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ABSTRACT

Plexins are a family of conserved transmembrane proteins. Together with neuropilins, 

they act as receptors for the semaphorin family of growth cone guidance molecules. 

Whilst it is clear that guidance involves cytoskeletal changes, little is known of the 

mechanisms via which plexins regulate growth cone morphology. Hints suggesting the 

involvement of Rho GTPases stem from observations of localised actin rearrangements 

elicited by plexins and semaphorins. This feeling is consolidated by the demonstration of 

the Rac dependent nature of plexin induced cellular responses.

To investigate plexin mediated signal transduction, a heterologous assay for semaphorin 

induced collapse has been developed and characterised. Studies using jasplakinolide 

indicate that Sema3A-Fc induced collapse requires actin dissassembly. Interestingly, a 

similar collapsed phenotype is observed in cells treated with latrunculin A. It is possible 

that Sema3A-Fc and latrunculin A may utilise comparable intracellular machinery to 

achieve similar morphological outcomes. Experiments using GTPase mutants 

demonstrated that Sema3A-Fc induced collapse required Rac and Cdc42, but not Rho A. 

In addition, Sema3A-Fc stimulation led to Rac activation prior to morphological 

collapse. Interestingly, collapse induced by constitutively active Plexin-A1 did not 

require Rac. This suggests that Rac may act upstream of Plexin-Al, perhaps regulating 

the activity of Plexin-Al itself. Evidence that Plexin-Al interacts directly with Rac.GTP 

supports this theory.

A putative inter- or intramolecular interaction was identified within the cytoplasmic tails 

of Plexin-Al and Plexin-B 1. As the critical residues required for these interactions are 

also essential for Rac binding, these interactions and the association between Rac and 

plexin may be mutually exclusive. Finally, the cytoplasmic tail of Plexin-Al was shown 

to dimerise, but antibody mediated clustering of Plexin-Al was not sufficient to induce 

morphological collapse. In the light of these results, Rac may regulate plexin activity by 

modulating either conformational changes or receptor aggregation states in response to 

semaphorin stimulation.
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1.1 INTRODUCTION

Scientists first began studying the nervous system in detail in the mid 19th century. In 

1873 Camille Golgi’s staining method enabled visualisation of the finest morphological 

details of neurons, demonstrating the extraordinary elegance of the nervous system. 

Santiago Ramon y Cajal was the first neurohistologist to appreciate the complexity of 

the neuronal network. He understood that to generate a functional nervous system, 

accurate stereotypical axon pathfinding was required and intuitively realised that a 

precise temporal and spatial distribution of guidance factors would be needed. In 1890 

Cajal first identified a dynamic structure at the leading edge of axons (See Figure. 1.1) 

(Ramon y Cajal, 1890). He named it the growth eone and in 1928 proposed that it might 

be responsive to gradients of target derived chemoattractive factors (Ramon y Cajal, 

1928).

Throughout the 1940’s and 50’s Roger Sperry developed these ideas in a classic series 

of retinal ganglion cell (RGC) experiments (Sperry, 1963). He demonstrated that growth 

cones are guided by specific chemical cues and suggested that these might be distributed 

in concentration gradients. The 70’s and 80’s saw the advent of elegant in vitro assays 

for growth cone guidance. Using these, Friedrieh Bonhoeffer showed that growth cones 

can detect gradients differing by as little as 1-2% across their diameter (Baier and 

Bonhoeffer, 1992). Subsequently, in 1979 Gundersen and Barrett confirmed Cajal’s 

theory, demonstrating chemotaxis of chick dorsal root axons towards concentrations of 

Nerve Growth Factor (Gundersen and Barrett, 1979). An explosion of work in the 

succeeding 24 years, ineluding a remarkable eonvergence of vertebrate biochemical and 

invertebrate genetical studies, identified numerous axonal chemoattractants and 

chemorepellents in vitro (Lumsden and Davies, 1983; Tessier-Lavigne et al., 1988; 

Baier and Bonhoeffer, 1992; Fitzgerald et a l, 1993; Fini, 1993; Kennedy et al., 1994; 

Messersmith et a l, 1995; Ming et a l, 2002). This resulted in the discovery during the 

1990’s of the four major families of axon guidance cues. In vivo, evidence for gradients 

of these cues along axonal pathways emerged at a slower paee (Norbeck et a l, 1992;
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Braisted et a i, 1997; Isbister et al., 1999). As important as each advance was, Cajal's 

pioneering observations undeniably fathered the modern field of axon guidance research.

" P i g e o n  c e r e b e l l u m .  A,  P u r k i n j e  c e l l .  B.  g r a n u l e  c e l l  
M o d i f i e d  f r o m  a p h o t o g r a p h  t a k e n  I r orn t h e  o r i g i n a l  
( 1 4 X 1 5 5  c m ) .  Dr a w n  o n  s h e e t / p a p e r  P Y. 1 8 9 9 .  S . R.  
y C a j a l  I n s t i t u t e  - C S I C  - M a d r i d .  S p a i n .

F ig u re  1.1 A n anatom ical draw ing  o f  purkin je  cells fro m  orig ina l slides p rep a red  by Santiago Ram on y  

Cajal. It dem onstrates Cajals aw areness o f  the existence o f  grow th cones.

Neuronal pathfinding is the process by which specialised neuronal extensions called 

axons are guided to their target cells by specific extracellular cues. This process is 

required for precise targeting of neurons from their sites of origin to the sites they will 

eventually innervate. Conceptually it is simple; the exquisitely sensitive growth cone 

explores its environment searching for clues to guide it in the correct direction. Two 

general mechanisms for pathfinding exist. Firstly, contact dependent attractive and 

repulsive interactions can occur, either between cells, or between cells and the 

extracellular matrix. These may promote axonal defasciculation or induce motility away 

from a source. These interactions are effective over short ranges. Secondly, target- 

derived diffusible guidance molecules can be released, either attracting axons over long 

distances, or creating exclusion zones around inappropriate territories (Pini, 1993; Van
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Vactor and Lorenz, 2000). Guidance mechanisms influencing axonal pathfinding are 

traditionally believed to be independent of neural electrical activity.

Four major families of axon guidance cues are found in vertebrates. These are the highly 

conserved netrin, slit, ephrin and semaphorin families (See Figure 1.2). Guidance 

capacity has also been attributed to individual molecules including neurotrophins, 

hepatocyte growth factor (HGF)/scatter factor (SF) and transforming growth factor (3 

(TGF-|3) (Yu and Bargmann, 2001). These families are not functionally limited to axon 

guidance. For example, slits are important for mesodermal cell migration (Kramer et a l,

2001), ephrins are required during somitogenesis, angiogenesis, synaptic plasticity and 

neural tube closure (Wang et a l, 1998; Grunwald et al., 2001; Wilkinson, 2001), and 

semaphorins are crucial for heart and lung development (Behar et al., 1996).

Netrins are diffusible chemotropic factors that attract commissural axons ventrally 

towards the midline of the spinal cord (Dickson, 2002a; Kennedy et al., 1994). They can 

also function as chemorepellents. The netrin receptor family that mediates attraction is 

the DCC (deleted in colorectal carcinoma) family. UNC-5 receptors, in combination 

with DCC, mediate netrin-induced repulsion. Netrins can act as short or long range 

guidance cues, though how they diffuse remains a mystery, as they have a very high 

affinity for cell membranes. To date, no in vivo netrin gradient has ever been visualised.

Slits are large secreted proteins that act via the Roundabout (Robo) receptor family, 

named after Robo mutant flies in which commissural axons cross and re-cross the 

midline in the manner of a roundabout (Dickson, 2002b). Slits are primarily midline 

repellents, though they also stimulate sensory axon branching and elongation. In 

Drosophila, slits are expressed at the ventral midline. They function as short-range 

repellents, preventing ipsilateral axons from crossing, and commissural axons from re

crossing, the midline. Longer-range slit gradients specify the lateral position of axons 

running parallel with the midline. In vertebrates, slits are involved in the formation of 

the optic chiasm. Cells surrounding the chiasm express slits and repel both ipsilateral
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and contralateral axons. A “repulsive corridor” is formed, that guides axons through the 

chiasm.

Netrin

i
Slit Ephrin-A Ephrin-B

I
1 2 3 4 5 6 7

Semaphorin

i

DCC UNC-5 Robo Eph Neuropilin Plexin

F ig u re  1.2 N etrins, slits, ephrins an d  sem aphorins are the fo u r  largest fa m ilie s  o f  co n served  axon  

guidance m olecules. They are show n here with their transm em brane receptors.

Ephrins are membrane bound ligands for the Eph family of receptor tyrosine kinases 

(Dickson, 2002). Ephrin-As are membrane anchored by glycosylphosphatidylinositol 

(GPI) linkage, and bind Eph A receptors. Ephrin-Bs are transmembrane ligands and bind 

EphB receptors and EphA4. In the developing nervous system ephrins are primarily 

required for the generation of the retinotopic map (Dutting et al, 1999). A gradient of 

ephrin-A in the chick optic tectum utilises chemorepulsion to establish the topographic 

order of retinal axons along the anterior/posterior axis of the tectum. Contrastingly, an 

ephrin-B gradient utilises chemoattraction to mediate a corresponding dorsal-ventral 

map in the tectum (Braisted, 1997). The neuronal functions of ephrins may have evolved
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later than the comparable activities of slit and netrins as invertebrate ephrin and Eph 

mutants lack dramatic axon guidance defects.

Semaphorins are the fourth and largest family of axon guidance molecules. Together 

with their receptors, plexins and neuropilins, they form the focus of this thesis.

1.2 PLEXINS, SEMAPHORINS AND NEUROPILINS

1.2.1 The Discovery of Semaphorins

“Semaphorin” derives from the Greek root semas meaning signal for recognition (Van 

Vactor and Lorenz, 2000). Sema la, previously Fasciclin IV, was the first semaphorin to 

be identified. Using antibody perturbation experiments in grasshopper embryos, 

Kolodkin et al demonstrated a role for semaphorins in axon guidance (Kolodkin et al, 

1992). A secreted semaphorin, chick SemaSA, was subsequently purified and used to 

demonstrate the chemorepulsive nature of semaphorins with respect to their ability to 

induce collapse of dorsal root ganglia (DRG) neurons (Luo et al., 1993). To date, the 

semaphorin family comprises over twenty members grouped into eight subfamilies 

based upon structural characteristics and phylogenetic tree analysis. These include 

invertebrate classes 1 and 2, vertebrate classes 3-7, and viral class V (Nakamura et al., 

1998; Semaphorin Nomenclature Committee, 1999). Semaphorins come in 

transmembrane (e.g. class 4), GPI-anchored (e.g. class 7), and secretable (e.g. class 3) 

forms.

1.2.2 The Identification of Plexins

Recently characterised as receptors for the semaphorin family (Winberg et al., 1998b; 

Takahashi et al., 1999; Tamagnone et a l, 1999), plexins were discovered inXenopus 

during a screen for antigens regulating the pairing of optic nerve fibres with their tectal 

targets (Ohta et a l,  1995). Independently, murine and human orthologues were 

identified through sequence homology with the extracellular domain of scatter factor 

receptors (Kameyama et a l, 1996a,b; Maestrini et al., 1996). A nine membered
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vertebrate family has emerged and subsequently been classified into four subfamilies A, 

B, C and D.

1.2.3 Semaphorins as Ligands for Plexin Receptors

Three pieces of cumulative evidence define semaphorins as the ligands for plexin 

receptors. Firstly, ^r^7«5-heterozygous Drosophila lacking one copy each of plex-A and 

sem a la  show clear axonal phenotypes, indicating a potent dose-sensitive 

interdependency in the function of these proteins. Secondly, loss of plex-A attenuates the 

axonal response to ectopic Sema la  therefore Plex-A is required. Finally, Plex-A 

interacts directly with Sema la  and Sema lb (Winberg et al., 1998b). Evidence that 

additional neuronal defects are present in plex-A  mutants beyond those in semala 

mutants supports the role of Plex-A as a receptor for more than one semaphorin. 

Numerous examples of semaphorin and plexin relationships have now been 

characterised. Those known are summarised in Table 1.

1.2.4 Neuropilin -  A Co-receptor for Plexins

Neuropilin-1 (NP-1) was identified as an antigen for a monoclonal antibody raised 

against a protein expressed in neuropiles within the developing optic tectum in Xenopus 

embryos (Takagi et a l, 1991). It was later demonstrated to be a high-affmity binding site 

for SemaSA (He and Tessier-Lavigne, 1997; Kolodkin et a l, 1997). Two pieces of 

evidence define NP-1 as a SemaSA receptor. Firstly, anti-NP-1 antibodies block 

Sema3A-induced growth cone collapse (He and Tessier-Lavigne, 1997; Kolodkin et a l, 

1997). Secondly, DRG neurons from NP-1 homozygous knockout mice are unable 

respond to Sema3A (Kitsukawa et a l, 1997).

Neuropilins act as co-receptors for class 3, and putatively class 4 semaphorins, 

facilitating their indirect binding to plexins (He and Tessier-Lavigne, 1997; Chen et a l, 

1997). Semaphorins outside these classes interact directly with plexin receptors. NP-1 

interacts with Sema3 A, 3B, 3C, 3D, 3B and 3F whilst NP-2 only binds Sema3B, 3C and 

3F (Nakamura et a l, 1998). Within these stable, multipartite complexes, neuropilins 

represent ligand binding subunits, determining the specificity of ligand interaction (Chen
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et al., 1998). Deletion mutants reveal that associations between neuropilins, semaphorins 

and plexins occur through the extracellular region of neuropilin (Giger et al., 1998; 

Nakamura et al., 1998) and the cytoplasmic tail of neuropilin is dispensable for 

semaphorin function (Renzi et al., 1999). Plexins act as signal propagating subunits in 

this complex and influence the ligand binding efficiency and selectivity of neuropilins.

Semaphorin
(Ligand)

Organism Neuropilin
(Co-receptor)

Plexin
(Receptor)

Sema3A (H-Semalll, M-SemD, 
Coll^sin-1)

Vertebrate Neuropilin-1 
(A5)

Plexin-A 1 (h-Nov/m-plexin-1 /X-plexin/B2)

Sema3B (m-SemA, H-SemaV) Vertebrate Neuropilin-1, 
Neuropilin-2

Plexin-Al

Sema3C (m-SemE, Collapsin-3) Vertebrate Neuropilin-1, 
Neuropilin-2

Plexin-Al +
Plexin-A2 (h-Oct/m-plexin-2)

Sema3D (Collapsin-2) Vertebrate Neuropilin-1 Plexin-Al
Sema3E (Collapsin-5, m- 
SemaH) j

Vertebrate Neuropilin-1 Plexin-Al

Sema3F (m-SemalV) Vertebrate Neuropilin-2 Plexin-Al + Plexin-A3 (h-Sex/m-plexin-3)
Sema4A (m-SemB) Vertebrate 9 9

Sema4B (in-SemC) Vertebrate 9 9

Sema4C (m-SemaP) Vertebrate 9 9

Sema4D (CD 100, m-SemaG, 
Collapsin-4)

Vertebrate Neuropilin-2
(?)_putative

Plexin-B 1 (h-Sep)

Sema4E (m-SemZ) Vertebrate 9 9

Sema4F (m-SemW) Vertebrate 9 9

0 Vertebrate 0 Piexin-B2 (MM-1)
? Vertebrate 9 Plexin-B3
SemaSA (m-SeinF) Vertebrate 9 9

SemaSB (m-SemB) Vertebrate 9 9

SemaôA (m-SemaVIaJ Vertebrate 9 Plexin-Al
Sema6B (m-SemaBIb, R- 
SemaZ)

Vertebrate 9 9

Sema6C (m-SemaY) Vertebrate 9 9

Serna?A (m-SemaKl, SemaL, 
CD108)

Vertebrate 9 Plexin-Cl (h-VESPR, CD232)

SEMAVA (Vaccinia sema. 
Variola sema)

Vertebrate 9 Plexin-Cl

SEMAVB (AHV sema) Vertebrate 9 Plexin-Cl
A39R 9 PlexinCl
7 Vertebrate 9 Plexin-Dl
Semala (G-semal, Fasciculin 
IV, D-semal)

Invertebrate 9 Plex-A

Sema lb Invertebrate 9 Plex-A
9 Invertebrate 9 Plex-B
Sema2a (D-semall) Invertebrate 9 9

TABLE 1 R eceptor an d  ligand binding partnerships. This table dem onstrates the rela tionships that have  

been characterised  betw een p lexins, sem aphorins, and  neuropilins. Q uestion m arks are p la c e d  w here a 

binding partner is y e t to be discovered. Shown in brackets are previous nam es fo r  these proteins.
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In growth cones, the relocalisation of NP-1 and Plexin-Al upon SemaSA treatment from 

a diffuse cytosolic distribution into clusters is indicative of the functional requirement 

for a neuropilin/plexin complex (Fournier et a l, 2000).

