Hewlett, 1994] [Damke, 1995] [Araki,
1996]. These large vesicles are termed macropinosomes, and can be seen in small numbers in
fibroblasts stimulated by injection of activated L61Rac [Ridley, Paterson, 1992]. In professional
phagocytes appearance of macropinosomes is hugely increased by stimuli such as diacylglycerols
and phorbol myristate acetate for neutrophils [Keller, 1990] and macrophage colony-stimulating
factor for macrophages [Racoosin, 1992] [Araki, 1996]. In dendritic cells Rac-dependent
macropinocytosis occurs constitutively in immature cells, for the purpose of gathering antigens
for MHC class II presentation [West, 2000]. In one study using BHK-21 cells activated Rac was
reported to induce ruffling without associated pinocytosis, whereas activated Ras induced both
ruffling and pinocytosis [Li, 1997]. This Ras-induced pinocytosis was inhibited by a dominant
negative mutant of Rab5, another small GTPase that stimulates early endosome fusion in the
process of clathrin-mediated endocytosis [Bucci, 1992] [West, 2000]. Constitutively active Rab5
has also been shown to induce Rac-independent ruffles (full of filopodia) in fibroblasts
[Spaargaren, 1999]. Membrane ruffling and associated-macropinocytosis, therefore, are not

always Rac-dependent.

Phagocytosis
Phagosomes will enclose large particles that can be coated in opsins (such as IgG or complement

fragments) and engage specific receptors on the cell surface (such as the FcyR and CR3),
reviewed in [Sansonetti, 2000]. Professional phagocytes, such as macrophages, require Rac for
phagocytosis in response to the binding of IgG-opsinised particles to the Fc-y receptor, but
require Rho to internalize C3bi-opsinised particles bound to the CR3 receptor [Cox, 1997]
[Massol, 1998] [Caron, 1998].

Links between Arf6 and Rac and regulation of cortical actin and pinocytosis

One Rac effector, POR-1, also interacts with Arf6é [D'Souza-Schorey, 1997], a member of the Ras

superfamily that has been implicated in membrane traffic and in remodeling of cortical actin and
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cell spreading [Radhakrishna, 1997] [Song, 1998]. Arf6 is required for Rac-dependent
phagocytosis in macrophages [Zhang, Q, 1998]. Arf6 has also been implicated in Rac-induced
ruffling in HeLa cells and in macrophages in response to activated Rac or colony stimulating
factor-1 [Radhakrishna, 1999] [Zhang, 1999]. Studies in living cells suggest that actin may be
recruited to newly formed pinosomes and may be involved in their movement away from the
plasma membrane [Merrifield, 1999]. Recently Arf6 has been shown to induce actin and Arp2/3-
dependent pinosome motility in living cells [Schafer, 2000]. Others have shown that another
potential Rac effector, the type I PI-4-PSK, may be involved in actin-dependent movement of
vesicles [Rozelle, 2000] and in the formation of ruffles that were dependent upon Arf6 and
phosphatidic acid (produced by phospholipase D that is also a potential Rac effector) [Honda,
1999].

1.3.3.5 Rac and exocytosis in mast cells

In permeabilized mast cells recombinant Rac protein was seen to enhance secretion induced by
various agents, while dominant negative Rac could inhibit secretion induced by calcium and non-
hydrolysable GTP analogues [Price, 1995] [Brown, 1998]. Rac was also purified from mast cells
as a factor that can enhance secretion [O'Sullivan, 1996] and in natural killer cells dominant
negative Rac inhibited polarised granule exocytosis [Billadeau, 1998]. Exocytosis in mast cells is
strongly correlated with actin reorganisation, however, cytochalasin, which disrupts the
filamentous actin structures, did not affect secretion induced by activated Rac, suggesting that

cytoskeletal reorganisation and exocytosis occur by separate parallel pathways [Norman, 1996].

1.3.3.6  Activation of transcription from the serum response element

The first indication that Rho GTPases are able to regulate activity of transcription factors came
from studies on the serum response element (SRE) of the c-fos gene promoter. Activity of the
SRE is dependent upon binding of a ubiquitous transcription factor, the serum response factor
(SRF), which in the case of the c-fos promoter forms a complex with members of the ternary

complex factor (TCF) family of transcription factors, shown in the model in figure 1.10.

Activated mutants of RhoA, Racl and Cdc42 have all been shown to activate transcription from
SRF-dependent reporter constructs and Rho is required for lysophosphatidic acid (LPA)
activation of these constructs [Hill, 1995]. Cdc42 and Rac do not require Rho for their affects on
SRF [Hill, 1995]. Cdc42, but not Rac or Rho, is able to induce endogenous c-fos gene
transcription from a chromosomally integrated reporter construct [Alberts, 1998]. In the case of
Rho a second signal that causes hyperacetylation of histone H4, which can be induced by Cdc42
via JNK-dependent or JNK-independent pathways, was required for activation of chromosomal

SRE-containing genes [Alberts, 1998}, see figure 1.10.
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kinase (SAPK) pathway; the p38/reactivating kinase (RK) pathway. Kinases known to be
involved in the three MAPK pathways in mammalian cells, MAPK kinase kinases (MAPKKKs),
MAPK kinases (MAPKKs) and the MAPKs themselves, and their transcription factor targets are

summarised in figure 1.11.