Semaphorins can act as either agonists or antagonists at receptor complexes. NP-1 is a 

component of the SemaSA complex that repels DRG neurons during development. 

SemaSB and SemaSC also bind to NP-1, but fail to repel DRG axons. These 

semaphorins act as agonists at receptor complexes containing NP-2, but conversely act 

as competitive antagonists at receptor complexes containing NP-1, preventing SemaSA 

association and thus abolishing function (Takahashi et al., 1998).

Interestingly, NP-1 is a co-receptor for two unrelated ligands with disparate activities; 

semaphorins and vascular endothelial growth factor-165 (VEGF-165), an angiogenesis 

modulator required for vascular development. Sophisticated transgenic knock-in mice 

are being generated in which NP-1 can interact with VEGF but cannot bind 

semaphorins. These may enable the distinct functions of neuropilins to be separated 

(David Ginty, EMBO conference 2003).

1.2.5 Molecular Characteristics of the Semaphorin Superfamily

Semaphorins, plexins and scatter factor receptors belong to a superfamily characterised 

by a 500 amino acid signature ‘sema’ domain that confers biological activity and 

specificity (The Semaphorin Nomenclature Committee, 1999; Artigiani et al., 1999). 

These families were identified independently, but share structural similarities and are 

believed to originate from a common ancestral protein (Winberg et al., 1998).

Semaphorins -  It is proposed that Semaphorins bind their receptors through two 

independent binding sites within the sema domain, one mediating the biological 

response and one potentiating it (Koppel et al., 1997). The sema domain of SemaSA is 

necessary and sufficient for biological activity. Alongside the sema domain, all 

semaphorins contain cysteine rich Met-related sequences (MRS) that are approximately 

80 amino acids long. These regions were defined by homology to scatter factor receptors
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but also share identity with the N-terminal cysteine-rich region within integrin (3 

subunits that forms internal disulphide bonds. Consequently, a new name, the PSI 

(plexins, semaphorins and integrins) domain, has been proposed. Semaphorin classes 2, 

3 and 4 also contain an immunoglobulin c2-like domain. Finally, the C-terminal tail of 

semaphorins is class-specific (See Figure 1.3).

Secreted class 3 semaphorins have a positively charged basic amino acid cluster at their 

carboxyl tails. This potentiates biological activity and may tether them to the 

extracellular matrix or the cell surface, altering their diffusion capacity (Nakamura et al, 

2000). Secretable semaphorins homodimerise through cysteine disulphide bonds in their 

carboxyl region (Klostermann et al, 1998; Koppel and Raper, 1998). Dimérisation is 

critical for biological activity (Eickholt et al., 1997).

Secretion signal 

Serna
CUB

F V/VIII
Basic

MRS MAM GPI anchor

□  PDZ
SP

PLEXINS NEUROPILINS SEMAPHORINS

F IG U R E  1.3 Sum m ary o f  the dom ain structures o f  p lexins, sem aphorins and  neuropilins. Serna =  sem a  

dom ain: M R S  =  m et re la ted  sequence; SP  = ’sex  and  p le x in s ’ dom ain; C U B  = C om plem ent b ind ing  

dom ain; F  V /VIII = coagulation  fa c to r  homology’ dom ain; M A M  = m eprin/A 5 an tigen /p ; P D Z  =  P D Z  

b in d in g  m o tif;  Ig  = im m u n o g lo b u lin  do m a in ; B a sic  = b a sic  a m in o  a c id  c lu s te r ;  G P I  =  

glycophosphatidylinositol anchor.

The cytoplasmic tail of transmembrane semaphorins varies from 80 to 260 amino acids 

long and has no obvious catalytic activity. Class 5 semaphorins are transmembrane 

glycoproteins characterised by the presence of seven thrombospondin repeats. 

Thrombospondin type 1 repeats (TSR) are found in a number of different proteins aside
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from semaphorins, including the netrin receptor UNC-5. TSR containing proteins are 

predominantly expressed in the developing nervous system and are hypothesised to be 

involved in cell guidance and growth cone migration (Adams, 2000). Unlike SemaSA, 

the transmembrane semaphorin Sema6D interacts directly with Plexin-Al, without the 

need for NP-1 (Hitoshi Kikutani, EMBO conference 2003). This implies that the Sema 

domain of SemaSA rather than Plexin-Al prevents a direct association.

Plexins -  The Plexin family of type 1 transmembrane glycoproteins are typified by the 

presence of an amino terminal sema-domain, three MRS domains, three glycine/proline- 

rich repeats (G-P motifs), a transmembrane domain and two highly conserved 

intracellular domains known as the sex and plexins (SP) domain (see Figure l.S) 

(Tamagnone eta l., 1999). The knowledge that the sema domain is present in both 

plexins and semaphorins and mediates interactions between these proteins leaves open 

questions regarding whether or not plexins are always the receiving partner during 

signalling.

Database searches highlight homology between the G-P repeat motifs in plexins and 

transcription factors. Similarities also exist between G-P motifs and an immunoglobulin

like fold within the Bacillus stearothermophilus cyclodextrin glucanotransferase. It has 

subsequently been proposed that these repeats should be named the IPT 

(immunoglobulin like fold shared by plexins and transcription factors) domain (Bork et 

a l, 1999).

The cytoplasmic tail of plexins is approximately 600 amino acids long and contains the 

SP moiety. Deletion mutants have shown that the SP domain is responsible for signal 

transduction. A truncated Plexin-Al lacking its cytoplasmic tail acts as a dominant 

negative receptor, blocking SemaSA induced growth cone collapse in DRG and Xenopus 

spinal neurons (Takahashi et a l, 1999; Tamagnone et a l, 1999). The SP domain is 

strikingly conserved across the plexin family (57-97% similarity) and, lacking both 

homology motifs and intrinsic catalytic activity, it is likely to trigger novel signal 

transduction pathways. The domain consists of two blocks of high sequence
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conservation separated by a variable linker (Maestrini et a l, 1996). It also contains 

several dihydrophobic motifs (LL or LI) previously known to mediate the internalisation 

and downregulation of transmembrane receptors and several oc-helical, putative protein 

interaction regions that may mediate interactions with cytosolic partners. Finally, the 

cytoplasmic tail of Plexin-Al and A2 has a single SH3 domain-binding motif (PXXP) 

that may mediate signal transduction (Sasaki et a l,  2002) and uniquely, the extreme 

carboxyl-terminus of Plexin-Bl contains a PDZ (postsynaptic density protein 

95kDa/Discs Large/zona occludens-1) binding motif.

Neuropilins -Neuropilins are single pass transmembrane proteins that contain two 

repeats of a complement binding (CUB) motif (al and a2), two repeats of a coagulation 

factor homology (FV/FVIII) domain (hi and b2), a juxtamembrane MAM (meprin/A5 

antigen/p.) domain, a transmembrane region and a cytoplasmic tail including a carboxyl- 

terminal PDZ binding motif (See Figure 1.3).

The CUB domain of NP-1 is required for its interaction with Sema3A and is the primary 

determinant of binding specificity (He and Tessier-Lavigne, 1997; Giger et a l, 1998; 

Nakamura et a l, 1997; Nakamura et a l, 1998). Infecting neurons with a chimaeric 

receptor in which the CUB and FV/VIII domains of NP-1 and NP-2 have been swapped 

alters the repertoire of semaphorins that a neuron is responsive to (Van Vactor and 

Lorenz, 2000). Another region in NP-1 near the junction of the CUB and FV/FVIII 

domains independently interacts with the carboxyl tail of Sema3A. In other contexts, 

juxtamembrane MAM domains are required for non-covalent receptor oligomerisation. 

This is yet to be conclusively demonstrated for neuropilins, though NP-1 lacking the 

MAM domain is unable to mediate Sema3A induced collapse.

Scatter Factors - There is a striking homology between the sema domains of plexins and 

scatter factor receptors including the proto-oncogene MET (Winberg et al., 1998). This 

is most pronounced between Plexin-Bl and MET. Scatter factor receptors are 

disulphide-linked transmembrane receptor tyrosine kinases (Trusolino and Comoglio,

2002). As well as sequence homology an intriguing functional similarity exists. Both
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families are involved in chemorepulsive mechanisms that guide cell migration. 

Additionally, a precedent exists for the involvement of scatter factor in the development 

of the nervous system where it stimulates neurite outgrowth (Comoglio et al., 1999).

1.3 EXPRESSION AND FUNCTION

Semaphorins have traditionally been regarded as modulators of neural behaviour. They 

have been implicated in the regulation of axonal guidance and fasciculation, zonal 

segregation, target selection, neuronal polarity establishment, dendritic guidance, 

neuronal apoptosis and synaptic remodelling and repair of the adult nervous system. 

This image is presumably incomplete, as a broader expression pattern of semaphorins 

and plexins has emerged outside the nervous system, in endothelial, epithelial and 

haematopoietic cells (Comeau et al., 1998; Artigiani et al., 1999; Tamagnone et al., 

1999; Soker, 2001). As a result, semaphorins have recently been implicated in 

organogenesis, angiogenesis, cell migration, immune modulation and neoplastic 

transformation.

1.3.1 The Nervous System

Semaphorins - Individual semaphorins are differentially regulated with respect to their 

temporal and spatial expression patterns throughout development. This allows them to 

act as chemorepellants for an extensive range of neuronal populations including sensory 

and motor spinal neurones, optic and olfactory cranial neurons, sympathetic neurones, 

hippocampal neurons and cerebral cortical projections (Kolodkin et al., 1993; Matthes et 

al., 1995; Tanelian et al., 1997; Bagnard et a l, 1998; Chedotal et a l, 1998; Shoji et a l, 

1998; Winberg et a l, 1998a, b; Chisholm, 1999; de Castro et a l, 1999; Nakamura et a l, 

2000; Campbell, 2001b; Cheng et a l, 2001). Semaphorins also function as 

chemoattractants, though this is based on in vitro evidence and has never been 

confirmed genetically (Wong and O’Connor, 1999).

The prototypic semaphorin, SemaSA, has a potent inhibitory effect on sensory axons 

emanating from DRG. This has formed the basis of the most famous assay for
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semaphorin activity, the chick DRG collapse assay (Luo et a l,  1993). Recently, a 

heterologous assay has been used to investigate semaphorins. The binding of SemaB A to 

Cos cells expressing Plexin-Al and NP-1 induces a morphological “collapse” that may 

correlate with growth cone collapse (Takahashi et a l, 1999).

Secreted semaphorins often act antagonistically to finely regulate the guidance of a 

given axon. For example, in vitro, SemaSB and SemaSF act as attractive and repulsive 

cues respectively during the orientation of the growth of olfactory bulb axons (de Castro,

1999). Furthermore, SemaSA and SemaBC function as a chemorepellent and 

chemoattractant respectively towards cortical axon projections (Bagnard et a l, 1998). In 

addition, an individual semaphorin can operate as both an attractant and a repellent. In 

vitro, SemaBC repels sympathetic axons and attracts cortical axons. This may be the 

result of utilising different receptors and downstream signalling pathways.

Many of the regulatory capabilities attributed to semaphorins have been determined in 

vitro using neuronal cultures. Only a limited number of pathways exhibit prominent 

abnormalities in semaSA null mutant mice (Behar et al, 1996). Extensive abnormalities 

of the peripheral nervous system (PNS) are present during early development, including 

aberrant, greatly elaborated branching and defasciculation of cranial and spinal nerves 

and DRG. These errors are often corrected by embryonic day 15.5 (White and Behar,

2000). Anomalies are almost absent from the central nervous system (CNS), despite in 

vitro evidence to the contrary. This may be the result of compensatory mechanisms or 

redundant guidance cues, or may be an artefact of in vitro studies.

Aside from repulsive activities, SemaBA augments both antero- and retrograde 

axoplasmic transport (Goshima et a l, 1999). SemaBA doubles the number of vesicles 

being transported, but has no effect on their velocity.

Although research has focused almost entirely on the actions of SemaBA on growth 

cones, it is also known to affect neuronal cell bodies. In vitro, SemaBA can induce 

neuronal apoptosis (Gagliardini and Fankhauser, 1999; Shirvan et a l, 1999). It may
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therefore contribute to the selective elimination of sensory neurons that occurs during 

axonal pathfinding. Additionally, expression of SemaSA mRNA is upregulated during 

dopamine-induced apoptosis in sympathetic neurons. Neurons destined for death may 

use SemaSA to transfer a death signal across a susceptible population.

Transmembrane and GPI-anchored semaphorins also regulate neural development. 

Knockdown of the transmembrane ligand Sema4E in zebrafish using morpholino 

oligonucleotides results in defasciculation of facial motor axons, whilst overexpression 

of Sema4E leads to retarded outgrowth of the facial and gill branchiomotor axons (Xiao 

et al., 200S). In mice lacking the GPI-anchored ligand Sema?A lateral olfactory tract 

axons develop correctly with respect to directionality, but are substantially inhibited 

with respect to growth (Pasterkamp et al., 2003). Thus in this case semaphorins regulate 

the growth, rather than the directionality of axons during development.

Plexins -  Plexins were initially labelled as neuronal cell adhesion molecules as they 

were capable of calcium dependent homophilic interactions in cell aggregation assays 

(Ohta et al., 1995; Fujisawa et al., 1997). The importance of plexins as signal 

transducers within neurons became apparent following the discovery that the expression 

of dominant negative Plexin-Al or A2 in sensory ganglia produced resilience to the 

repulsive effects of SemaSA (Rohm et al., 2000).

Neuropilins - Targeted deletions in NP-1 partially phenocopy SemaSA deficient mice, 

though a greater severity of defects ensures NP-1 null mice are embryonic lethal. These 

mice suffer defective innervation of the limbs by sensory fibers. In addition to SemaSA 

like defects, NP-1 null mice exhibit altered vascularisation in the brain and a variety of 

morphogenetic defects in large blood vessels within the heart (Tamagnone and 

Comoglio, 2000). These additional defects may reflect either the ability of NP-1 to 

interact with more than one semaphorin, or may occur as a result the association 

between NP-1 and VEGF. Chimaeric mice overexpressing NP-1 are also embryonic 

lethal. They experience ectopic nerve fibre sprouting and defasciculation (Kitsukawa et 

al., 1995).
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NP-2 deficient mice are often viable to adulthood, but suffer from midline guidance 

defects in the organisation and fasciculation of several commissural, cranial and spinal 

nerves (Giger et a l, 2000). Several major fiber tracts in the brains of adult mutant mice 

are either severely disorganised or missing. NP-1/2 double homozygous null mice die in 

utero as a result of avascular yolk sacs (Takashima et al., 2002). This resembles the 

phenotype of VEGF knockout mice.

1.3.2 The Immune System

Arguments supporting the role of semaphorins as immunoregulators are most powerful 

when examined in the light of two key facts. Firstly, the identification of two distinct 

semaphorins encoded within the genomes of non-neurotropic viruses suggests a capacity 

for facilitating immune tUvasion when considered alongside the pathogenesis of 

infection of these viruses. Secondly, semaphorin A39R from the lytic poxvirus Vaccinia 

is expressed during late viral infection and binds to the monocyte cellular receptor 

Plexin-Cl. This interaction does not require a neuropilin (Xu et a l, 1998; Gardner et a l,

2001). A39R causes upregulation of intracellular adhesion molecule-1 (ICAM-1) and 

stimulates production of the proinflammatory cytokines IL-6, XL-8 and TNF-a. It also 

modulates cell aggregation and migration (Comeau et a l,  1998). A39R is the smallest 

semaphorin known, consisting of little more than a sema domain and is closely related to 

vertebrate SemaTA. Unlike other semaphorins, A39R is functionally active as a 

monomer (Spriggs, 1999). The interaction between A39R and Plexin-Cl was the first 

direct interaction between a semaphorin and a plexin to be discovered.

The infectivity, virulence and stimulation of cell proliferation at the primary site of 

infection of vaccinia virus depends upon the presence of a viral growth factor (VGF) 

that is related to epidermal growth factor (EGF) (Blomquist et a l, 1984, Duller et a l, 

1988a,b). VGF interacts primarily with ErbB-1 receptor tyrosine kinase homodimers and 

exhibits a more potent mitogenic activity than its mammalian counterpart EGF. This 

results from the ability of VGF to sustain signal transduction by attenuating receptor 

degradation. The expression of A39R by vaccinia virus provides another example
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whereby it is beneficial for a virus to produce molecules that modulate host systems. In 

this example, instead of affecting the pathogenesis of viral invasion, as is the case for 

VGF, semaphorins may help viruses to regulate host immune responses.

Studies of class 4 semaphorins further emphasise the importance of semaphorins for 

haematopoiesis and immune modulation (Delaire et a l, 1998). Sema4D is expressed on 

leukocytes, lymphocytes and myeloid cells (Hall et al., 1996). Mice deficient for 

Sema4D fail to efficiently activate B and T cells (Shi et al., 2000). In vitro, Sema4D 

promotes the aggregation, proliferation and survival of peripheral lymphocytes and 

repels immune cell migration (Delaire S et al., 2001; Fujioka, 2003). Sema4D 

differentially utilises high and low affinity receptors in different circumstances. Plexin- 

Bl is a high affinity Sema4D receptor in the nervous system and CD72, a member of the 

calcium-dependent C-type lectin superfamily, is a low affinity Sema4D receptor in 

lymphoid tissues (Kumanogoh et al., 2000). Phosphorylated CD72 interacts with the 

adapter protein SHP-1 (Src-homology-2-domain-containing protein tyrosine 

phosphatase 1) and acts as a negative regulator of B cell responses. Sema4D induces 

tyrosine dephosphorylation of CD72. The association with SHP-1 is lost and inhibitory 

signals are downregulated. Sema4D thus positively enhances B cell signalling 

(Kumanogoh and Kikutani, 2001). This is an unusual situation in which ligand binding 

to a negative receptor gives a positive signalling outcome.

Sema4A is expressed by dendritic cells and B-cells and enhances the generation of 

antigen specific T-cells. Again, neither plexins nor neuropilins transduce the signal. 

Instead Tim-2, a member of the T-cell immunoglobulin domain and mucin domain 

(Tim) protein family, is the receptor for Sema4A (Kumanogoh et a l, 2002). In contrast 

to Sema4D, Tim-2 becomes tyrosine phosphorylated upon Sema4A binding.

1.3.3 The Vascular System

The importance of semaphorins, plexins and neuropilins in angiogenesis is demonstrated 

by the phenotypes of several mutant mice. SemaSA null mice have serious defects 

within the heart and vascular system (Behar et al., 1996). Chimaeric mice
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overexpressing NP-1 are embryonic lethal, exhibiting excessive angiogenesis 

(Kitsukawa et al., 1995). Sema3C deficient mice suffer from congenital heart disease. In 

these mice, an abnormal patterning is apparent in migratory cardiac neural crest cells 

that express Plexin-A2 (Brown et al., 2001). In addition, in situ hybridisation in 

embryonic mice reveals that within the vascular system, Plexin-Dl is expressed 

exclusively in endothelial cells of the developing blood vessels. This implies that Plexin- 

Dl functions during angiogenesis (Van Der Zwaag et al., 2002).

The phenomenon of ‘neurovascular congruency’ provides further evidence for the 

importance of semaphorins in vasculogenesis. ‘Neurovascular congruency’ describes the 

parallel patterning of nerves and vasculature in limbs. It was originally believed to result 

from a developmental interdependence between peripheral nerves and blood vessels. An 

elegant series of experiments in embryonic quails refuted this by demonstrating that 

vascular perturbation did not alter neuronal patterning and vice versa. Recently, it was 

shown that implantation of SemaSA coated beads into embryonic quail forelimbs caused 

both nerves and blood vessels to either deviate away from the beads or fail to form 

entirely. A current hypothesis proposes that neurovascular congruence arises from the 

use of shared patterning mechanisms involving SemaSA (Bates et al., 200S).

During in vitro angiogenesis assays, SemaSA inhibits the motility of Porcine Aortic 

Endothelial cells (PAEC). Contrastingly, VEGF stimulates the chemotactic and 

mitogenic activity of PAECs. Simultaneous addition of VEGF and SemaSA to PAECs, 

results in functional competition during endothelial cell motility assays (Miao et al.,

1999). This suggests that VEGF and SemaSA may antagonistically regulate 

angiogenesis, possibly by competing for their shared receptor NP-1. The opposing 

actions of semaphorins and VEGF are visible in other systems too. VEGF will compete 

with SemaSA during DRG collapse assays and will antagonise SemaSF to regulate the 

motility of the breast cancer cell line MCF7 (Nasarre et al., 200S). VEGF 165 also 

antagonises SemaSA induced repulsion and apoptosis of the neuroectodermal progenitor 

cell line ‘Dev’ (Bagnard, 2001). Interestingly, the repulsive effect of SemaSA requires
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the tyrosine kinase activity of the VEGF-165 receptor VBGFRl, suggesting this 

competition is mediated directly at the level of the receptor complex.

1.3.4 Developmental patterning

The C.elegans genome contains two transmembrane semaphorins {ce-semala and ce- 

semalb), one secreted semaphorin (ce-sema2a/mab-20), and two plexins (plxl and 

plx2'). During C.elegans development, semaphorins do not regulate axon guidance. Their 

neuronal functions must be a more recent evolutionary gain. Instead semaphorins have 

an analogous role, discouraging migration and inappropriate cell contacts in the 

epidermis. In plexin and semaphorin mutants, cells that should only transient contact 

each other remain persistently in touch resulting in incorrect epidermal pattering (Roy et 

al., 2000; Fujii et al., 2002; Ginzburg et al., 2002).

Semaphorins and neuropilins also influence patterning during bone, lung and heart 

morphogenesis. SemaBA deficient mice have abnormally developed bones and 

cartilaginous structures. A limited number of mice survive a few days postnatally, but 

manifest pronounced hypertrophy of the right ventricle of the heart and dilation of the 

right atrium (Behar et al., 1996). Chimaeric mice overexpressing NP-1 also display heart 

malformations and extra digits (Kitsukawa et al., 1995). SemaBA and NP-1 are both 

expressed in alveolar epithelial cells of foetal and adult lungs. SemaBA inhibits 

branching morphogenesis in lung bud organ cultures whilst SemaBC and BF stimulate 

branching (Ito et al., 2000; Kagoshima and Ito, 2001). Semaphorins therefore act as both 

positive and negative regulators of branching morphogenesis in the developing lung.

1.4 SENSING THE ENVIRONMENT

An extensive range of functions has been attributed to semaphorins. For these to occur 

responsive cells must detect and react to semaphorins in their extracellular environment.

Secreted semaphorins are distributed as gradients, though this has been demonstrated 

relatively few times in vivo. When migrating along pre-determined routes growth cones
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are small and simple in nature. In regions where decisions are taken, their appearance 

changes and they develop an increasingly complex morphology (Candy and Bentley, 

1986; Holt, 1989; Norris and Kalil, 1991, 1992). Differences in the dimensions of 

semaphorin gradients facilitate these changes.

Growth cones respond more faithfully to relative concentration changes than to absolute 

levels of semaphorin expression (Walter et a l, 1990; Goodhill, 1998; Goodhill and 

Baier, 1998). They detect gradients by measuring fractional changes in local 

concentrations and can discern very small changes in concentration across their spatial 

extent (Goodhill and Urbach, 1999). The steepness of the gradient confers directional 

information upon neurons (Isbister et a l,  2003). Elegant in vitro stripe assays 

demonstrate that the directional response of retinal growth cones to repulsive cues varies 

with the steepness of the gradient (Baier and Bonhoeffer, 1992). Significantly fewer 

projection errors occur in growth cones migrating along steeper semaphorin gradients. 

Absolute semaphorin levels regulate the overall size of the growth cone. Neurons in the 

presence of higher concentrations of semaphorin have smaller, more constrained growth 

cones than those in lower concentrations.

Interestingly, the direction of a gradient with respect to the growth cone is itself 

important. Stabilised gradients of increasing concentrations of SemaBA and SemaBC 

elicit stereotyped repulsive and attractive responses respectively from cortical growth 

cones. Contrastingly, neither semaphorin elicits an effect when growth cones grow 

towards decreasing concentration gradients (Bagnard, 2000).

1.5 THE ROLE OF THE CYTOSKELETON

For guidance molecules to be effective, growth cones must integrate the complex 

sensory information they receive and translate it into cytoskeletal rearrangements to 

facilitate the turning of an axon. The actin and microtubule cytoskeletons have been 

implicated in mechanisms underlying growth cone motility (Bentley and Toronian- 

Raymond, 1986; Letoumeau et a l, 1987; Forscher and Smith, 1988).
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1.5.1 The Growth Cone Cytoskeleton

Lamellipodia and filopodia constitute the motility machinery of migrating cells and are 

found on the periphery of growth cones (Gungabissoon and Hamburg, 2003). They 

undergo continuous cycles of protrusion and retraction due to a high rate of actin 

turnover (Bray and Chapman, 1985; Goldberg and Burmeister, 1986; Smith, 1988). 

Though the precise role of filopodia remains unclear, hypotheses include steering the 

growth cone by differential adhesion (Letoumeau, 1975), generating mechanical force 

(Heidermann et a l, 1990) and transducing distal signals (Davenport et a l, 1993). In the 

absence of filopodia, growth cones become disorientated (Bentley and Toronian- 

Raymond, 1986). Filopodia may play a purely sensory role, sweeping the environment 

in search of molecular information. Dense, parallel actin filaments radiate out into 

filopodia, with their barbed (fast growing) ends oriented towards the tip and pointed 

(slow-growing) ends facing into the growth cone (Lewis and Bridgman, 1992). 

Surrounding these parallel filaments is a loosely interwoven actin mesh (See Figure 1.4).

Growth cone motility is dependent upon rapid reorganisation of the actin and 

microtubule cytoskeletons in response to extracellular cues. With respect to actin, 

guidance molecules may influence motility by regulating either the arp2/3-mediated 

nucléation of new actin filaments, the assembly and disassembly of existing actin 

filaments or myosin-mediated retrograde flow of actin filaments from the leading edge 

of the growth cone back into the centre (Lin and Forscher, 1995; Lin et a l,  1996). At 

steady state in the absence of guidance information the net rate of filament growth is 

zero as a result of actin treadmilling.

If the intracellular actin network becomes temporarily anchored to a cell surface receptor 

that is connected to another cell or the extracellular matrix, a forward traction on the 

body of the growth cone occurs as it pulls itself towards the fixed receptor. This 

represents the “clutch” hypothesis, whereby adhesion transforms a futile cycle of 

membrane protrusion and retraction into a productive cycle of extrusion, adhesion, 

traction and de-adhesion (Lin et a l, 1996; Suter et a l, 1998; Suter and Forscher, 2000). 

This provides a component of the force required to enable a growth cone to move
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through its environment. Additional mechanisms must also be utilised as axons can 

extend in the presence of cytochalasin, a toxin that prevents actin polymerisation (Marsh 

and Letoumeau, 1984). These axons are incorrectly oriented, suggesting that actin may 

be important for the polarity of the growth cone. In the axon shaft, microtubules form 

stable cross-linked bundles (See Figure 1.4). Single, dynamically instable microtubules 

emerge from these bundles into the growth cone, preferentially growing along the 

filopodial actin (Tanaka and Sabry, 1995; Schaefer et a i,  2002).

-4 " ' Filopodium
Lamellipodium

Dynamic
microtubule
filaments

F-actin
bundles

F-actin
networks

Stable microtubule 
bundles

Figure 1.4 S chem atic  show ing  the cytoskeleta l structures p re sen t w ithin a grow th  cone. Tight bundles  

o f  un ipolar actin  fila m en ts  p ro jec t through filopod ia , with the barbed  ends fa c in g  the f i lo p o d ia l tip. 

D ense m eshw orks o f  cross-linked  actin filam en ts  are fo u n d  a t the leading edge o f  the grow th  cone in 

lam ellipodia . The axon i ts e l f  con ta in s m icro tubu les, m ost o f  w hich term in a te  a t th e  base o f  the  

lam ellipodia.

1.5.2 Actin binding proteins

The ADF/cofilin family o f actin depolymerising factors are emerging as key regulators 

of growth cone actin dynamics (Hamburg, 1999). In neurons, cofilin overexpression 

stimulates neurite outgrowth whilst inactivation o f cofilin occurs during Rho mediated 

axon retraction (Hamburg, 1999; Maekawa et al., 1999; Meberg and Hamburg, 2000). 

Cofilin is densely localised at the leading edge o f growth cones where it associates
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directly with actin (Bamburg and Bray, 1987). The serine/threonine kinase family of 

LIM kinases phosphorylate and inactive cofilin, preventing its binding to fllamentous- 

actin (Morgan et a l, 1993; Agnew et a l, 1995; Arber S et a l, 1998; Yang N et al., 

1998). Conversely, cofilin is activated via dephosphorylation by Slingshot phosphatases, 

but upstream regulators of these enzymes are not known (Niwa et a l, 2002). Cofilin 

depolymerises actin by two mechanisms; severing filaments and increasing the rate of 

dissociation of monomeric ADP-actin from the pointed filament end (Carlier et al., 

1997; Maciver, 1998). Following monomer dissociation, cofilin is phosphorylated and 

thus inactivated, leaving the actin monomer free to re-assemble. In this manner, cofilin 

drives actin filament turnover (Bernstein et al., 2000). The recycling rate of the pool of 

phosphorylated cofilin is more important to actin dynamics than a net change in the 

phosphorylation of cofilin. This is demonstrated by the fact that when fibroblasts are 

treated with EGF, rapid lamellipodial growth is observed, but no net change in 

phosphorylated cofilin is seen. Instead, the turnover of phosphate on cofilin markedly 

increases (Meberg et al., 1998).

1.5.3 Changing Direction

Growth cones elicit stereotyped behaviours in response to guidance cues. These include 

outgrowth, turning, stalling and retraction (Suter and Forscher, 2000). Guidance cues 

may also alter the speed of a migrating axon.

Growth cone collapse is “the abrupt retraction of extending growth cones observed in 

vitro when neuronal cells are exposed to repellent signals” (Tamagnone and Comoglio, 

2000). Collapsed growth cones have a thin, needle like shape. Turning in response to a 

repulsive cue does not always involve complete collapse. This is an experimental 

outcome resulting from a generalised application of a chemorepellent. In vivo, turning 

involves a partial, localised collapse in the region nearest to the repellent (Fan and 

Raper, 1995). A spatial asymmetry in the regulation of cytoskeleton dynamics must be 

generated in order for a turning event to occur (Bretscher, 1996; Futerman and Banker,

1996).
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The ability of semaphorins to regulate actin dynamics is clear. Following SemaSA 

stimulation in vitro, rapid growth cone collapse is accompanied by depolymerisation of 

F-actin and a decreased ability to polymerise new F-actin (Fan et ah, 1993). In total, a 

50% reduction in F-actin is observed in the growth cone. F-actin also redistributes into 

punctate aggregates in the centre of the growth cone following SemaSA stimulation. 

This may be linked to an increase in receptor-mediated endocytosis (Fournier et ah,

2000). In vivo, SemaSA targets a localised portion of a growth cone. Actin organisation 

is lost only in the region of SemaSA contact. A concurrent assembly of filamentous actin 

in the opposing half of the growth cone drives motility away from the SemaSA. A 

similarly biased reorganisation of actin is apparent in grasshopper Til neurons in 

response to the chemoattractant Sema2a, except this time actin is preferentially 

polymerised in the direction of the semaphorin gradient (Isbister and O’Connor, 1999).

Compelling evidence demonstrates the requirement of the microtubule cytoskeleton for 

growth cone turning (Sabry et ah, 1991; Tanaka and Kirschner, 1995; Tanaka and Sabry, 

1995). The capture or stabilisation of microtubules by specific filopodia may be a 

critical event during directional changes. In this manner, actin dynamics may be 

harnessed to produce persistent and directed microtubule advance (Dickson, 2002). In 

support, stabilisation and dilation of a single filopodium is commonly observed during 

turning in vivo (O’Connor et ah, 1990; Myers and Bastiani, 199S; Murray et ah, 1998). 

Despite this, in embryonic chick dorsal root ganglion neurons the rate of microtubule 

depolymerisation does not alter significantly until twenty minutes after morphological 

collapse has occurred (Fritsche et ah, 1999). It is currently not obvious whether or not 

SemaSA can regulate microtubule dynamics.

Determining which aspect of cytoskeletal dynamics is modulated by semaphorins 

remains a primary focus for many researchers.
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1.6 SEMAPHORIN INDUCED SIGNAL TRANSDUCTION

In response to semaphorin stimulation, plexins transduce signals that mediate growth 

cone guidance. Signalling pathways activated following semaphorin stimulation are 

slowly being elucidated. Candidate downstream signalling molecules include Rho 

GTPases, integrins, immunoglobulin like cell adhesion molecules (IgCAMs), tyrosine 

kinases, MICALs, collapsin response mediator proteins (CRMPs) and glycogen synthase 

kinase (GSK)-3. The following sections will describe our current understanding of the 

role these molecules play in semaphorin signalling.

1.6.1 Rho GTPases

Rho GTPases are one of five major families of small GTP binding proteins within the 

Ras superfamily of GTPases. Present in all eukaryotes, they are widely expressed 

throughout embryonic and adult tissues including the nervous system and coordinate 

signal transduction in response to extrinsic and intrinsic cues (Yamamoto et al., 1988; 

Olenik et al., 1999). Currently, fourteen Rho GTPases have been identified in mammals. 