Growth factors activate the ERK pathway, but are mostly poor activators of JNK and p38. An
exception is the Epidermal Growth Factor (EGF), which activates JNK as well as ERK in HeLa
cells [Minden, 1995]. The JNK and p38 pathways are activated in response to cellular stresses
such as ultraviolet irradiation, heat or inflammatory cytokines, such as interleukin-1 (IL-1) or
tumour necrosis factor a (TNFa). JNK and p38 are, therefore, thought to be important regulators
of inflammatory responses, reviewed in [Kyriakis, 1996] and [Davis, 1998]. More recently JNK
has been implicated in regulation of development (particularly in Drosophila), cell proliferation

and apoptosis (discussed below), reviewed in [Davis, 1998].

Constitutively active versions of both Rac and Cdc42 have been shown to activate JNK and p38
MAPK pathways in COS, NIH3T3 and HeLa cells [Bagrodia, Derijard, 1995] [Coso, 1995]
[Minden, 1995] [Zhang, S, 1995]. In 293T cells p38 and JNK are activated by Cdc42 and Rho,
but not by Rac [Teramoto, 1996]. Mutations in Rac and Cdc42 effector regions have shown that
lamellipodia and filopodia formation, cell cycle progression and transformation occur

independently of JNK activation [Joneson, 1996] [Lamarche, 1996] [ Westwick, 1997].

In some cases agonist stimulation of JNK has been shown to be dependent upon Rho GTPases.
IL-1-induced JNK and p38 are partially inhibited by dominant negative N17Rac and N17Cdc42
in COS cells [Bagrodia, Derijard, 1995] [Zhang, S, 1995] and by dominant negative Rho, Rac or
Cdc42 in CHO cells [Whitmarsh, 1995]. Transforming Growth Factor B-induced JNK can be
inhibited by N17Rac, and partially by N19RhoA and N17Cdc42 [Atfi, 1997]. In COS cells EGF-
and TNFa-induced JNK activation have been reported to be partially inhibited by N17Rac and
N17Cdc42 [Coso, 1995]. In contrast, in HeLa cells N17Rac partially blocked EGF-induced JNK,
but had no affect on TNFoa-induced JNK [Minden, 1995] and in NIH3T3 cells N17Cdc42
inhibited actin changes induced by TNFa and IL-1, but did not affect JNK activation [Puls,
1999]. Dependence upon Rho GTPases for JNK activation downstream of different stimuli,

therefore, appears to be highly cell type-dependent.
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Pathway ERK p38 JNK

GTPase Ras Cdc42, Rac Cdc42, Rac
? ?
' ! !
MAPKKK Raf ASK1 MEKK1, 2, 3, 4,5,
MLK3/SPRK, ASK1, MUK/DLK,
TAK1 TPL-1,2,MLK2, 3
v \4 v
Ser/Thr-(P) Ser/Thr-(P) Ser/Thr-(P)
v v v
MAPKK MEK1, 2 MKK3, 6 MKK4/SEK1,
MEKS,
MKK7/SAPKK]
v \ 4
Phosph’n ﬁP) (Il’) fP) (f’) SP) (ll’)
Consensus Thr-Glu-Tyr Thr-Gly-Tyr Thr-Pro-Tyr
MAPK ERK1/2 p38/RK/Mpk2 JNK1/SAPKy
p38B, p38y JNK2/SAPKP
JNK3/SAPKa

Transcription MAPKAPK2 Elkl SAPI1 ATF2 c-jun Elkl

Factors

Figure 1.11 Mammalian mitogen activated protein kinase (MAPK) pathways

Comparison of the kinases that constitute the ERK, p38 and JNK MAPK pathways and examples of
transcription factors regulated by JNK and p38. Consensus phosphorylation motifs for dual phosphorylation
of each type of MAPK by upstream MAPKKSs are shown, using the &gﬁ letter amino acid code and (P) to
denote phosphorylation.
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Once activated JNK and p38 MAPKs control gene transcription via a variety of proteins, some of
which are shown in figure 1.11 and are reviewed in [Treisman, 1996]. JNK activates the AP1
complex by directly phosphorylating c-jun, which results in increased transcription of genes
containing TPA response elements (TREs) in their enhancer regions [Pulverer, 1991]. In vivo
evidence that JNK is important for AP1 activity has been provided by knock-out mice, such as
the JNK3-/- mouse, which can not respond to excitotoxic stress in tissues that normally express
JNK3 [Yang, 1997]. ATF-2 can be activated by both JNK and p38 [Gupta, 1995], although
cross-linking studies show that, in response to TNFa, physical interactions occur only between
ATF2 and p38, and between JNK and c-jun [Read, 1997]. p38 and JNK also activate the Ternary
Complex Factor (TCF) proteins Elk-1 and SAP-1 [Gille, 1995] [Whitmarsh, 1997]. TCF
associates with SRF to induce transcription through SREs and this may contribute to activation of
the c-fos SRE by Rac and Cdc42, see figure 1.10. In addition p38 activates another kinase,
MAPK-activated protein kinase-2, which phosphorylates the transcription factor CREB (cAMP
Response Element Binding protein) and other substrates including the actin polymerisation-
modulating heat shock protein hsp27 [Rouse, 1994]. Phosphorylation by JNK also inhibits
NFAT4 transcription factor, but not the closely related NFAT1, 2 and 3 [Chow, 1997].

Rac, via activity of its serine/threonine kinase effector PAK, has also been shown to synergise
with Ras to activate the ERK MAP kinase pathway at the levels of both Raf (serine 338
phosphorylation) [King, 1998] [Chaudhary, 2000] and MEKI1 (serine 298 phosphorylation)
[Frost, 1997]. Integrin-mediated activation of ERK in COS7 cells required PI3K, Rac and the
Rac effector protein PAK [King, 1998] [Chaudhary, 2000], whereas in Rat-1 cells PAK appears
to be activated by Akt, another serine/threonine kinase activated by PI3K, and Rac is not required
[Tang, Y, 2000].