These include Rac (1 ,2  and 3), Rho (A, B and C), Cdc42, RhoD, RhoG, RhoH/TTF, 

TCIO and Rnd (1, 2 and 3). Of these, RhoA, Racl and Cdc42 have been most 

extensively studied.

Rho GTPases have been implicated in the regulation of a vast repertoire of cellular 

processes. These include actin and microtubule dynamics, cell migration, cell polarity, 

gene transcription, cell division, cell survival, membrane trafficking, cell adhesion, 

phagocytosis and enzymatic activities such as NADPH oxidase (Caron and Hall, 1998; 

Kjoiler and Hall, 1999; Etienne-Manneville and Hall, 2002).

Rho GTPases function as molecular switches, cycling between an ‘active’ GTP-bound 

and an ‘inactive’ GDP-bound conformation (See Figure 1.5). Three families of proteins 

regulate this cycle. Firstly, GTPase-activating proteins (GAPs) stimulate the intrinsic 

GTP hydrolysis rate of GTPases, converting bound GTP to GDP and restoring the 

inactive state. Over seventy GAPs have been identified in the human genome. Secondly,

38



guanine nucleotide exchange factors (GEFs) catalyse the exchange of GDP for GTP by 

promoting GDP release, thus activating GTPases. More than sixty GEFs with specificity 

for single or multiple GTPases have been found within the human genome (Schmidt and 

Hall, 2002). GEFs show more spatially and temporally restricted expression patterns 

than GTPases, which perhaps explains why they are more numerous. Finally, Guanine 

nucleotide dissociation inhibitors (GDIs) inhibit the release of GDP by sequestering 

inactive GTPases.

R ac R acGDP GTP

PI’

F igu re  1.5 The GTPa.se cycle. Rho G TPases are regulated by GEFs, GAPs and  GDIs.

Single amino acid substitutions have been identified that produce dominant negative and 

constitutively active GTPases. These provide tools with which to dissect signalling 

pathways. Dominant negative GTPases are believed to compete with endogenous 

GTPases for interactions with GEFs.

Active GTPases signal to target proteins know as effectors, which trigger downstream 

signal transduction cascades (Kjoller and Hall, 1999). These effectors may be targets of 

individual or multiple GTPases. Together, effectors and GAPs are the two classes of 

proteins that have a greater preference for interacting with the active, rather than the 

inactive form o f a GTPase. The largest group o f Rac and Cdc42 effectors is 

characterised by the presence of a CRIB (Cdc42/Rac-interactive binding) motif. CRIB 

containing proteins associate with the effector domains of Rho GTPases.

Rho GTPases are important regulators of the assembly and disassembly o f filamentous 

actin structures. Rho regulates the formation of contractile actin-myosin filaments
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(Ridley and Hail, 1992), Rac causes actin polymerisation in the cell periphery resulting 

in lamellipodia (Ridley et al., 1992) and Cdc42 induces the formation of filamentous 

filopodia (Nobes and Hall, 1995). In addition, Rho and Rac participate in the assembly 

of focal adhesion complexes at the leading edge of cells (Ridley and Hall, 1992; Nobes 

and Hall, 1995).

A growing body of evidence supports the view that Rho GTPases regulate axon 

outgrowth and guidance. Transgenic Drosophila with mutations in Rac or Cdc42 suffer 

failures in axon initiation and elongation and dendrite morphogenesis (Luo et a l, 1994). 

Detailed phenotypic characterisations in Drosophila show that dominant negative Rac 

obliterates actin filaments in neurons causing inhibition of neurite outgrowth, whereas 

constitutively active Rac causes dramatic accumulation of actin filaments and thus 

promotes neurite growth (Threadgill et a l, 1997; Kaufmann et al., 1998). Dominant 

negative Cdc42 also prevents neurite formation. This evidence demonstrates that Rac 

and Cdc42 are required for neuronal development and Rac may stabilise actin filaments. 

Furthermore, neuronal cultures demonstrate that Rac is required for nerve growth factor 

(NGF) induced axon growth. Rac also modulates axon outgrowth and dendritic spine 

formation in Purkinje cell cultures (Lee et al., 2000) and in combination with Cdc42 

increases dendritic branching in Xenopus neurons (Luo et al., 1996) Rac is a key 

modulator of growth cone adhesion in response to signals from the cytoplasmic tyrosine 

kinase Abl (Renshaw et al., 1996; Giniger, 2000). In addition, the Rac GEF UNC-73 is 

required for axon guidance in C.elegans (Steven et al., 1998). Finally, in Xenopus, Rho 

mutants exhibit irregular dendritic outgrowth and lack neurite extension (Luo et a l, 

2000; Li et al., 2000). In vitro Rho regulates neurite retraction and induces stress fibre 

formation resulting in growth cone collapse (Jalink et al., 1994; Sebok et a l, 1999; Lee 

et al., 2000).

The ability of Eph and Robo receptors to modulate GTPase activity has set a precedent 

for the involvement of GTPases in signalling pathways initiated by guidance factors. In 

retinal ganglion cells, ephrin-A5 simultaneously enhances Rho and inhibits Rac and 

Cdc42 activity. It is likely that guidance cues that influence GTPases regulate GEFs or
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GAPs (Pasterkamp and Kolodkin, 2003a). Many GEFs are highly or exclusively 

expressed in the nervous system. These include Trio, Tiaml (T-cell lymphoma invasion 

and metastasis 1) and Collybistin, exchange factors for Rho, Rac and Cdc42 respectively 

(Liu and Strittmatter, 2001).

Rho -  Clear biochemical pathways have been defined that connect Rho to the 

cytoskeleton. The serine threonine kinase Rho Kinase (p i60 ROCK/ROK) is a key 

effector of RhoA (Amano et a l, 1997). Active RhoA stimulates the kinase activity of 

ROCK (Leung et a l, 1996), which subsequently phosphorylates the regulatory light 

chain of the major cytoplasmic myosin motor protein, myosin II (Amano et al., 1996). 

This increases the ATPase activity of myosin, thus increasing contractility of the 

actomyosin network. Alongside its recruitment of Rho kinase (ROCK), Rho interacts 

with a subunit of the myosin light chain phosphatase (Kimura et al., 1996). The 

phosphatase is then phosphorylated by ROCK. This inhibits its enzymatic activity and 

reduces its ability to de-phosphorylate myosin II. Thus parallel mechanisms ensure Rho 

increases the net phosphorylation of the myosin regulatory light chain, enhancing 

myosin activity (Amano et al., 1998). Rho therefore regulates cell contractility.

As ROCK phosphorylates Lim kinase-2 (LIMK2) and dominant negative Lim kinase-1 

(LIMKl) blocks Rho induced stress fibre formation, it is clear that LIMKs are important 

mediators of Rho signalling (Matsui et al., 1996; Sumi et al., 1999; Maekawa, 1999). 

LIMKl is found predominantly in the nervous system whereas LIMK2 is more 

ubiquitously expressed (Arber et al., 1998; Sumi et al., 1999). The importance of LIM 

kinases in neural development is emphasised by LIMKl null mice as they develop 

severe learning impairments (Meng et a l, 2002). ADF and cofilin are the only known 

physiological substrates for LIMKs, therefore active Rho may regulate actin 

depolymerisation via regulating cofilin phosphocycling (Arber et al., 1998). Additional 

Rho targets include PI5-kinase and the scaffold protein pMOmDia. PI5-kinase stimulates 

synthesis of phosphatidylinositol 4,5-bisphosphate (PL.sPi). Both pl40mDia and PI4 5 P2 

associate with the actin binding protein profilin (Watanabe et al., 1997). These provide 

alternative routes through which Rho may modulate the actin cytoskeleton.
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Rac and Cdc42 - Active Rac and Cdc42 signal to the serine/threonine kinase p21- 

activated kinase (PAK), a major CRIB motif containing effector of Rac and Cdc42. PAK 

in turn phosphorylates LIMKl (Manser et a l, 1994; Edwards et ah, 1999). PAK is 

known to be important for growth cone guidance. Drosophila PAK (dPak) is required 

for the pathfinding of photoreceptor neurons and ephrin-Al induces downregulation of 

PAKl kinase activity during growth cone collapse, though whether this is a cause or 

consequence of collapse is unclear (Nikolic, 2002). As is the case for Rho, Lim kinases 

couple Rac and Cdc42 to cytoskeletal dynamics via inactivation of cofilin and this may 

result in the stabilisation of actin filaments (Edwards et a l, 1999). Dominant negative 

LIMKl prevents Rac stimulated lamellipodial protrusion and Cdc42 induced filopodia 

formation (Yang et a l, 1998; Sumi et a l, 1999).

In neurons the p35/Cdk5 (Cdk5) kinase is a Rac effector. Cdk5 activity is dramatically 

upregulated in postmitotic neurons in Drosophila. Mice lacking Cdk5 are characterised 

by cortical, cerebellar and brainstem defects that result in lethality (Nikolic et a l, 2002). 

They also suffer deficiencies in neuronal pathfinding and fasciculation. Experiments 

using Xenopus RGCs have placed Cdk5 downstream of Rac in the regulation of neuronal 

morphology. Interestingly, Cdk5 regulates PAKl in a Rac dependent manner and may 

therefore modulate cytoskeletal rearrangements in neurons.

Other biochemical pathways have been characterised that connect Cdc42 to actin 

polymerisation. The Arp2/3 complex binds to the sides of existing actin filaments and 

nucleates the polymerisation of new actin branches (Blanchoin et a l, 2000a; Amann and 

Pollard, 2001). In vitro, the Arp2/3 complex alone is capable of nucleating actin 

polymerisation, but Wiscott Aldrich syndrome proteins (WASP) can enhance this 

activity by stabilising Arp2/3 in an active conformation (Amann and Pollard, 2001; 

Robinson et a l, 2001). An intramolecular interaction between the amino-terminal 

regulatory domain of WASP and the Arp binding domain prevents WASP function in 

unstimulated situations. Active Cdc42 associates directly with the regulatory domain of 

WASP. This interaction and the WASP intramolecular interaction are mutually
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exclusive. Cdc42 binding frees the autoinhibitory activity of WASP and allows the 

efficient polymerisation of actin (Rohatgi et al., 1999).

Though this is a clear pathway coupling Cdc42 to actin, one problem remains. Cdc42 is 

best known for its ability to induce filopodia that contain parallel actin bundles. Existing 

evidence implicates the WASP-Arp2/3 pathway specifically in actin polymerisation in 

lamellipodial dendritic networks. No evidence suggests that these networks are required 

for filopodial formation. It is possible that a divergent WASP family member may 

induce extension of parallel actin bundles (Miki et al., 1998). Alternatively, this may be 

a job for the Ena/VASP protein family.

Ena promotes actin polymerisation and drives filopodial extension (Gertler et a l, 1996; 

Loisel et al., 1999; Vasioukhin et al., 2000). IRSp53 is an adapter protein that is 

regulated in a manner similar to WASP. An auto-inhibitory interaction prevents its C- 

terminal effector domain from interacting with and activating Ena. Binding of active 

Cdc42 to the amino-terminus of IRSp53 relieves this autoinhibition. Ena is recruited to 

IRSp53 and subsequently stimulates localised actin polymerisation. In fibroblasts, Ena 

and IRSp53 synergise to stimulate filopodial outgrowth (Krugmann et a/.,2001).

Rnd (Round) 1, 2 and 3 -  Rnd GTPases are a branch of the Rho family that have a low 

affinity for GDP and very low intrinsic GTPase activity (Nobes et al., 1998). This 

renders them constitutively active under physiological conditions. Rndl and 2 are 

abundantly expressed in the nervous system. Overexpression of Rndl or 3 in fibroblasts 

leads to loss of stress fibers, cell rounding and the formation of extensively branched 

processes. Active Racl is required for these effects, which suggests that Rnd proteins 

function upstream of Racl. These phenotypes imply that Rnd 1 and 3 may antagonise 

Rho activity. Supporting this, the effector domains of Rho and Rnd share strong identity, 

indicating that they may compete for target binding sites.

Relationships Between GTPases -  Microinjection studies further emphasise the ability 

of GTPases to sequentially activate one another. In fibroblasts, Cdc42 activates Rac,
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which in turn activates Rho (Nobes and Hall, 1995). The details of these signalling 

cascades vary within individual systems. For example in yeast the Ras GTPase 

superfamily member Budl (Rapl), recruits the GEF Cdc24, which activates Cdc42 

(Park et al., 1997). Evidence also exists for a mutual inhibitory relationship between 

Cdc42 and Rho (Lim et al., 1996). In neurons, instead of a sequential cascade, GTPases 

appear to oppose one another. Racl and Cdc42 stimulate attractive processes including 

neurite extension, whilst RhoA controls repulsive actions such as neurite retraction 

(Leeuwen et al., 1997). Ephrin-A5 exemplifies this as it induces chick RGC collapse by 

activating Rho and downregulating Rac (Nikolic, 2002).

1.6.2 Rho GTPases are Essential for Semaphorin Signalling

SemaSA Mediated Collapse Requires Racl - Hints suggesting the involvement of Rho 

GTPase family members in semaphorin pathways stem from observations of localised 

actin rearrangements elicited by plexins and semaphorins (Fan and Raper, 1995; 

Fournier et al., 2000; Driessens et al., 2001). This feeling is consolidated by the 

demonstration of the Rac dependent nature of Semaphorin induced cellular responses 

(Jin and Strittmatter, 1997; Rohm et al., 2000; Vikis et al., 2000; Driessens et al., 2001; 

Hu et al., 2001).

Racl is required for SemaSA dependent growth cone collapse as trituration of 

recombinant dominant negative Racl (N17Racl) blocks SemaSA induced collapse of 

DRG neurons (See Figure 1.6) (Jin and Strittmatter, 1997). Supporting this, adenoviral 

mediated infection with N17Racl prevents SemaSA induced collapse of spinal motor 

neurons (Kuhn et al., 1999). This is specific for SemaSA as myelin induced collapse is 

unaffected. Dominant negative Cdc42 (N17Cdc42) does not inhibit DRG collapse, but 

prevents motor neuron collapse. Using these techniques it is awkward to determine 

whether or not inhibition of RhoA prevents collapse as the ROCK inhibitor (Y-276S2) 

and CS toxin, a specific blocker of Rho activity, both prevent basal axon outgrowth. 

Constitutively active Racl (V12Racl) increases the proportion of DRG growth cones 

that respond to SemaSA but has no effect on motor neurons stimulated with SemaSA. 

Racl is necessary but not sufficient for collapse as DRG growth cones remain spread in
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the presence of V12Racl. Constitutively active Cdc42 (V12Cdc42) and RhoA 

(V14RhoA) have no effect on DRG or motor neurons. Though these results demonstrate 

a clear requirement for Racl activity in SemaSA mediated collapse, it appears that subtle 

variations in the collapse machinery exist in different neuronal populations.

Support for Rac’s role in semaphorin signalling is enhanced by the demonstration that 

ligand-aggregated plexins colocalise with Racl and F-actin in growth cones during 

SemaSA induced collapse (Fournier et al., 2000). Furthermore, Racl andplex-A interact 

genetically in Drosophila as an increase in Plex-A expression enhances a dominant 

negative Rac phenotype (Hu et a l, 2001). Peptide analysis has recently shown that 

SemaSA induced collapse requires amino acids 17-S2 in Racl (Vastrik et a l, 1999).

Numerous groups have demonstrated that Racl does not directly associate with 

members of the plexin A subfamily (Jin and Strittmatter, 1997; Kuhn et a l, 1999; Rohm 

et a l, 2000; Vikis et al., 2000; Driessens et al., 2001; Hu et al., 2001; Jumey et al., 

2002; Zanata et a l, 2002). These results may fail to tell the full story as the majority of 

interactions were tested in the absence of SemaSA. One group did include SemaSA in 

their experiments, but it was co-transfected with Plexin-Al and active Racl and cells 

therefore received continual stimulation over extended time periods. As desensitisation 

to semaphorin signalling is an accepted phenomenon any interactions resulting from 

semaphorin stimulation may have been lost (Vikis et al., 2000).

The Rac dependent nature of SemaSA induced collapse is counterintuitive as it 

contradicts previous evidence for the involvement of Rac in protrusive structures. It also 

casts doubt over the hypothesis that Rac and Cdc42 act to antagonise the functions of 

Rho during contractile processes.

Antagonism between R ndl and RhoD -  GST pull-down assays demonstrate that Plexin- 

A l and B1 associate with GTP-loaded Rndl, though conflicting data reduces the 

conviction of these results (Rohm et al., 2000b; Zanata et al., 2002). Rnd2 is found in
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complexes containing Plexin-B2, but not A l. RhoD also associates with Plexin-Al, but 

RhoA and RhoG do not (See Table 2).
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F ig u re  1.6 Schem atic  sum m arising  the involvem ent o f  R ho G TPases in Sem aSA and  Sem a4D  induced  

grow th cone collapse.