1.3.3.8 Effectors implicated in Rac-induced JNK activation

The MAPKKKs MEKKI1, MEKK4, MIk2/MST and MIk3/SPRK all activate JNK, by
phosphorylation of the MAPKKs MKK4 or MKK?7, see figure 1.11, [Fanger, G.R., 1997]
[Gerwins, 1997] [Hirai, 1997]. These MAPKKKSs also bind to Rac and Cdc42, so could
potentially be effector proteins involved in Rac/Cdc42-induced JNK activation [Teramoto, 1996]
[Fanger, G. R., 1997] [Nagata, 1998]. Kinase dead MEKK1 or MEKK4 can inhibit Rac or
Cdc42-induced JNK activation, indicating that they may indeed act downstream of these Rho
GTPases to activate JNK [Fanger, G. R., 1997]. MIk3 has recently been shown to be
phosphorylated in vivo in response to activated Cdc42 [Bock, 2000].

Members of the Ste20 Ser/Thr kinase family (PAK, GCK, HPK, NIK, KHS and GLK) activate
JNK via unknown mechanisms that do not appear to involve the direct phosphorylation of
MAPKKKs or MAPKKs [Diener, 1997] [Fanger, G.R., 1997] [Su, 1997] [Tung, 1997].
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Although the mechanism of action of these Ste20 homologs has not been defined, it appears that
binding to other components of the JNK signaling pathway, and to adaptor/scaffold-like proteins,
may be critical for their function. For example, HPK1 binds to MIlk3 and to Grb2 adaptor
[Kiefer, 1996] [Anafi, 1997] and NIK binds to MEKK1 and to Nck adaptor [Su, 1997].

Ste20-like proteins have been implicated as effectors for Rac and Cdc42 involved in JNK
activation. In the yeast pheromone response pathway Ste20 appears to coordinate Cdc42 activity
(note that there is not Rac homolog in yeast) with activation of a MAPK cascade, although the
physical binding of Ste20 to Cdc42 is not essential for MAPK activation [Leberer, 1992] [Peter,
1996] and reviewed in [Leberer, 1997]. The mammalian Ste20-like proteins p21-activated
kinases (PAKs 1-3) are Rac and Cdc42 effectors [Manser, 1994]. PAKI1 was observed to
enhance p38 activation when co-expressed with Rac and Cdc42, and constitutively active PAK1
and 3 were reported to activate JNK in COS cells [Zhang, S, 1995] [Brown, 1996]. Other groups,
however, have failed to find activation of p38 or JNK by PAK or to find any requirement for
PAK binding to Rac and Cdc42 for activation of JNK [Joneson, 1996] [Lamarche, 1996]
[Westwick, 1997] [Tapon, Nagata, 1998]. In Drosophila a PAK-like protein has genetically been
shown to be an essential component downstream of Rac/Cdc42 and upstream of JNK in the
developmental process or dorsal closure: Djun, basket (a JNK) and hemipterous (a JNKK) have
all been shown genetically to be required for dorsal closure [Glise, 1997]; DRacl and DCdc42
have been linked both biochemically and genetically to Dorsal closure upstream of the JNK
cascade [Harden, 1995] [Glise, 1997]; thirdly, the Drosophila PAK-like kinase misshapen was
shown genetically to lie between Rac/Cdc42 and hemipterous [Su, 1998].

1.3.3.9  Activation of the transcription factor NF-xB

Activated mutants of RhoA, Rac and Cdc42 have all been reported to activate the transcription
factor NF-xB (nuclear factor-kB) in COS cells [Perona, 1997]. RhoA and Cdc42, but not Racl,
were found to participate in NF-xB activation by TNFa [Perona, 1997]. Dominant negative
Racl, on the other hand, inhibits NF-xB activation downstream of activated Ras and in response
to interleukin-18 [Sulciner, 1996]. In one report antioxidants were found to prevent NF-xB
activation by constitutively activate V12Rac and increases in intracellular reactive oxygen species
were detected following V12Racl expresssion [Sulciner, 1996]. This is not the only report
suggesting that reactive oxygen species may act as second messengers to induce NF-xB
activation. For instance, in T cells antioxidants were found to inhibit NF-xB activation by stimuli

such as TNFa, IL-1 and phorbol ester [Schreck, 1991].

The NF-kB/Rel family of transcription factors is composed of five members (RelA, RelB, c-Rel,

p52 and p50), which form homo- and hetero-dimers, interact with inhibitory proteins (including
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IkBa, B8, v, 8, £ and Bcl-3) and can enter the nucleus and bind to DNA once released from these
regulatory proteins (the structure of an NF-xB/IxB complex is described in [Huxford, 1998] and
for a review of IxB and NF-xB family members see [Baldwin, 1996]). Phosphorylation of IxBa,
B or g, the only IkB family members that contain a defined regulatory domain, leads to their
targeting for ubiquitination and subsequent degradation by the proteasome (reviewed in [Karin,
2000]). NF-kB itself is also phosphorylated, in some cases by the same kinases that induce
phosphorylation of IxB, which appears to increase NF-xB transcriptional activity (reviewed in

[Mercurio, 1999)).