An interaction between Plexin-Al and Rndl is sufficient to induce growth cone collapse 

in the absence of SemaSA and NP-1, though Rndl alone does not cause collapse. This 

suggests that Rndl is an upstream activator of Plexin-Al signalling and supports 

previous evidence that collapse does not require input from NP-1. Binding o f RhoD 

inhibits this Rndl induced constitutive activation of Plexin-Al (See Figure 1.6). Rndl 

and RhoD may compete during their association with Plexin-Al as the interfaces with 

which they bind overlap. In neurons, ectopic RhoD expression prevents SemaSA 

mediated responses. Wild type and constitutively active RhoD (V26RhoD) block 

repulsion o f sympathetic neurons by SemaSA, w hilst dominant negative RhoD 

(NSlRhoD) has no effect (Zanata et ai, 2002). Active RhoA also inhibits the repulsive 

effects of SemaSA on sensory neurons, but this is difficult to interpret as it alters the
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basal state of the neuron (Liu and Strittmatter, 2001). These results demonstrate that an 

antagonism between the activities of Rndl and RhoD regulates growth cone collapse in 

response to SemaSA. The authors propose a model in which a balance of Rndl and 

RhoD activity finely tunes the levels of RhoA and Racl within a growth cone. This 

eventually determines the outcome of stimulation by SemaSA (Zanata et al., 2002). This 

data provides support for the hypothesis that GTPases may oppose one another during 

neural development.

Plexin-Bl signalling requires Racl and RhoA - Experiments in fibroblasts help resolve 

the contradiction of Rac’s involvement in a contractile process. A GTP dependent, direct 

interaction between Plexin-Bl and Racl has been demonstrated in vitro (See Figure 1.6) 

(Rohm et a l,  2000b; Vikis et al., 2000; Driessens et al., 2001). Plexin-B2 also binds to 

Racl, though Plexin-Cl and D1 do not. A partial CRIB motif (S amino acids) in the 

cytoplasmic tail of Plexin-Bl is essential for the interaction with Rac. Point mutations 

encompassing two of these residues, H and L (Plexin-Bl-LG and Plexin-Bl-GG) have 

no affect on this interaction, but mutation of a critical proline (Plexin-Bl-GGA) prevents 

the association of Plexin-Bl with Rac. These results highlight an unusual facet of the 

plexin family, namely that active GTPases interact with them directly. Usually, 

transmembrane receptors regulate GTPases via indirect associations, bridged by adaptor 

proteins or guanine nucleotide exchange factors. Curiously, the GTP dependence of this 

interaction and the presence of a partial CRIB motif in Plexin-B 1 are suggestive of a role 

for B plexins as effectors of Rac. Stimulation with Sema4D dramatically enhances the 

affinity of Plexin-Bl for Racl, though the interaction does occur in the absence of ligand 

activation (Rohm et a l, 2000; Vikis et al., 2000). In fibroblasts, Plexin-Bl clustering 

does not result in the formation of lamellipodia, implying a lack of activation of Rac, but 

instead results in a Racl and RhoA dependent assembly of actin:myosin filaments and 

cell contraction, suggesting that Rho is activated (Driessens et al., 2001). Supporting 

this, GST pull-down assays demonstrate that stimulation of Plexin-Bl with Sema4D 

does not result in activation of Racl (Swiercz et al, 2002). The activation of RhoA in 

fibroblasts occurs independently of the interaction between Plexin-Bl and Racl. 

Conflictingly, in pull-down assays Sema4D induced RhoA activation was unaffected by
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co-expression o f NlVRacl (Swiercz et al., 2002). Driessens et al propose a model 

whereby the sequestration o f active Racl by clustered Plexin receptors leads to the 

recruitment of a RhoGEF. This activates RhoA and thus the contractile machinery and 

causes growth cone collapse. This represents a unique method o f GTPase-dependent 

regulation of the actin cytoskeleton. Supporting this hypothesis, mutations in RhoA 

suppress a plex-B  gain o f function phenotype in Drosophila thus Plex-B mediates 

repulsion by activating RhoA (Hu et ai,  2001).
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Sema4D induced Rho activation requires direct interaction between Plexin-Bl and 

RhoA (See Figure 1.6). Unlike R acl, the association between Plexin-Bl and RhoA 

occurs independently of GTP (Hu et ai,  2001). Other groups fail to corroborate the 

existence o f this interaction (Vikis et a l,  2000). Sequential mutagenesis has defined a 

seven amino acid region within Plexin-Bl that is required for Racl binding. This is 

distinct from the RhoA interaction site demonstrating that the association o f Racl and 

RhoA with Plexin-Bl is non-competitive (Hu et a l ,  2001). Interestingly, it is the non

conserved variable linker within the SP domain of Plexin-Bl that is responsible for Racl
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binding. It is therefore likely that GTPase associations will vary between plexin 

subclasses. As the effector domain of Racl mediates the interaction with Plexin-Bl it is 

possible that Plexin-Bl may itself be a Racl target (Vikis et al, 2000).

Drosophila experiments demonstrate that at high molar excess the binding of Plex-B to 

Racl inhibits further signalling of Rac to its effectors (Hu et al., 2001). Supporting this, 

overexpression of Plex-B, but not a mutant lacking the Rac binding domain, enhances a 

dominant-negative Rac phenotype during motor neuron guidance. Furthermore, Plexin- 

B 1 out-competes PAK during Rac binding assays and inhibits the activation of PAK 

(Vikis et al., 2002). This enhances the theory that the increased affinity of B plexins for 

active Rac following Sema4D stimulation results in local sequestering of Rac and 

inactivation of the major Rac effector PAKl (Hu et al., 2001). This could prevent PAKl 

from activating LIMK, and may thus alter cytoskeletal dynamics.

Once again, these results illustrate that semaphorins may control axon guidance by 

simultaneously regulating the activity of a pair of GTPases (Hu et al., 2001). To confirm 

this it will be important to demonstrate that direct in vivo interactions between Racl and 

RhoA and the plexin B subfamily actually occur.

The plexin B subfamily and RhoGEFs - A precedent exists for the interaction of GEFs 

with growth cone guidance receptors. Ephexin (Eph-interacting exchange protein) is a 

novel GEF that interacts with the EphA4 receptor (Shamah et al., 2001). Overexpression 

of dominant negative ephexin in retinal ganglion cells significantly inhibits ephrin-A 

induced growth cone collapse. This indicates that ephexin may be a crucial component 

of Eph receptor mediated axon guidance.

The PDZ binding motif at the extreme carboxyl-terminal region of Plexin-Bl, B2 and 

B3 interacts constitutively with the PDZ domains of the GEFs PDZ-RhoGEF and 

leukaemia-associated RhoGEF (LARG) (Aurandt et al., 2002; Driessens et al., 2002; 

Swiercz et al., 2002). Together with pi 15Rho-GEF/Lsc, these proteins belong to a 

subfamily of Rho specific GEFs. PDZ-RhoGEF and LARG are expressed in the brain
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and are highly enriched in growth cones. The interaction between Plexin-Bl and these 

GEFs regulates exchange factor activity and leads to the activation of RhoA (See Figure 

1.6). Dominant negative PDZ-RhoGEF and LARG inhibit Sema4D induced growth cone 

collapse and neurite retraction in hippocampal neurons, thus these exchange factors are 

required for the collapse process (Swiercz et a i, 2002). As interactions between Plexin- 

B l and PDZ-RhoGEF or LARG are independent of Sema4D, a second activation step 

must occur in addition to ligand binding. Without this, RhoA will be constitutively 

activated in cells expressing Plexin-B 1.

PDZ-RhoGEF and LARG interact with the activated G a l2/13 subunits of heterotrimeric 

G-proteins through their regulator of G-protein signalling (RGS) domain (Fukuhara et 

al., 2000). This may constitutive a second means of activation for these GEFs and could 

additionally serve as a mechanism to detect coincident activation of Plexin-B 1 and G- 

protein coupled receptor pathways (Pasterkamp and Kolodkin, 2003). Interestingly, Gn 

and Gi3 have previously been shown to regulate the activation of RhoA in response to 

G-protein coupled receptor signalling (Fromm et al., 1997; Yu et al., 1998). Equally, the 

interaction between these GEFs and G a subunits may be an unrelated phenomenon. 

Plexin-Bl could instead regulate PDZ-RhoGEF and LARG by steric or allosteric 

hindrance, perhaps brought about by receptor clustering.

P lexin-B l and R n d l - Unlike Plexin-Al, it has been reported that Cos cells 

overexpressing Plexin-Bl do not collapse in response to stimulation with their ligand 

Sema4D. Collapse only occurs if the cells co-express Rndl or Rnd3 with Plexin-Bl. 

Rndl associates with the cytoplasmic tail of Plexin-Bl and this interaction is required 

for Sema4D induced collapse (See Figure 1.6) (Oinuma et al., 2003). This is in some 

ways analogous to the situation with Plexin-Al where Rndl converts Plexin-Al to a 

constitutively active receptor. Although Plexin-Bl is not constitutively activated, Rndl 

does facilitate its ability to cause collapse. Interestingly Plexin-B I-GGA, the CRIB 

motif mutant of Plexin-Bl that cannot interact with Racl, also fails to associate with 

Rndl. This implies that Rndl and Racl may compete for binding to Plexin-Bl and
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provides further parallels with the situation involving Plexin-Al, though competition 

there occurs between Rndl and RhoD.

Dominant negative RhoA (N19RhoA), the Rho kinase inhibitor Y-27632 and dominant 

negative PDZ-RhoGEF can all inhibit Rndl dependent Sema4D induced collapse. 

Contrastingly, NlTRacl cannot prevent this collapse. Rndl enhances the interaction 

between PDZ-RhoGEF and Plexin-B 1 and thus potentiates the activation of RhoA by 

Plexin-Bl. The significance of this is unclear as PDZ-RhoGEF and Plexin-Bl interact 

strongly in the absence of Rndl. One possibility is that Rndl may constitute part of the 

“second activation step” predicted to be necessary for the activation of PDZ-RhoGEF 

during Sema4D signalling.

Intrinsic GAP activity -  If guidance receptors work by modulating GTPases they may 

regulate GTPase activity. Evidence presented so far suggests that semaphorins 

functionally inactivate Rac by sequestering Rac.GTP. Guidance receptors may also 

utilise GAPs to achieve the same outcome. In cultured epithelial cells, slit-Robo GAPl 

(srGAPl) interacts directly with the cytoplasmic tail of Robo (Wong et al., 2001). Slit 

binding to Robo enhances the interaction between srGAP 1 and Robo and results in the 

inactivation of Cdc42. Furthermore in primary neurons Cdc42 is converted to its inactive 

form following exposure to slit. Finally, dominant negative srGAP blocks slit-mediated 

inactivation of Cdc42 and blocks the repulsive action of slit.

Semaphorins may also utilise GAPs. Within an isolated, short stretch of amino acids in 

its cytoplasmic tail, Plexin-Al shares identity with the Ras GAP proteins R-RasGAP 

(30%) and SynGAP (48%) (Rohm et al., 2000b). Although not high, this degree of 

homology is comparable to that seen between pl20RasGAP and SynGAP. Based on this 

and the knowledge that Plexin-Al associates directly with GTPases, it has been 

proposed that Plexin-Al may be the first transmembrane protein to contain intrinsic 

GAP activity. Taking this further, Puschel et al hypothesise that Plexin-Al acts as a 

GAP for Rndl. Despite numerous attempts, no intrinsic GAP activity has been 

confirmed experimentally. It is however possible to prevent Sema3A induced Cos cell
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collapse by mutating two conserved arginine residues within Plexin-Al that correspond 

to the invariant catalytic residues of R-RasGAP. These conflicting facts ensure that the 

significance of the homology between Plexin-Al and Ras GAPs remains a mystery.

Summary -  The involvement of GTPases during semaphorin signalling is clear. The 

ability of multiple GTPases to work in parallel within the growth cone is becoming a 

defining characteristic of semaphorin responses. In the future, the exact nature of this 

GTPase participation needs to be clarified. Surprisingly, despite numerous examples of 

GTPase involvement Swiercz et al are the only group to have demonstrated a net change 

in the level of an active GTPase, in their case RhoA, in response to semaphorin 

stimulation (Swiercz et al., 2002). This may reflect the possibility that only minute 

localised pools of GTPases alter their activation status in response to semaphorins. If 

this is the case, existing assays may be insufficiently sensitive to detect this change. 

Alternatively, less classical mechanisms of GTPase regulation, such as modulating 

subcellular localisation, may be critical during semaphorin responses.

1.6.3 The Semaphorin Receptor Complex

Plexins and neuropilins were believed to be the only semaphorin receptors until CD72, a 

Sema4D receptor and Tim-2, a Sema4A receptor, were discovered in the immune 

system. Since then, the semaphorin receptor complex has taken on a new dimension as 

increasing numbers of transmembrane proteins have been shown to interact with 

semaphorins and neuropilins. In the following sections, recently identified members of 

the neuronal semaphorin receptor complex will be described (See Figure 1.7).

1.6.4 Integrins

Vascular endothelial cells secrete autocrine inhibitory SemaSA signals (Serini et al., 

2003). As endothelial cells spread, Sema3A localises to nascent focal adhesion 

complexes and antagonises the function of integrins, a family of adhesion receptors. 

Semaphorins thus act as negative regulators of integrin activity during angiogenesis. 

This enables a degree of plasticity of adhesion to occur, allowing for subtle remodelling
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of vascular morphology. A similar autocrine secretion o f Sema3C is observed from 

cardiac neural crest cells. This facilitates remodelling of the aortic arches.

Ll-CAM

Plexin NP-1

Integrin OTK 
P subunit

Met

CD72 Tim-2

Ô
F ig u re  1.7 Schem atic  show ing  the transm em brane p ro te in s  that are curren tly  know n to partic ip a te  in 

sem aphorin receptor complexes.

A number of semaphorins including Sema3C, 4G and 7A have been found to contain an 

arginine-glycine-aspartate (RGD) sequence in their extracellular regions. This motif is 

frequently associated with the ability o f molecules to interact with integrins. The 

growth-promoting effects of Sema7A on the olfactory bulb have been shown to depend 

upon an interaction between an RGD-sensitive (31-type integrin subunit and Sema7A 

(See Figure 1.8) (Pasterkamp et a l ,  2003). In cultured neurons, Sema7A stimulation 

induces phosphorylation and activation of focal adhesion kinase (FAK) and mitogen- 

activated protein (MAP) kinases. These enzymes are typically activated by integrins. 

W hether or not plexins are also required for SemaTA induced responses in olfactory 

neurons remains to be seen. Currently, Plexin-C 1 is the only vertebrate plexin known to 

interact with Sema7A. Sensory neurons from Plexin-C 1 deficient mice are unaltered in 

their behaviour towards Sema7A. It therefore seems likely that this response in olfactory 

neurons represents the first example of a plexin-independent semaphorin function within 

the nervous system.

The crystal structures of the sema domains of Sema3A and 4D have recently been 

solved. Unexpectedly, in each case a variation o f a seven bladed (3 propeller topology
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was uncovered. This discovery reveals that at a structural level, semaphorins share 

conformational similarities with (3-integrins (Antipenko et a l, 2003; Jones Y, EMBO 

Conference 2003).

Previous evidence has shown that integrins attach neurons to their substratum. Based on 

this and data from endothelial cells, it seems conceivable that semaphorins may 

destabilise integrin based protrusions during growth cone collapse. To date no such 

pathway has been characterised. Less predictably, data from olfactory neurons 

demonstrates that integrins may play a more active role as part of a semaphorin receptor 

complex. This poses a number of interesting questions. Firstly, do other RGD containing 

semaphorins associate with integrins? Secondly, as integrins typically function as a/(3 

heterodimers, does an integrin a-subunit form part of this new semaphorin receptor 

complex? Thirdly, as semaphorins are better known for their ability to regulate the 

direction of neuronal motility, is integrin involvement restricted to decisions regarding 

growth, or can integrins also mediate choices relating to directionality? Finally, what is 

the significance of the structural similarity between |3-integrins and semaphorins?

1.6.5 The Immunoglobulin Superfamily of Cell Adhesion Molecules

LI is a transmembrane neural cell adhesion molecule of the immunoglobulin family of 

IgCAMs. The intracellular domain of LI interacts with the ankyrin family of spectrin 

binding proteins. This directly connects LI to the actin cytoskeleton. In addition, LI and 

NP-1 stably associate via their extracellular domains, forming a cell surface heterodimer 

(See Figure 1.8). Interestingly, NP-2 also interacts with a member of the IgCAM family, 

NrCAM (neural cell adhesion molecule) (Castellani V, EMBO conference). LI has been 

implicated in the promotion of contact dependent axonal fasciculation and neurite 

extension. Mutations in the human LI gene lead to an X-linked recessive neurological 

disorder. One of these pathological mutations, LI (LI20V), inhibits the association 

between LI and NP-1 (Castellani et a l, 2002).