Many stimuli activate NF-xB, including proinflammatory cytokines such as TNFa and IL-1,
double-stranded RNA, bacterial lipopolysaccharide (LPS), physical and chemical stresses, viral
infection and T- and B-cell mitogens, reviewed in [Li, 2000]. A multisubunit kinase (IKK),
which contains a heterodimer of two catalytic subunits (IKK-1 and IKK-2) phosphorylates (at
Ser32 and Ser36 for IkBa) IxB in response to stimuli such as IL-1 and TNFa [Chen, 1996]
[Mercurio, 1997]. IKK itself is activated by phosphorylation and in some cases kinases that
activate IKK downstream of certain stimuli have been identified, reviewed in [Mercurio, 1999].
For instance, in response to both IL-1 and TNFa an NF-xB-inducing kinase (NIK) is activated,
NIK is physically associated with IKKa in vivo and phosphorylates IKKa in vitro, also kinase
dead NIK inhibits NF-xB activation by a number of stimuli [Malinin, 1997] [Ling, 1998]. TNFa
treatment also activates MEKK1 and kinase dead MEKK1 can inhibit NF-xB activation [Lee,
1997], however MEKK 1-/- stem cells are still able to activate NF-xB, but not JNK, in response to
various stimuli including TNFa, suggesting that MEKK1 is not essential for NF-kB activation
[Xia, 2000]. Rac and Cdc42 interact with MEKK1 [Fanger, G. R., 1997], but there is no evidence
that these GTPases require MEKK1 for activation of NF-xB.

A few kinases have been shown to activate NF-xB by phosphorylation of IxB at the same serine
residues phosphorylated by IKK: double stranded RNA-dependent protein kinase (PKR) can
phosphorylate IkB in vitro [Kumar, 1997]; mitogen-activated ribosomal S6 protein kinase p90™
phosphorylates 1kB in vitro and in vivo [Ghoda, 1997] [Schouten, 1997]. NF-kB activation that
does not involve serine phosphorylation has also been reported: hypoxia induces phosphorylation
of IxkBa at Tyr-42 and leads to IkBa degradation that is proteasome-independent and PI3K-
dependent [Beraud, 1999]; short wavelength UV radiation induces IkBo degradation by the

proteasome via an unknown mechanism [Li, 1998].

An SCF type of ubiquitination complex recognises serine-phosphorylated IxB and tags it with
ubiquitin, thus targeting it for proteasomal degradation, reviewed in [Laney, 1999]). The

recognition component of this complex, a so called E3 enzyme, is an F-box/WD-domain-
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containing protein that was isolated from HeLa cells by virtue of its phosphorylation-dependent

interaction with the NF-kB-IkB complex and was termed the plkBa-E3 receptor subunit

(E3RS™®) [Yaron, 1998].

The genes regulated by the NF-xB family are diverse and include those involved in immune
function, inflammatory response, cell adhesion, growth control and survival signals, reviewed in
[Baldwin, 1996] and [Baichwal, 1997]. IkB itself, although not the IxBf isoform, is regulated by
NF-xB, and this newly synthesised IxB enters the nucleus to down-regulate the NF-xB response,

[Cheng, 1998] and reviewed in [Baldwin, 1996].

1.3.3.10 Cell cycle progression

Rac has been shown to stimulate cell cycle progression through G1! and to be necessary for
serum-induced DNA synthesis in quiescent Swiss3T3 cells [Olson, 1995]. Dominant negative
Rac also reduced cell proliferation induced by the non-receptor tyrosine kinase v-Abl [Renshaw,
1996]. The ability of Rac, and Cdc42, to induce cell cycle progression and to contribute to
transformation (see below) has been suggested to be linked to their ability to activate E2F,
leading to expression of cyclin D1, a key regulator of the cell cycle [Gjoerup, 1998]. Binding of
Rac to PAK does not appear to be required for induction of DNA synthesis in Swiss3T3 cells
[Lamarche, 1996].

p70S6kinase regulates the translational machinery by phosphorylation and has been reported to
bind to and to be activated by Rac [Chou, 1996]. p70S6 kinase is involved in the G1-S cell cycle
transition; p70S6kinase-neutralising antibodies inhibit serum-induced DNA synthesis [Proud,
1996]. Furthermore, p70S6 kinase is activated by oncogenes and by numerus mitogenic stimuli

[Chou, 1995]. p70S6 kinase may, therefore, link Rac with induction of G1 cell cycle progression.

1.3.3.11 Rac and cancer — transformation and invasion

Activated mutants of Ras are frequently found in tumour cells [Bos, 1989], but activated Rho
GTPase mutants have never been found in cancer cells. In one case high levels of wild type Rac3
activity were detected in a highly proliferative human breast cancer-derived cell line and in tumor
tissues [Mira, 2000]. Activating mutations in Rho GTPase exchange factors have occasionally
been identified as transforming factors in actual cancers and many Dbl family members were
identified in NIH3T3 fibroblast transformation assays, reviewed in [Cerione, 1996]. Activated
mutants of RhoA, RhoB, RhoG, Racl and Cdc42 are also weakly oncogenic when introduced
into certain rodent fibroblast cell lines and can contribute to malignant transformation by the Ras
oncogene [Prendergast, 1995] [Qiu, 1995] [Lebowitz, 1997] [Qiu, 1997] [Roux, 1997]. In the

case of Rac an activated mutant synergises with activated, membrane targeted, RafCAAX (a Ras
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effector protein) to transform Rat-1 fibroblasts, and dominant negative Rac inhibits activated Ras

transformation [Qiu, 1995].

The transforming potential of Rac mutants and a number of GEFs appears to correlate with their
ability to stimulate transcription of cyclin D1, via activation of E2F, implying that this ability is
critical to the involvement of Rac and Cdc42 in both cell cycle control and transformation
[Westwick, 1997] [Westwick, 1998]. Whether other changes in gene transcription (SRF, JNK,
p38, ERK, or NF-xB) also contribute to transformation, and whether actin reorganisation or
modulation of cell-cell contacts by Rac (discussed above) contribute to other stages of

tumourigenesis such as invasion remains unclear.

A study using Rac-Rho chimeras suggested that an interaction with PAK is not essential for Rac’s
contribution to transformation [Westwick, 1997]. In contrast, proliferation of the breast cancer
cell line found to have hyperactive Rac3 was inhibited by kinase dead PAK, but was independent
of JNK [Mira, 2000]. Also, transformation of Rat-1 fibroblasts by activated Ras or Rac could be
inhibited by dominant negative PAK [Tang, Y, 1997] [Tang, 1999]. Such data suggests that
PAK, but not JNK, may in some cases be involved in Rac-induced transformation. Rac mutants
and chimeras have suggested that actin reorganisation and JNK activation can be separated from
transformation, and that the insert region is important for transforming potential [Westwick,
1997] [Joneson, 1998]. Rac stimulation of the production of oxygen radicals, which also required
the insert region, has been linked to transforming activity [Joneson, 1998]. Oxygen radicals have
also been shown to be required for Rac activation of NF-kB [Sulciner, 1996] and NF-xB has been
implicated in cell survival (reviewed in [Baichwal, 1997]), so may contribute to transformation

by preventing apoptosis.

Rac has been implicated in tumour invasion, as well as in the control of proliferation contributing
to transformation. Tiam-1, a Rac GEF, was identified in a screen for T cell invasion-inducing
genes [Habets, 1994] and both Tiam-1 and activated V12Rac induce an invasive phenotype in
non-invasive T-lymphoma cell lines [van Leeuwen, 1995]. The downstream proteins involved in
Tiam-1-Rac-induced invasion are not yet known, but could be acting to modify actin dynamics,

cell-matrix contacts or cell-cell contacts.

1.3.3.12 NADPH oxidase complex activation

In phagocytic cells Rac has been shown to positively regulate the phagocytic NADPH oxidase
complex (phox), reviewed in [Segal, 1993]). This enzyme complex uses NADPH as an electron
donor to generate superoxide radicals, which play a crucial role in the killing of phagocytosed

pathogens by professional phagocytic cells. The complex consists of two membrane-bound
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cytochrome b558 catalytic subunits (gp91phox and gp2lphox) and two cytosolic regulatory
proteins (p67phox and p47phox). Absence of any of these components results in Chronic
Granulomatous Disease (CGD), a disease resulting in immuno-compromised patients [Casimir,
1992]. An additional regulatory component of the oxidase complex was purified and found to be
a Rac1/RhoGDI complex [Abo, 1991]. Rac2, also present in hematopoietic cells, also activates
the NADPH oxidase complex [Knaus, 1991]. Oxidase activity can be reconstituted in vitro using
recombinant p67phox, p47phox, gp91phox, gp2lphox and GTP-bound Rac [Abo, 1992].. The
target of Rac in the oxidase complex is p67phox, which interacts directly with Rac in a GTP-
dependent manner [Diekmann, 1994]. Rac and p67phox both translocate to the membrane upon
activation, although translocation of p67phox is not thought to be Rac-dependent [Heyworth,
1994]. Instead Rac, by binding to p67phox, appears to act as an allosteric regulator of the
complex [Nisimoto, 1997].

The NADPH oxidase complex components discussed above are only expressed by professional
phagocytic cells. However, recently non-phagocytic gp91phox homologues have been cloned
[Suh, 1999], [De Deken, 2000] and reviewed in [Lambeth, 2000]. The production of reactive
oxygen species in non-phagocytic cells has been implicated in mitogenic signaling and cancer. In
the case of Rac-induced transformation the production of reactive oxygen species has been
implicated [Joneson, 1998]. One of the gp91phox-like proteins, Mox1, expressed in a number of
cell types, was shown to transform NIH3T3 cells and cells expressing Mox1 produced tumours
in athymic mice [Suh, 1999]. The cloning of a family of gp91phox-like proteins leads us to
believe that non-phagocytic phox-like complexes may exist, which may also be regulated by Rac

and will require as yet unidentified p67phox-like Rac-binding components.
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Scaffold proteins act by bringing together multiple components of a signaling pathway into close
proximity in a specific subcellular location, reviewed in [Whitmarsh and Davis, 1998] and
[Burack, 2000]. This can provide specificity to the signaling pathway, for instance the JNK-
interacting protein JIP-1 binds to a certain subset of JNK MAPK pathway components (MIk3,
MKK?7, JNK1 and JNK2) [Whitmarsh, Cavanagh, 1998] [Yasuda, 1999]. Scaffolds can also co-
ordinate a specific stimulus with activation of a particular response. For instance N-WASP
brings together actin, profilin-actin and the Arp2/3 actin nucleating complex, but this- actin
polymerising machinery is held inactive by N-WASP until it also binds to the activators Cdc42-
GTP and lipids [Prehoda, 2000]. Bringing signaling components into close proximity also has
the capacity to enhance the efficiency of signal propagation. This is true of mammmalian MAPK
scaffolds such as JIP-1 and MP1, which binds to components of the ERK pathway (MEK1 and
ERK1) [Schaeffer, 1998]. Like these scaffold proteins POSH would be expected to bind to

proteins that act together to induce a signal transduction pathway.