The potential for cross talk between LI and Sema3A induced pathways is highlighted by 

the failure of explants of corticospinal tract neurons from LI deficient mice to respond 

to repulsive Sema3A signals (Castellani et al., 2000). This effect is specific to Sema3A
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as SemaSA invariantly repels retinal axons in growth cone collapse and substratum 

choice assays even in the presence of LI (Oster et al., 2003). It is tempting to speculate 

that LI may act as an anchor, mediating repulsion by attaching a NP-1 containing 

complex to the eytoskeletal machinery. Alternatively, LI may facilitate endocytosis of 

the receptor complex. The intracellular portion o f LI contains a clathrin recognition 

domain and LI and NP-1 are internalised following Sema3A addition. A model has been 

proposed whereby stimulation with Sema3A drives internalisation o f IgCAMs. This 

could release an adhesive component within a growth cone and allow collapse to occur 

(Castellani V, EMBO conference 2003).
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F ig u re  1.8 Schem atic  d ep ic ting  the invo lvem en t o f  m olecu les o th er than G TPases in sem aphorin  

signalling. Bright green circles represent phosphorylation.

Bathing wild type corticospinal tract slices in a soluble LI fragment converts Sema3A 

induced repulsion into attraction. The mutant LI (LI20V ) is unable to mediate this 

conversion, therefore soluble LI at least in part utilises NP-1 as its receptor (Castellani 

et ai., 2002). Interestingly, application of soluble LI is not sufficient to allow L l-
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deficient axons to become susceptible to Sema3A induced repulsion. This defect can 

only be rescued by transmembrane LI. These results present an interesting dichotomy: 

transmembrane LI is required for Sema3A induced repulsion yet soluble LI converts 

repulsion to attraction. Proteolytic cleavage by plasminogen or disintegrin 

metalloproteinases ensures that soluble LI occurs physiologically. Whilst 

transmembrane LI is an essential part of a receptor complex that mediates 

chemorepulsion, cleavage of LI may release a fragment that disrupts this complex. This 

would rationalise the ability of soluble LI to prevent repulsion, but fails to explain the 

conversion to attraction. This would be better explained by assuming that soluble and 

transmembrane LI act independently of one another. In this manner an LI fragment may 

be a chemoattractant for semaphorin responsive neurons and may stimulate signalling 

pathways that compete with transmembrane LI.

1.6.6 Tyrosine Kinases

The importance of tyrosine kinases for regulating growth cone guidance has been firmly 

established by the Eph receptor family. In early experiments tyrosine kinase inhibitors 

had little or no effect on Sema3A induced growth cone collapse (Jin and Strittmatter,

1997). The involvement of cytoplasmic tyrosine kinases has been re-evaluated in the 

light of several isolated pieces of information. Firstly, in the human kidney cell line 

BOSC-23, overexpression of plexins results in tyrosine phosphorylation of their 

cytoplasmic tail. Secondly, an unidentified tyrosine kinase activity immunoprecipitates 

with overexpressed plexins. Finally in mouse fibroblasts stimulation with platelet 

derived growth factor (PDGF) causes a major time dependent tyrosine phosphorylation 

of a plexin-like protein (Soskic et al., 1999). Recent work confirms the suspicion that 

both cytoplasmic and receptor tyrosine kinases are involved in Sema3A induced 

responses.

Off-track Kinase -  The transmembrane glycoprotein Off-Track kinase (OTK) 

constitutively associates with Plex-A, Plexin-A3 and Plexin-Bl (See Figure 1.8). OTK 

was identified through homology to the Trk family of receptor tyrosine kinases (Pulido 

et a l, 1992). Although it has all the structural hallmarks of a tyrosine kinase, mutations 

in several conserved residues make OTK catalytically inactive. In Drosophila, OTK loss
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of function mutants exhibit motor neuron guidance defects that resemble plex-A  and 

sem ala  phenotypes. Genetic suppression studies indicate that OTK  functions 

downstream of sem ala  (Winberg et al., 2001). OTK therefore constitutes another 

member of a semaphorin receptor complex but cannot account for the tyrosine kinase 

involvement.

The Met Receptor - In epithelial cells Sema4D triggers invasive growth, a biological 

programme that involves a combination of cell-cell dissociation, anchorage-independent 

growth and branching morphogenesis (See Figure 1.8) (Tamagnone and Comoglio, 

2000; Giordano et a l, 2002). This programme is also initiated by scatter factors. A 

direct, ligand independent interaction occurs between the extracellular regions of the 

scatter factor receptor tyrosine kinase Met and Plexin-Bl. This interaction is highly 

specific as Met fails to associate with plexins from any other subfamily. Cells lacking 

Met cannot trigger invasive growth in response to Sema4D unless exogenous Met is 

expressed. Stimulation with Sema4D activates the kinase activity of Met, which 

subsequently phosphorylates tyrosine residues in the cytoplasmic tail of Plexin-B 1. 

Simultaneous phosphorylation of Met in a Plexin-Bl dependent manner is observed. As 

the binding of Met to Plexin-Bl is ligand independent, the effect seen in response to 

Sema4D is likely to be the result of ligand binding driving oligomerisation and thus 

activation of the Met receptor. Sema4D stimulation therefore directly couples Plexin-Bl 

to a tyrosine kinase activity.

Phosphorylation of Met in response to Sema4D is critical for invasive growth in 

epithelial cells, but it is unclear whether or not this is required for alternative Sema4D 

induced responses. These results highlight the fact that Met can be activated either 

directly via binding of SF-1 or indirectly through recruitment to a Sema4D receptor 

complex. Though the outcomes of these respective activation methods appear 

superficially similar, further work will hopefully determine whether or not a different 

purpose underlies the existence of these parallel mechanisms. One possibility is that SF- 

1 and Sema4D may synergise to increase the amplitude of the response.

57



Fyn and CdkS -  Semaphorin induced responses require Fyn and Cdk5 activity as 

SemaSA induced collapse of cortical neurons is attenuated in Fyn and Cdk5 deficient 

mice (See Figure 1.8) (Sasaki et a i, 2002). The cytosolic Src family tyrosine kinase Fyn 

interacts with Plexin-Al and Plexin-A2 independently of its kinase activity. Cdk5 also 

associates with the semaphorin receptor complex in a Fyn dependent manner. SemaSA 

stimulation causes Fyn to simultaneously phosphorylate Plexin-A2 and Cdk5. Assuming 

that SemaSA signals to Fyn via plexins, it appears that Fyn acts both upstream and 

downstream of plexins, modulating their phosphorylation status and ability to 

phosphorylate Cdk5 respectively. Phosphorylation of Cdk5 is required for SemaSA 

induced growth cone collapse as a non-phosphorylatable mutant of Cdk5 has a dominant 

negative effect towards SemaSA induced collapse. Though the downstream targets of 

Cdk5 in this scenario are unknown, it is possible that Cdk5 may suppress PAK 

signalling. This would provide an interesting analogy with class B plexins (Nikolic et 

a i, 1998). Alternatively, as Cdk5 can phosphorylate the microtubule-associated protein 

Tau and through this cause destabilisation of microtubules, SemaSA may activate CdkS 

to regulate microtubule depolymerisation. Supporting this, Tau is phosphorylated in 

response to SemaSA stimulation (Sasaki et a l, 2002). Finally, as CdkS is a Rac effector, 

the requirement for CdkS may be related to the need for Rac activity during collapse.

Fes/Fps (Fes) tyrosine kinase -  The tyrosine kinase Fes is expressed in developing 

neurons and vascular endothelial cells and has been implicated in semaphorin signalling. 

SemaSA stimulation causes Fes to phosphorylate the cytoplasmic tail of Plexin-Al 

(Mitsui et a l, 2002). Similarly to Rndl, overexpression of Fes results in constitutive 

activation of Plexin-Al in Cos and DRG collapse assays. This requires the kinase 

activity of Fes as a kinase dead Fes mutant inhibits SemaSA induced collapse. In the 

absence of SemaSA, NP-1 can prevent Fes from associating with Plexin-Al. NP-1 

therefore inhibits signalling from Plexin-Al in this context. Previously, Fes has been 

shown to induce transformation of fibroblasts in a Ras, Rac and Cdc42 dependent 

fashion (Li and Smithgall, 1998). It is possible that Fes activity may somehow be 

associated with the involvement of GTPases in semaphorin signalling.
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1.6.7 MICAL (Molecule Interacting with Cas Ligand)

A yeast-2-hybrid screen using a Drosophila embryonic library isolated Drosophila 

MICAL (dMICAL) as a Plex-A interacting protein. MICALs are a group of conserved 

flavoprotein monooxygenases that form a subfamily of the oxidoreductase family of 

enzymes. The plexin interacting region of dMICAL contains a predicted heptad-repeat 

coiled-coil structure which shares homology with a region of the alpha domain found in 

ERM (ezrin, radixin and moesin) proteins. MICALs also contain modules known to 

associate with actin, intermediate filaments and eytoskeletal adaptor proteins. These 

include a LIM domain and a calponin homology domain. MICALs therefore appear to 

be perfectly placed to connect plexins to the actin cytoskeleton.

dMICAL interacts genetically with sem ala  and plex-A. dMICAL is expressed in 

D rosophila  embryonic motor and CNS axons in a similar pattern to Plex-A. 

Heterozygosity of dMICAL, plex-A or semala alone does not incur axon guidance 

defects, yet embryos heterozygous for MICAL and either plex-A  or sem ala  exhibit 

phenotypes similar to plex-A/semala  heterozygous embryos, with comparable 

penetrance. In addition, MICAL loss or gain of function mutants exhibit highly penetrant 

fasciculation and innervation phenotypes almost identical to those seen in semala  and 

plex-A mutants (Winberg et a l, 1998; Yu et a i, 1998; Terman et a l,  2002). These 

results imply that MICAL primarily functions to transduce Plex-A signals.

The conserved N-terminal region of MICAL contains a flavoprotein monooxygenase 

domain that utilises FAD as a coenzyme. Flavoprotein monooxygenases catalyse the 

oxidation of substrates and sometimes function as oxidases generating reactive oxygen 

species (Pasterkamp and Kolodkin, 2003). Epigallocatechin gallate and Epicatechin are 

small molecular inhibitors of flavoprotein monooxygenases. They neutralise the 

repulsive effect of vertebrate SemaSA in a dose dependent manner. Selective inhibitors 

of other redox enzymes do not have this effect. This confirms that the enzymatic activity 

of MICAL is required for plexin signalling, but the substrate for this reaction remains 

elusive. MICALs may indirectly cause a local increase in the concentration of reactive 

oxygen species within a growth cone or they may use redox changes to directly regulate

59



proteins. As direct oxidation of actin is known to promote depolymerisation actin may 

be a good candidate to begin with. (Pasterkamp and Kolodkin, 2003).

The involvement of redox reactions in semaphorin signalling is further supported by 

evidence that the eicosanoid 12/15-lipoxygenase (12/15-LO) is synthesised during 

semaphorin mediated growth cone collapse in DRG neurons (Mikule et al., 2002). 

12/15-LO appears to be sufficient for mechanical collapse as collapse is induced by 

exogenous application of its product 12(S)-hydroperoxyeicosatetranoic acid (HEPE). 

Interestingly, growth cones treated with SemaSA and a 12/15-LO inhibitor remain 

spread despite loss of the actin cytoskeleton. This demonstrates that at least in some 

scenarios, actin depolymerisation alone is insufficient for axonal collapse.

MICAL may be important for the ability of SemaSA to promote cellular disadhesion by 

antagonising integrin signals at focal adhesion complexes. MICALs associate with cas 

ligand (CasL), an adapter protein that functions downstream of FAK on a pathway 

promoting integrin mediated motility. In migrating cells, localised Rac activation leads 

to the formation of actin based extensions that are stabilised by nascent focal complexes. 

New integrin contacts signal through FAK via CasL and the GEF DocklSO to activate 

Rac. A positive feedback loop is formed that maintains adhesion and membrane 

extension at the leading edge of a cell. Following plexin activation, MICALs could 

compete with FAK for binding to CasL and thus uncouple this positive loop.

1.6.8 LIM kinase

The requirement for Rac in SemaSA induced collapse may reflect a need to promote 

actin reorganisation by regulating LIMK activity and cofilin phosphocycling. Levels of 

cofdin phosphorylation within a growth cone rapidly increase then gradually decrease in 

response to SemaSA stimulation. This change correlates temporally with an initial 

assembly and subsequent disassembly of filamentous actin (Aizawa et a l, 2001). The 

transient phosphorylation and dephosphorylation observed implies that both a kinase and 

phosphatase specific for cofilin work together to bring about an increased rate of actin 

filament turnover in response to SemaSA. Although no phosphatase has been identified.
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LIMKl activity is required for SemaSA induced collapse. A synthetic cell-permeable 

peptide that interferes with the binding of LIMK 1 to cofilin inhibits SemaSA mediated 

collapse of DRG neurons. In addition, a dominant negative LIMKl that fails to be 

activated by PAK or ROCK suppresses SemaSA induced collapse (Aizawa et a l, 2001). 

LIMKl is therefore necessary for collapse, but is not sufficient, as constitutively active 

and dominant negative LIMKl mutants leave growth cone morphology unaffected. 

These results make it increasingly evident that different semaphorins mediate repulsion 

via different mechanisms. Whilst SemaSA requires LIMK activity, Sema4D appears to 

sequester Rac to prevent it from activating downstream signalling molecules including 

LIMK. These distinctions are less clear if the requirement for activation of RhoA during 

Sema4D induced collapse is considered. As RhoA can also signal to LIMK, it is possible 

that different semaphorins may use different methods to achieve similar means.

1.6.9 Collapsin Response Mediator Proteins (CRMP/TOAD/Ulip/TUC/DRP)

CRMP’s are a family of five cytosolic phosphoproteins that were identified through an 

expression screen searching for proteins mediating semaphorin signalling (Goshima et 

al., 1995). CRMPs are found in the nervous system and are upregulated during 

development. They are involved in neuronal differentiation and axonal guidance. 

CRMPs are reported to be an intracellular component of a signalling cascade initiated by 

Plexin-Al as anti-CRMP antibodies prevent SemaSA induced collapse in DRG neurons 

(Goshima et al., 1995; Nakamura et al., 1998). In addition, deletion or overexpression of 

the C.elegans CRMP orthologue Unc-33 results in severe axon guidance errors and 

abnormalities in the neuronal microtubule cytoskeleton (Quinn et al., 1999; Gu and 

Ihara, 2000). As a result of this and evidence that CRMPs associate with microtubule 

bundles, it has been proposed that CRMPs may regulate microtubule dynamics in 

response to SemaSA signals (Gu and Ihara, 2000; Liu and Strittmatter, 2001). It is likely 

that the kinase Fes regulates the activity of CRMP as stimulation with SemaSA causes 

Fes to phosphorylate CRMP. Fes directly associates with CRMP-2 and this association 

is required for SemaSA induced collapse. Fes therefore provides a molecular link 

between plexins and CRMPs.
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The functions of CRMPs are not limited to regulating microtubule dynamics. They also 

directly associate with neuronal phospholipase D(2) (PLD(2). This inhibits the activity of 

PLD(2) in a concentration dependent manner (Lee et al., 2002). As stimulation with 

SemaSA leads to inhibition of PLD(2) activity, semaphorin signalling may promote the 

associate of CRMPs with PLD(2).

Finally, CRMPs are compartmentalised into membrane microdomains known as lipid 

rafts. The integrity of these rafts is essential for the maintenance of growth cones. 

Depletion of cholesterol from neuronal cultures disrupts lipid rafts and causes 

widespread growth cone collapse and rapid redistribution of punctate CRMP-4 staining 

into larger patches (Rosslenbroich et al., 2003). It will be interesting to investigate 

whether or not semaphorin signalling requires plexins to be localised to specific 

membrane subdomains.

1.6.10 GSK-3

Glycogen synthase kinase (GSK)-3 is a serine/threonine kinase that is inactive when 

phosphorylated. In cells, GSK-3 is predominantly found in an unphosphorylated, active 

form. Phosphospecific antibodies demonstrate a differential localisation between active 

and inactive pools of GSK-3 in DRG neurons. Inactive GSK-3 is enriched in filopodia 

and lamellipodia at the leading edge of migrating neurons (Eickholt et al., 2002). 