1.4.2.1 POSH proteins from different organisms

POSH was cloned from a mouse fibroblast cell line cDNA library, this protein is termed here
mPOSH. There is now known to be a POSH homologue in Drosophila (dPOSH) and a partial
clone is currrrently available from the human genome project. There does not appear to be a
POSH homologue in yeast or in C. elegans. The human POSH protein (hPOSH) is encoded by at
least five exons close together on chromosome 4 (Ensembl peptide clones AC027716, four
predicted exons, and AC021151, second predicted exon). The start of the hPOSH gene sequence,
up to and including sequence encoding the Rac-binding region, is present in clone AC027716 and
the final SH3 domain is endoded by clone AC021151 (see figure 1.13). The central portion
(including SH3 domain three) either is not present in the human clone or is not yet available
through the Ensembl search engine. The 364 predicted amino acids (aa) of hPOSH clone
AC027716 are 93% identical to mPOSH aa 1-362 and clone AC021151 second predicted exon is
98% identical to mPOSH aa 840-892.

A full alignment of dJPOSH with mPOSH is shown in figure 1.13, with identical amino acids
marked by vertical lines, and regions identical between mPOSH and hPOSH are also indicated
with horizontal lines. The N-terminal RING finger and the four SH3 domains appear to be highly
conserved between the two POSH homologues and in hPOSH at least three of the SH3 domains
and the RING finger are almost identical to mPOSH. The Rac-binding region appears to be more
variable between dPOSH and mPOSH, but is very similar between mPOSH and hPOSH and a
potential Rac-binding sequence (a partial Cdc42/Rac-interactive binding motif) within this region
is more conserved between dPOSH and mPOSH.

60



"o

. . . ) <0
)+ +
) + ) ) + 11=
) 3) +) 10
) + o + + ) 1==
x> * gk + o + +)) * ) 1=6
Xk oy w x4 4+ e +) =
) +* )+ * + ) /
+ * *) + + L+ 7=
o) Iy +, 71/
* ) ) > ) 3 11
>t ) ) ) x4 11
0 ==1<
.
) 1
+ =/
D * + !
* + * ) ) I
3+ ) + *, 3) + L)+ /01
) ) ) ) 171
+ ) ,+ * J+ o I<1
) Yy
) ) <1
) ) =1
) *, ) <61
+ ==
+ * )) 5, 1 = 6
+ o+ . + ) 6 =
) > o+ > =6
+ o + ) * * ) 467
)+ + ) * * ,+ 6 6
#K '
B.C "% 4 A B , 59969 6 2/
+ E 4 7 , o+ B &*' : 4 *
* , 4 , B! *
: , = 7 + 3 | + @ 3
. "% + 4 4 4 -7 + . 4 +
, 9 66 2 9 / C # H 1) | % , |
) 7+ 4 50 3 I 4 = NN A



Four potential SH3 domain-binding motifs, PXXP (where X is any amino acid), three of which
are overlapping, just C-terminal to the Rac-binding region of mPOSH were previously noted
(shown in pink in figure 1.13) [Tapon, Nagata, 1998]. These PXXP motifs, however, are not
accompanied by positively charged residues found in the majority of SH3 domain-binding
peptides (see discussion of SH3 domains and their ligands below), and are not conserved between
mPOSH and dPOSH. These PXXP motifs are, therefore, unlikely to be important for POSH
function. Another interesting feature of the mPOSH sequence is an alanine-rich region, amino
acids 419-433. This was suggested to create a low complexity region that could act as a flexible
linker within the POSH protein. Again this region is not conserved in the dPOSH protein, this
whole section is in fact missing from dPOSH (and possibly from hPOSH), suggesting that it is
not important to POSH function.

1.4.2.2 The Rac-binding region of POSH

Using GST-fusion proteins of POSH truncations in a dot blot assay with L61Rac protein the Rac-
binding domain of POSH was narrowed down to a region of 71 amino acids at the extreme N-
terminus of the Y2H POSH construct (amino acids 292-362 of full-length POSH, see figure
1.13). This short polypeptide, as a GST-fusion protein, appeared to bind to L61Rac in vitro just
as well as a GST-fusion of the full Y2H clone [Tapon, Nagata, 1998]. This is the minimal region
of POSH, found to date, which is able to interact with activated Rac.

Possible TPR motifs within POSH Rac-binding domain
Within the Rac-binding domain of POSH a short stretch of regularly spaced small (A, S, G, V or
P, green in figure 1.1 ) and large (W, V, L, L F, Y, H or M, red in figure 1.1 ) hydrophobic

amino acids were noted by Koga et al. They suggested that these regions could form two repeats
of a structure termed a tetratricopeptide repeat (TPR) motif, comprised of a pair of antiparallel a-
helices [Koga, 1999], these regions are shown in figure 1.14. Four such motifs are present within
the Rac-binding domain of another Rac effector protein p67phox (see figure 1.14), the first three
of which appear to be required for binding to Rac [Koga, 1999]. In most TPR-containing proteins
the TPR motifs together create a super-helical twist with a groove suitable for binding of peptides
in an extended conformation. The structure of a TPR-containing adaptor protein, Hop, plus
peptides from Hsp79 and Hsp90 showed such an interaction [Scheufler, 2000]. The structure of
p67phoxTPR (amino acids 1-203) with Rac-GTP has recently been solved and shows that the
TPR domains do not directly bind to Rac, but act as a platform to present a short B-hairpin
insertion between TPR3 and TPR4 that forms the direct Rac-binding interface [Lapouge, 2000].

The mPOSH hydrophobic residues suggested to facilitate formation of two TPR motifs do not
appear to be conserved in dPOSH (see figure 1.14): of the 7 critical residues in each mPOSH TPR
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Within POSH Rac-binding region an even less conserved CRIB motif, with only three CRIB
consensus amino acids in mPOSH and five in dPOSH, was noted by myself and S. Krugman (see
figure 1.15). That this partial CRIB domain is not totally conserved between mPOSH and
dPOSH implies that this motif may not be essential for POSH binding to Rac. It could be,
however, that the three N-terminal CRIB residues conserved in mPOSH and dPOSH (I, S and P)
are the most important part of the partial CRIB motif; the conserved proline in PAR6 did appear
to be important for binding of Cdc42 [Lin, 2000]. If POSH is anything like PARG then its partial
CRIB will only form part of the interface with Rac and other sequence elements within the Rac-
binding region, possibly the TPR repeats that over-lap with the partial CRIB motif (see figure
1.14), may act in concert with the partial CRIB to facilitate binding of POSH to Rac.

1.42.3 POSH SH3 domains

POSH contains four Src-homology 3 (SH3) domains. The SH3 domain is an autonomously
folding protein module that consists of approximately 60 residues and mediates protein-protein
interactions [Pawson, 1992]). SH3 domains can be found in a large number of eukaryotic
proteins. These proteins can be kinases (such as tyrosine kinases Src, Abl and Fyn), scaffolds
(such as Grb2, Nck and Crk), lipid modifying enzymes (such as phospholipase-Cy and the
regulatory, p85, subunit of PI3K). Some GAPs, such as pSORhoGAP [Barfod, 1993] and Graf
[Hildebrand, 1996], and Rho GEFs, such as Vavl-2 (see figure 1.4) and hPEM-2 [Reid, 1999]
also contain SH3 domains. POSH is not the only SH3 domain-containing protein that is an
effector for a Rho GTPase. The mammalian kinase Mlk2 and the NADPH oxidase component
p67phox are also SH3 domain-containing effectors for Rac [Diekmann, 1994] [Nagata, 1998].
The yeast scaffold protein Bem-1 that co-ordinates Cdc42 activity with MAPK signaling also

contains SH3 domains, reviewed in [Leberer, 1997].

Structures of isolated SH3 domains have been solved, for example SH3 domains from Fyn
[Noble, 1993] and p85PI3K [Booker, 1993], and in some cases SH3 domains with their ligands,
for example SH3 domains from c-Crk [Wu, 1995] and Src [Feng, 1994]. These data showed that
the SH3 domain folds into a compact, five-stranded, anti-parallel B-barrel on which a number of
conserved hydrophobic residues are displayed. Side-chains from these residues form a

hydrophobic surface against which key protein ligand residues pack.
Figure 1.16 shows an alignment of the SH3 domain from c-Src against the four SH3 domains

from Drosopila and mouse POSH and SH3 domains from other Rac-binding proteins (MIk2,
p67phox, BEM-1). Key conserved hydrophobic SH3 domain residues are shown in bold.
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Conserved hydrophobic amino acids 12 3 4 5

r c-Src 87-TTFVALYDYESRTETDLSFKKGERLQIVNNT=~—-~— EGDWWLAHSLTTGQTGYIPSNYVAPS-143
mPOSH (1) 137-PCAKALYNYEGKEPGDLKFSKGDTIILRRQV—-~=~~ DENWYHGEVS--GVHGFFPTNFVQII-191
dPOSH (1) 138-PHAYALFDFASGEATDLKFKKGDLILIKHRI-~—--- DNNWFVGQAN--GQEGTFPINYVKVS-192
mPOSH (2) 199-PQCKALYDFEVKDKEADKDCLPFAKDDVLTVIRRV-DENWAEGMLA~~-DKIGIFPISYVEFN-257
dPOSH (2) 199-PQCIAMYDFKMGPNDEEGCLEFKKSTVIQVMRRV-=-DHNWAEGRIG--QTIGIFPIAFVELN-256
mPOSH (3) 455-SVYVAIYPYTPRKEDELELRKGEMFLVFERCQ===-DG-WYKGTSMHTSKIGVFPGNYVAPV-511
dPOSH (3) 423-WGYLALFPYKPRQTDELELKKGCVYIVTERCV~~~=-DG-WFKGKNWLD-ITGVFPGNYLTPL-478
mPOSH (4) 836-ERHRVVVSYPPQSEAELELKEGDIVFVHKKRE~~---DG-WFKGTLQRNGKTGLFPGSFVENI-892
dPOSH (4) 781-SRFRCIVPYPPNSDIELELHLGDIIYVQRKQ-~=~- NG-WYKGTHARTHKTGLFPASFVEPD-837
m p67phox (N) 137-EAHRVLFGFVPETKEELQVMPGNIVFVLKKG-==-~ NDNWATVMFNGQK--GLVPCNYLEPV-189
m p67phox (C) 460-SQVEALFSYEATQPEDLEFQEGDIILVLSKV—-—=—=e- NEEWLEGECKGKV--GIFPKVFVEDC-514
hM1k2 19-PVWTAVFDYEAAGDEELTLRRGDRVQVLSQDCAVSGDEGWWTGQLPS~-GRVGVFPSNYVAPG-79
ScBEM-1 75-KVIKAKYSYQAQTSKELSFMEGEFFYVSGDE-==——~- KDWYKASNPSTGKEGVVPKTYFEVF-130
RT loop n-Src loop Distal loop

Figure 1.16 Alignment of mouse and drosophila POSH SH3 domains with SH3 domains from other Rac effectors

Conserved hydrophobic amino acids required in all SH3 domains for packing against proline-rich peptides are shown in bold and numbered above for
reference purposes. Regions that form loops in the SH3 domain structure (reviewed in [Cohen, 1995]) are named according to nomenclature from [Noble,
1993] and [Wu, 1995)]. Abbreviations: rat (r); mouse (m); Drosophila (d); human (h); Saccharomyces cerevisiae (Sc); N-terminal SH3 domain (N); C-terminal
SH3 domain (C); Plenty of SH3s (POSH); phagocyte NADPH oxidase complex (phox); mixed lineage kinase 2 (Mik2). Accession numbers for the proteins
whose SH3 domain sequences are shown: r c-Src AF157016; mPOSH AAC40070; dPOSH AAF37265; m p67phox NP_000424; hMik2 Q02779; ScBEM-1
NP_009759.