Treatment of DRG explants with Sema3A causes inactive GSK-3 to be 

dephosphorylated and thus activated. GSK-3 is necessary for Sema3A induced growth 

cone collapse as the GSK-3 inhibitors LiCl, SB-216763 and SB-415286 all prevent 

Sema3A mediated responses (See Figure 1.8). A reduction in the phosphorylation of 

GSK-3 in DRG neurons is also observed in response to addition of two selective PI3- 

kinase inhibitors, wortmannin and LY294002. PI3-kinase activity is therefore needed to 

maintain GSK-3 in an inactive state in these neurons (Eickholt et al., 2002). Activation 

of GSK-3 is not sufficient to drive collapse as PI3-kinase inhibitors do not alter growth 

cone morphology. These results demonstrate that a specific compartmentalisation of 

inactive GSK-3 is required to maintain the uncollapsed state of DRG neurons. Sema3 A 

induces collapse in part by stimulating the kinase activity of GSK-3 but these
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experiments do not address the purpose of this activation. It is possible that GSK-3 may 

regulate the microtubule cytoskeleton as it has been previously established that GSK-3 

activity can influence microtubule dynamics. Existing data does not favour this 

hypothesis as it has been reported that stabilising microtubules using taxol does not 

interfere with rapid DRG collapse.

1.6.11 Bi-directional Signalling

The phrase ‘bi-directional signalling’ refers to the events that happen when the contact 

between a receptor-expressing cell and a ligand-expressing cell triggers signalling events 

in both cells. This type of communication blurs the distinctions between ligands and 

receptors and is often referred to as ‘forward and reverse signalling’ (Grunwald and 

Klein, 2002). With respect to axon guidance, this phenomenon was first associated with 

ephrins. Upon binding to their respective receptors ephrin-B ligands become tyrosine 

phosphorylated (Holland et al., 1996). Ligands capable of reverse signalling only utilise 

this ability in certain situations. For example, the cytoplasmic domain of ephrin-B2 is 

required during branchial arch morphogenesis but is not necessary for the regulation of 

neural crest migration (Adams et al., 2001).

It has been suggested that transmembrane semaphorins may signal bi-directionally. This 

proposition stems mainly from the discovery that a number of proteins associate with the 

cytoplasmic tails of these semaphorins. Whether these interactions truly represent 

reverse signalling remains to be seen. It is equally possible that proteins that associate 

with the cytoplasmic tail of semaphorins may form part of the regulatory machinery that 

modulates forward signalling from these ligands. The carboxyl-terminal four amino 

acids of class 4 semaphorins contain a PDZ binding motif. In neurons, the cytoplasmic 

tails of Sema4C and 4D associate with the PDZ domain containing proteins SBMCAP-1, 

2 and 3 (Cai and Reed, 1999; Wang et al., 1999; Inagaki et al., 2001). Studies in 

HEK293 cells suggest that SEMCAP-1 regulates the subcellular localisation of Sema4C, 

inducing it to cluster on the cell surface. This may modulate the efficiency of Sema4C as 

a ligand or alternatively it may drive signal transduction within the Sema4C expressing 

cell. SEMCAP-1 was independently identified as NIP (neuropilin interacting protein).
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NIP interacts with the carboxy terminal PDZ binding motif within NP-1. This presents 

the interesting possibility that SEMCAP-1 may induce multimerisation of NP-1 and 

thereby regulate the activity of semaphorin receptor complexes. As the tail of NP-1 is 

not required for SemaSA induced collapse, any regulatory capacity attributed to NP-1 

cannot be critical for SemaSA activity. Instead it may act to finely tune SemaSA 

signalling.

The transmembrane semaphorin SemaôA selectively binds to EVL (enabled/VASP-like 

protein) via its zyxin-like carboxyl-terminal domain (Klostermann et al., 2000). EVL is 

the third member of the ena/VASP family of proteins. An enabled binding motif is 

present within the analogous region of Semala. This region is required both pre- and 

post-synaptically during synapse formation in the Drosophila adult giant fiber system 

(Godenschwege et al., 2002). The reason for EVL binding is unknown in each case.

B-cell differentiation provides the best example of the involvement of the cytoplasmic 

tail of a transmembrane semaphorin in a physiological process. In activated B-cells the 

cytoplasmic tail of Sema4D interacts with a protein tyrosine phosphatase (PTP). The 

PTP associated with Sema4D varies as the differentiation state of the B-cell advances 

(Billard et a l, 2000). In early stages, the PTP CD45 interacts with Sema4D. During 

terminal differentiation this association is lost and an unidentified PTP joins the receptor 

complex.

1.7 THE REGULATION OF SEMAPHORIN ACTIVITY

The previous sections reviewed the signal transduction pathways induced by semaphorin 

stimulation. Within neurons, elaborate extrinsic and intrinsic regulatory mechanisms 

exist to ensure that each guidance cue elicits the right response from the right axon at the 

right time. These enable a growth cone to respond to the same cue in different ways at 

different times along its journey and provide a degree of plasticity to pathfinding. 

Commissural neurons provide a good example of this. Prior to crossing the midline they 

are insensitive to repulsive semaphorins. After crossing a switch in sensitivity occurs
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and the neurons become responsive to semaphorin stimulation (Zou et a l, 2000). These 

regulatory mechanisms take many forms. Signalling may be hierarchical with one 

guidance cue silencing another. Receptors may be physically activated by proteolysis or 

conformational change. Adaptation may occur, lessening the effect of a signal with time. 

Access to ligands may be limited by temporal and spatial regulation of receptors and 

finally individual responses may depend upon coincident signalling by other molecules. 

The following pages will expand upon the regulatory mechanisms that control 

semaphorin signalling. Hopefully, understanding these processes will help us to 

determine how guidance cues function together in their true biological context.

1.7.1 Transcriptional Regulation

Genetic screens commonly identify transcription factors as modulators of guidance cues 

(Yu and Bargmann, 2001). Transcriptional regulation of ligands and receptors confers 

tissue specific, temporal controls on axon guidance. For example, cells in C. elegans that 

are repelled by netrin sources are exposed to netrin continuously throughout their lives. 

Specific expression of the netrin receptor UNC-5 at the time the guidance decision is 

made ensures that correct pathfinding occurs (Su et al., 2000). Transcriptional 

mechanisms regulating semaphorin expression are poorly understood, but the promoter 

region of SemaSB contains a p53 binding site (Ochi et a l, 2002). Introduction of p53 

into a glioblastoma cell line (U373MG) that lacks wild-type p53 induces dramatic 

expression of Sema3B mRNA. In addition, genotoxic stresses including UV irradiation 

and adriamycin treatment induce expression of endogenous Sema3B in a p53 dependent 

manner. Semaphorin expression can therefore be driven by environmental factors.

Transcriptional regulation allows alternative splicing of guidance factors to occur. 

EphA7 mediates neural tube closure via an adhesive interaction, unlike the repulsive 

responses commonly seen for the ephrin-A family (Holmberg et al., 2000). An 

alternatively spliced form of EphAT that lacks the tyrosine kinase domain and 

suppresses tyrosine phosphorylation of full-length EphA7 mediates this adhesive event. 

Loss of catalytic activity shifts the balance from repulsion to adhesion. Different splice 

variants of Plexin-Bl and Sema6B are expressed during development. Computational
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analysis predicts that short and long splice variants of SemaôB represent secreted and 

transmembranous semaphorins respectively (Correa et al., 2001). These may induce 

different behaviours in the cells they stimulate. Splice variants of neuropilins are 

especially important. They include naturally soluble neuropilins that bind semaphorins 

and antagonise their equivalent transmembrane receptors. This can therefore silence 

semaphorin signalling.

1.7.2 Protein Translation and Degradation

In vivo, retinal axon growth cones severed from the cell body survive for up to 3 hours 

and continue navigating correctly towards the tectum (Harris et al., 1987). In vitro 

isolated growth cones live for 2 hours and respond correctly in turning assays (Campbell 

and Holt, 2001a). These results imply that turning requires only those proteins and 

mRNAs in the growth cone itself. Transport from the cell body is unnecessary.

The growth cones of Xenopus  retinal axons contain mRNA, ribosomes and the 

machinery required for proteasome-mediated protein degradation. Radiolabelling 

experiments demonstrate that SemaSA and netrin-1 activate translation initiation factors 

and induce rapid local protein synthesis in cultured retinal axon growth cones. Unlike 

netrin-1 however, SemaSA does not induce a rapid rise in the levels of ubiquitin tagged 

proteins destined for proteasomal degradation. Consistent with this, inhibitors of protein 

degradation do not affect SemaSA induced repulsion. Blocking translation on the other 

hand immediately prevents axon turning in response to SemaSA, but importantly leaves 

neuronal growth unaffected.

Campbell and Holt favour the idea that the asymmetric, rapid local synthesis of proteins 

within the growth cone directly mediates the repulsive response of SemaSA (Campbell 

and Holt, 2001a). This would place protein synthesis as a direct link between 

extracellular cues and collapse. Alternatively, regulatory mechanisms such as protein 

synthesis may enable neurons to maximise their sensitivity to ligand gradients (Ming et 

al, 2002). Locally adjusting levels of receptors and signalling molecules may ensure that 

growth cones maintain responsiveness to subtle differences in relative ligand
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concentrations (Dickson, 2002b). Extending this idea, synthesis induced by SemaSA 

could potentially alter the responsiveness of a growth cone to other guidance cues. This 

could provide a temporal, sequential regulation of growth cone sensitivity. This fits well 

with the knowledge that the majority of axons sense multiple guidance cues throughout 

their journeys.

1.7.3 Endocytosis

Robo provides an excellent example of a guidance factor that is regulated by vesicular 

trafficking. In Drosophila, most axons cross the midline once and then Robo repels them 

from recrossing. Robo is present throughout midline crossing but it is transiently 

inactivated by commissureless, which sequesters it in internalised vesicles during 

midline crossing (Seeger et al., 1993; Kidd et a l, 1998).

Endocytosis is also important for semaphorin signalling pathways. SemaSA induced 

collapse of DRG neurons is a transient process. Sixty minutes after stimulation, growth 

cones recover their spread morphology. At this time, the SemaSA-containing culture 

medium from these neurons can still induce collapse when placed on fresh growth 

cones. Degradation of SemaSA is therefore not responsible for this desensitisation. 

Instead, growth cones are believed to utilise endocytosis to cell autonomously regulate 

semaphorin receptor levels at the cell membrane.

It has been proposed that SemaSA stimulates endocytosis, causing internalisation and 

downregulation of semaphorin receptors. In DRG neurons, discrete membrane and 

vacuolar sites of SemaSA induced endocytosis have been shown to colocalise with NP- 

1, Plexin-Al and Racl (Fournier et al., 2000). In addition, an increase in FITC dextran 

uptake demonstrates that SemaSA enhances Racl dependent fluid-phase endocytosis 

(Fournier et al., 2000; Jumey et al., 2002). Dextran uptake also increases in RGCs in 

response to the repulsive guidance cue ephrin-A5. Endocytosis regulates the availability 

of signalling components at the cell surface. It is not a secondary consequence of growth 

cone collapse as cytochalasin B, a drug that induces collapse by preventing actin

67



polymerisation, does not induce endocytosis. This also tells us that endocytosis is not 

directly required for the collapse process.

Plexin localisation at the cell surface is regulated by sequences in the cytoplasmic 

domains of the receptor. A deletion mutant of Plexin-B 1 that is unable to interact with 

PDZ-RhoGEF is inefficiently targeted to the cell surface (Swiercz et al., 2002). Co

expression of Plexin-Bl with PDZ-RhoGEF or LARG increases the proportion of 

Plexin-Bl at the cell membrane. This implies that these GEFs regulate the availability of 

Plexin-Bl at the cell surface in addition to activating RhoA in response to Sema4D 

stimulation. GTPases also regulate trafficking of Plexin-Bl to the cell membrane. The 

interaction between Rac.GTP and Plexin-Bl increases cell surface levels of Plexin-Bl 

and slightly enhances its affinity for Sema4D (Vikis et a l, 2002). Supporting this, the 

Rac binding mutant Plexin-Bl-GGA is deficient in its ability to reach the surface and 

bind Sema4D. Whether Rac.GTP increases targeting of Plexin-Bl to the membrane or 

decreases Plexin-Bl internalisation is yet to be determined. These results demonstrate 

that a positive feedback loop exists in which Sema4D enhances the binding of Plexin-B 1 

to Rac and Rac subsequently increases the association between Plexin-Bl and Sema4D. 

To date, the mechanism through which this cycle is broken remains a mystery. 

Internalisation and downregulation of the bound ligand:receptor complex remains a 

distinct possibility.

Extrapolating these ideas, any molecule that modulates Racl activity may be able to 

alter the responsiveness of a cell to Sema4D. This presents another mechanism via 

which individual guidance cues may regulate the sensitivity of a neuron towards other 

guidance factors. This would be extremely complicated as altering Racl levels could 

affect a huge range of signalling pathways. Interestingly, dominant negative and 

constitutively active Racl have no effect on the surface localisation of NP-1 or Plexin- 

Al (Vikis et a l, 2002). The ability of Racl and PDZ-RhoGEF to regulate endocytosis in 

during semaphorin signalling is specific to plexin B family members. Despite this, 

endocytosis may still regulate class A plexins. NIP (neuropilin interacting protein) has 

been implicated in clathrin-coated vesicular trafficking. It may act as an adapter.
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coupling NP-1 to the membrane trafficking machinery in the growth cone. Although it 

has been mentioned previously that the cytoplasmic tail of NP-1 is not required for 

collapse, if NIP facilitates down-regulation of SemaSA signalling, a tailless NP-1 mutant 

would still be expected to mediate collapse. Instead, this mutant needs to be tested in the 

context of the recovery of cells from SemaSA induced collapse. If the above model were 

true, cells would be expected to be unable to desensitise to SemaSA induced signals.

1.7.4 Receptor Autoinhibition

Takahashi et al demonstrate that deletion of a portion of the extracellular domain of 

plexins results in a conformational change that activates receptor signalling. Mutants of 

Plexin-AI or A2 lacking either the sema domain (Plexin-Al ASEM) or the whole 

extracellular region (Plexin-AlABCT) are constitutively active when introduced into 

Cos cells or primary DRG neurons (Takahashi and Strittmatter, 2001). The deleted 

region appears to have an autoinhibitory capacity as co-transfection of the sema domain 

alone returns Plexin-Al ASEM to its inactive state. It has been proposed that in the 

absence of SemaSA, the extracellular domain of plexins brings about a steric hindrance 

that inhibits receptor function. This occurs through an intramolecular interaction 

between the Sema domain and the juxtamembrane region of Plexin-Al. Interestingly 

Plexin-ASAECT is not constitutively active. Sequence comparisons may prove 

illuminating when trying to understand the mechanics of autoinhibition.

In the simplest model, SemaSA must displace the intramolecular interaction to relieve 

the autoinhibition. This is supported by evidence that co-expression of the sema domain 

inhibits collapse mediated by full length Plexin-Al. The sema domain and 

juxtamembrane region of Plexin-Al independently associate with NP-I. SemaSA 

interacts with NP-1 via another distinct site. At resting state, the intramolecular 

interaction within Plexin-Al and the association of NP-1 with the two sites within 

Plexin-Al occurs concurrently. Binding of SemaSA may cause NP-1 to physically pull 

apart this intramolecular interaction and therefore remove the autoinhibition. It is not 

clear how releasing this inhibition translates to activation of Plexin-Al (See Figure 1.9). 

A conformation change may be transmitted intramolecularly across the lipid bilayer, or
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the now free extracellular domain o f Plexin-A l may associate with another 

transmembrane protein. In the light of evidence that NP-1 can prevent the binding of Fes 

to Plexin-Al and inhibit signalling in this manner, the act o f NP-1 releasing the 

autoinhibitory interaction must also serve to allow Fes to bind Plexin-Al. Finally, as no 

such intramolecular interactions have been discovered within class B plexins, the 

mechanisms that regulate individual plexin subfamilies must once again differ.

1.7.5 Proteolysis

Proteolytic cleavage of guidance factors can inhibit or facilitate signalling. In the case of 

plexins, the latter is true. It is likely that proteolytic cleavage will be required for 

signalling in situations where transmembrane ligands mediate repulsive responses. 

These high affinity receptordigand interactions generate adhesive forces that must be 

overcome before repulsion can occur. For ephrins, proteolytic cleavage is absolutely 

necessary for this disadhesion step (Hattori et al., 2000).