So what are the ligands for SH3 domains? There is now a large body of evidence showing that
proline-rich regions are the ligands for SH3 domains, specifically proline-rich regions that are
able to form a type II poly-proline helix (reviewed in [Cohen, 1995]), see figure 1.17. The most
basic requirement for binding to an SH3 domain is a PXXP motif. The type II poly-proline helix
can lie in one of two orientations in the SH3 domain hydrophobic pocket ([Feng, 1994] and
reviewed in [Cohen, 1995]). Class I ligands contain the motif RXXPXXP and sit in the opposite
orientation to class II ligands, that contain the motif XPXXPXR, where the residues underlined
pack against the SH3 domain surface (see figure 1.17). There is a general preference for more
prolines in the X positions, as they promote the formation of the type II helix [Yu, 1994]. This is
especially true of residues that face away from the SH3 domain surface, where a bulky proline
can be more easily accommodated: positions 2 and 5 in class I ligands and 3 and 6 in class II
ligands, numbered as in figure 1.17. In most SH3 domains there appears to be at least one
negatively charged patch (for example see [Owen, Wigge, 1998]). This charge patch often
includes an aspartate (D) found between conserved hydrophobic residues 1 and 2 (numbering as
in figure 1.16) in many SH3 domains and further acidic residues in the RT loop (see figure 1.16)
[Yu, 1994]. This region binds strongly to positively charged amino acid side chains, usually
arginine (R) and occasionally lysine (K). This creates a preference for R, or K, at position 1 in

class I ligands and position 7 in class II ligands (numbered as shown in figure 1.17) [Feng, 1994].

The SH3 domains of POSH contain most of the conserved hydrophobic residues expected in an
SH3 domains (shown in bold and marked as 1-5 in figure 1.16). POSH SH3 domain 4 is unusual
in lacking one conserved hydrophobic residue, which is usually a tyrosine (1 in figure 1.16). For
the binding of class I ligands this tyrosine, plus conserved W, P and Y (or sometimes F) residues
(figure 1.16 conserved residues 3-5), interact with the proline at position 4 [Yu, 1994] (numbered
as in figure 1.17). The second conserved residue marked in figure 1.16, also usually a tyrosine, is
important for binding to the proline at position 7 in a class I ligand [Yu, 1994] (numbered as in
figure 1.17). For class II ligands the proline and non-proline positions are reversed in the type II
helix (see figure 1.17) and instead these conserved hydrophobic residues contact prolines at
positions 5 and 2 [Feng, 1994].

There is little specificity to be had from hydrophobic interactions. On either side of the
hydrophobic pocket are loops termed the n-Src and RT loops, nomenclature according to [Noble,
1993] and [Wu, 1995] (see figure 1.16). The length of loops and the presence or not of charged
amino acids within them, along with regions outside of the SH3 domain itself, are thought to

determine the specificity of ligand binding [Cohen, 1995].
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Meco, 1996]. A similar motif in the MAP Kinase kinase kinase Raf-1 appears to mediate
interactions with its upstream activator Ras [Luo, Z, 1997]. The FYVE-type of zinc finger (an
acronym for proteins containing this finger, Fabl, YOTB, Vacl, EEA1) is known to be involved
in binding to lipids, specifically phosphatidylinositol-3-phosphate (reviewed in [Stenmark,
1999]). Zinc fingers, therefore, appear to be very versatile in their interactions, binding to

proteins, lipids and nucleotides.

There are several types of zinc finger, categorised by the nature and spacing of their zinc-
chelating residues, cysteines and/or histidines (reviewed in [Mackay, 1998]). Some zinc finger
domains contain eight zinc chelating residues in close succession, which are able to chelate two
zinc ions, such domains here are termed double zinc fingers. The consensus sequences for the
four known types of double zinc finger motif, LIM domains, FYVE fingers, PKCM. /Raf-like
zinc fingers and RING fingers, are shown in figure 1.18 A. It is interesting to note that most
nuclear zinc finger proteins contain multiple separate zinc fingers, whereas cytoplasmic zinc
finger proteins usually contain just one, although this is sometimes a double zinc finger, such as a
FYVE finger or RING finger.

The zinc fingers of mouse and Drosophila POSH conform only to the RING finger consensus
sequence, see figure 1.18 A and C. The number of eukaryotic proteins known to have RING
fingers has grown in the last few years, interestingly there do not appear to be any RING fingers
in prokaryotic proteins [Saurin, 1996]. RING fingers always contain cysteine residues at zinc-
chelating residue positions 1-3 and 6-8 (numbered as in figure 1.18 C), position 4 is always a
histidine and 5 may be a histidine or a cysteine, as indicated in the RING finger consensus
sequence shown in figure 1.18 (A and C). RING fingers are termed either HC, if they contain a
histidine only at the 4™ zinc-chelating residue position, or H2, if they have histidines at both
positions 4 and 5. Examples of other RING finger protein sequences, HC and H2, are shown
aligned with POSH RING finger in figure 1.18 C. The mouse and Drosophila POSH zinc fingers
are HC RING fingers.
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