(a)

P lexin-A l + NP-1

IN AC TIVE

(b)

P lexin-A l + NP-1 

+ SemaSA  

ACTIV E

(c)

P lexin-A l
ASEM

ACTIV E

(d)

Plexin-A l
AECT

A CTIV E

Figure 1.9 R ecep to r au to inh ib ition  (a) A n in tram olecu lar in teraction  in the ex trace llu la r dom ain  o f  

P lexin -A l m aintains the receptor in an inactive state, (b) B inding o f  Sem aSA stim ulates N F-1 to p u ll apart 

the in tram olecular interaction. This results in activation o f  P lex in -A l. (c) D eletion o f  the sem a dom ain o f  

P lex in -A l leads to constitu tive activation o f  the receptor, (d) D eletion o f  the entire ectodom ain o f  P lexin- 

A l  leads to constitutive activation o f  the receptor.
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Proprotein Convertases - The extracellular domains of Plexin-B 1 and Plexin-B2, but no 

other mammalian plexins, contain a putative consensus cleavage site for subtilisin-like 

proprotein convertases. This tetrabasic amino acid motif is located close to the 

transmembrane domain in the extracellular portion of the molecule. Plexin-Bl is 

synthesised as a 300 kDa single chain precursor. Proteolytic cleavage by proprotein 

convertases leads to the formation of a non-disulphide linked heterodimer consisting of a 

200 kDa a  subunit (the amino-terminal fragment) and a 100 kDa (3 subunit (the 

transmembrane and cytoplasmic region of Plexin-Bl). Plexin-Bl is only cleaved upon 

arrival at the cell surface. Supporting this, deletion mutants of Plexin-Bl that fail to 

interact with PDZ-RhoGEF or Rac 1 are found predominantly as single chain precursor 

proteins. Whether this is the result of inefficient membrane targeting known to occur in 

these mutants, or whether interactions with PDZ-RhoGEF and Racl are required for 

proteolysis is unclear. Evidence favours the latter as the small amount of receptor that 

does reach the membrane remains uncleaved. In this case, it has been suggested that 

Racl and/or PDZRhoGEF may target Plexin-Bl to specific membrane microdomains. In 

vivo, Plexin-Bl is found predominantly as a truncated protein of 100 kDa. The cleaved 

subunits are more readily detectable at the cell surface than full-length Plexin-Bl. 

Collapse assays in NIH-3T3 fibroblasts demonstrate that cleavage significantly increases 

both the affinity of Sema4D for Plexin-Bl and the functional responses that this 

interaction incurs (Artigiani et al., 2003).

Matrix Metalloproteases - Proteolytic processing by metalloproteases regulates the 

activity of Sema3A and Sema4D (Gaiko and Tessier-Lavigne, 2000; Elhabazi et a l, 

2001). Processing of Sema3A by a furin protease achieves one of two opposing 

outcomes. The repulsive activity of Sema3A is increased by cleavage at a site near the 

carboxyl-terminus whereas cleavage within the sema domain results in the inactivation 

of Sema3A (Adams et al., 1997). During lymphocyte activation, cleavage of Sema4D by 

metalloproteases results in the shedding of a 120 kDa soluble fragment from the cell 

surface (Kumanogoh and Kikutani, 2001). This cleavage is dependent upon serine 

phosphorylation of the cytoplasmic tail of Sema4D. Proteolysis of Sema4D enables it to 

function both as a short and a long-range guidance cue.
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1.7.6 Receptor Oligomerisation

Multimerisation is an essential step in the activation of many classes of signalling 

receptors. Where studies have been undertaken this principle holds true for guidance 

factors. DCC receptors cluster in response to netrin engagement, whilst Eph receptors 

form tetrameric complexes following ephrin binding (Davis et a l, 1994; Stapleton et a l, 

1999; Himanen et a l, 2001; Stein et a l, 2001). Tetramerisation results in activation of 

the intrinsic tyrosine kinase activity of Eph receptors. Subsequent autophosphorylation 

facilitates the docking of signalling molecules and thus the pathway is activated. 

Oligomerisation represents a classic method of receptor activation. As dimérisation of 

SemaSA is required for growth cone guidance, plexins are likely to cluster in response to 

semaphorin stimulation. Indeed, by immunofluorescence this is exactly what is 

observed. Despite this, the involvement of oligomerisation in semaphorin signalling 

remains largely unproven.

1.7.7 Combinatorial Complexes

The promiscuity of semaphorins has been touched on previously in this introduction. An 

ever increasing number of semaphorin receptors and co-receptors are being identified. 

As these receptors often form heteromeric interactions, the number of combinations of 

receptor complexes available to mediate semaphorin signalling is escalating 

dramatically. In response to an individual semaphorin, diverse combinations of receptors 

can induce different outcomes at different times. In addition, alternative co-receptors 

enable individual plexins to respond to an expanding repertoire of semaphorins. 

Combinatorial receptor complexes may serve to establish ligand specificity, stabilise 

receptor expression or modulate the amplitude of a response. Finally, heteromeric 

receptor complexes provide the growth cone with the possibility of simultaneously 

integrating information from a number of different signalling pathways. This hopefully 

enables a single decisive outcome to be reached.
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1.7.8 Cyclic Nucleotides

Altered intracellular levels of the second messenger cyclic guano sine monophosphate 

(cGMP), or its substrate protein kinase G (PKG) can dramatically change a growth 

cones perception of its environment. Lower cGMP levels or inhibition of PKG favours 

repulsion, whereas the converse favours attraction (Ming et al., 1997; Bagnard et al., 

1998; Songe/fl/., 1997).

The bifunctional capacity of semaphorins to elicit both repulsive and attractive 

behaviours has been well documented. Responsibility for the opposing orientations of 

axons and dendrites in the developing cortex lies partially with cGMP. SemaSA attracts 

the apical dendrites of pyramidal neurons towards the cortical plate but repels their 

axons away from it. An asymmetric gradient of cGMPs within the cortex acts as the 

primary determinant of the nature, whether attractive or repulsive, of the response of 

these cells to SemaSA. Spatial compartmentalisation ensures that cGMP is present in the 

dendrites and absent from the axons. This provides the first example of cyclic 

mononucleotides modulating axon guidance in a physiological setting (Polleux et al., 

2000).

In vitro, the activation of the cGMP pathway can also convert SemaSA induced 

repulsion to attraction in Xenopus spinal neurons (Song et al., 1998). In the presence of 

the pharmacological cGMP analogue 8-Br-cGMP growth cones are attracted rather than 

repelled by SemaSA. This switch in responses is cell type specific as 8-Br-cGMP 

prevents SemaSA induced repulsion but does not convert it to attraction in rat DRG 

neurons (Nakamura et al., 2000). These results demonstrate that cGMP acts as a cell 

intrinsic regulator of semaphorin signalling. It is possible that the cGMP substrate 

cGMP-dependent protein kinase I (cGKI) may mediate the ability of cGMP to switch 

repulsion to attraction. In vitro studies have revealed that activation of cGKI in DRG 

neurons counteracts SemaSA induced growth cone collapse (Schmidt et al., 2002). As 

cGKI is known to phosphorylate and inactivate RhoA, it is possible that this effect may 

partly result from inhibiting a RhoA induced contractile activity (Sawada et al., 2001).
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Experimentally, changes in cGMP levels have predominantly been achieved through 

pharmacological intervention. The physiological ligands that mimic some of these 

effects have only recently been identified. They include the immunoglobulin family 

member LI and the chemokine stromal cell derived factor-1 (SDF-1).

The previously mentioned ability of LI to convert SemaSA induced repulsion to 

attraction may imply a capacity to modulate levels of concomitant cGMP activation. 

Consistent with this model, the ability of soluble LI to switch the response to SemaSA 

in neurons is prevented by the presence of cGMP inhibitors (Castellani et al., 2000). The 

association of soluble LI with NP-1 activates nitric oxide (NO) synthase and cGMP 

gyanylyl cyclase. This increases cGMP levels and provides an explanation for the ability 

of LI to convert repulsion to attraction (Castellani et a l, 2002).

SDF-1 reduces the repulsive activities of SemaSA and SemaSC towards DRG and 

sympathetic neurons respectively (Chalasani et ah, 200S). SDF-1 itself has no influence 

on these neurons. It is just reducing the axonal responsiveness to semaphorins. SDF-1 

binds to the G-protein-coupled receptor CXCR4. This elevates cAMP levels and inhibits 

the activity of RhoA. Interestingly, in these chick experiments it is cAMP instead of 

cGMP that regulates semaphorin activity, but this just follows a strong precedent for the 

involvement of cAMP in modulating axon guidance responses. The ability of 

chemokines to modulate semaphorin activity makes us question our tendency to classify 

all guidance cues as either repulsive or attractive. In this situation SDF-1 is clearly a 

guidance factor but it has no directional activity per se.

1.8 SEMAPHORINS AND DISEASE

Semaphorins have been implicated in a wide spectrum of pathological conditions 

spanning from neurodegenerative disorders to cancer and HIV. Clinically, semaphorins 

are also of great consequence during spinal cord trauma. This serves to emphasise our 

need to fully understand the behaviour of this complex family of signalling molecules.
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1.8.1 Cancer

Semaphoring have been associated with the invasive and metastatic progression of many 

tumours (Trusolino and Comoglio, 2002). In non-small-cell lung carcinomas lower 

Sema3F expression levels correlate with higher stage tumours. A homozygous deletion 

commonly occurring in human lung cancers contains the semaSF gene. In normal lungs 

Sema3F localises to epithelial cell membranes. In lung tumours, Sema3F expression 

levels decrease and the localisation shifts predominantly to the cytoplasm. This 

consistently correlates with increased levels of VEGF, which in turn relates to the grade 

and aggressiveness of the tumour. The competition between Sema3F and VEGF for 

binding to NP-1 may contribute to the relocalisation and deregulation of Sema3F in lung 

tumours (Brambilla et a l, 2000). In addition, low expression levels of CRMP-1 in lung 

cancer tissue correlates with advanced disease progression, lymph node metastasis, early 

post-operative relapse and shorter survival periods. Finally, naturally occurring soluble 

NP-1 has been reported to exert an anti-tumour activity in vivo (Banerjee et a l, 2000; 

Gagnon et a l, 2001). These results suggest that semaphoring and other members of their 

signal transduction pathways are tumour suppressors. Supporting this, Sema3B is 

typically deleted in many ovarian, kidney, lung and testicular cancers and 

overexpression of Sema3B in an adenocarcinoma cell line suppresses tumour formation 

(Tse et a l, 2002).

Contradicting this, semaphorin overexpression is associated with some cancers. In 

mammary adenocarcinomas increased expression of a putative splice variant of Sema3E 

correlates positively with tumour progression. In addition a group screening for genes 

potentially involved in resistance to the anti cancer drug cisplatin identified human 

Sema3C. They demonstrated that this protein is aberrantly expressed in 33% of recurrent 

squamous-cell carcinomas found during autopsy (Yamada et a l, 1997). Sema3C activity 

has also been implicated in metastatic lung adenocarcinomas (Martin-Satue and Blanco, 

1999).

All of the evidence surrounding the involvement of semaphoring in cancer is 

circumstantial, mainly correlative or descriptive. Despite this, the results are provocative
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enough to warrant further investigation as they establish a connection between 

invasiveness and the control of celhcell repulsion.

1.8.2 Disorders of the Nervous System

Mobius Syndrome 2 (MBS2, MIM 601471) is a dominantly inherited genetic defect 

characterised by paralysis of the facial nerve. It has been mapped to chromosome 3q21- 

q22 to a region in which the plexin-Dl gene resides. The expression pattern of Plexin- 

D1 together with its chromosomal location suggests that the mutation of Plexin-Dl may 

play a critical role in the development of Mobius syndrome.

The eventual outcome of the disease glaucoma is the death of RGCs. Increased 

intraocular pressure is a major risk factor for disease onset. A genetically developed 

form of glaucoma has been used to assess the expression pattern of semaphorins in the 

retina of rabbits. A single semaphorin was upregulated in glaucomatous versus control 

animals. Expression specifically increased in the ganglion cell layer, the region that is 

most highly affected in glaucoma (Solomon et a l, 2003). Neutralisation of the repulsive 

functions of semaphorins may be an important therapeutic approach for treating 

degenerative ophthalmological diseases.

1.8.3 Regeneration following Neuronal Injury

Progressive axon outgrowth during development contrasts vividly with the complete 

inability of neurons of the mature mammalian CNS to regenerate following trauma. The 

neural scar induces re-expression of molecules inhibitory to neural regeneration, 

including myelin associated inhibitors, chondroitin sulphate proteoglycans, tenascins, LI 

and semaphorins (Pasterkamp and Verhaagen, 2001; De Winter et a l, 2002). As a result 

of this, mammalian central nervous system injury commonly results in permanent loss of 

neural function.

Secreted semaphorins contribute to the inhibitory nature of neural scars and may prevent 

successful neural regeneration following spinal cord injury. Class 3 semaphorin 

expression is induced in meningeal fibroblasts in neural scars following either complete
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transection or contusion lesions in adult rat spinal cords. Receptor components for class 

3 semaphorins continue to be expressed in adults in two major descending spinal cord 

pathways, the cortico- and rubrospinal- tracts. Neurons in these tracts remain sensitive to 

scar-derived semaphorins throughout their lives. As a result, axon stumps produced by 

neural injury terminate in the vicinity of, but never cross, SemaBA positive fibroblasts. 

Predictably, most descending spinal cord fibers are therefore unable to penetrate the 

semaphorin positive regions of neural scars formed at lesion sites (Pasterkamp and 

Verhaagen, 2001; De Winter et a l, 2002).

As semaphorins participate in the creation of exclusion zones around sites of CNS 

injury, attempts to neutralise them to create a more permissive environment for neuronal 

regeneration offer an interesting avenue for future research. This is exemplified by 

experiments in RGCs. Ischaemic optic neuropathy induces apoptosis of RGCs. In 

ipsilateral retinas, expression of class 3 semaphorins becomes upregulated in the early 

stages following axotomy of the rat optic nerve (Shirvan et al., 2002). This induction 

occurs before morphological signs of RGC apoptosis are visible. Levels of RGC 

apoptosis can be significantly reduced following axotomy by concurrent intravitreous 

injection of function blocking antibodies against a SemaBA derived peptide. Protection 

from degeneration is also seen if the antibodies are applied up to 24hr post axotomy.

Neurons of the PNS are able to regenerate over long distances following crush injuries. 

They express plexins and neuropilins, but do not encounter semaphorin positive neural 

scars. In addition, regenerating spinal motor neurons actively downregulate SemaBA 

whilst their muscular targets transiently upregulate attractive guidance cues. In contrast 

to the CNS, injury induced regulation of SemaBA in the PNS contributes positively to 

neuronal regeneration and target re-innervation.

1.9 CONCLUSION

Following an initial characterisation as growth cone guidance cues, it has become 

increasingly clear that semaphorins play important roles in both embryonic and adult
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systems, including the nervous, immune and cardiovascular systems. Instead of being 

limited to repulsive guidance, it has become apparent that semaphorins also positively 

regulate cell migration, growth and cytokine production.

Until recently signal transduction pathways downstream of semaphorins were essentially 

a ‘black box’. Whilst the picture is far from complete, a number of themes are beginning 

to emerge. Perhaps most importantly, the belief has been dispelled that the semaphorin 

receptor complex consists solely of plexins and neuropilins. OTK, LI, CD72, Tim-2, the 

Met receptor and integrin (3 subunits are all now known to form part of the semaphorin 

receptor complex. Discovering the combinations of receptors that function as 

physiological receptor complexes and understanding the relationships between these co

receptors provides a challenge for the future.

A prevailing theme in semaphorin signalling appears to be the involvement of pairs of 

Rho GTPases working in opposition to regulate growth cone guidance. Variations in the 

domain structures of class A and B plexins ensures that whilst this theme is consistent, 

the specific GTPases interacting with individual plexins differ. Furthermore, 

contradictory results ensure that the involvement of GTPases and the distinctions 

between GTPases acting as downstream signalling molecules or upstream activators of 

signalling are sometimes blurred. These models assume that GTPase activity can be 

localised within a small region of the growth cone to facilitate the generation of 

asymmetric responses. Although this has never been shown within a growth cone it has 

been observed in other systems (Park et al., 1997).

Aside from GTPase pathways, snapshots of signalling cascades provide a tantalising 

insight into the complexity of the signalling network that is likely to be recruited 

following semaphorin stimulation. Many molecules including Fyn, Cdk5, Fes, MICAL, 

GSK-3 and CRMPs are required for collapse, but few are ultimately sufficient to induce 

collapse alone. Though plausible biochemical links exist between many of these 

proteins, the mechanism through which simultaneous information from these molecules 

becomes integrated to provide a coherent reproducible behaviour remains obscure.
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It has come to light that signalling pathways stimulated by semaphorins are modulated in 

many different ways and these vary depending on the plexin subfamily mediating the 

response. Whilst receptor autoinhibition and local protein turnover are critical for 

regulating the actions of class A plexins, class B plexins are more likely to be the 

subjects of proteolysis. In addition, regulating the cell surface localisation of plexins 

appears to be a mechanism shared between both classes of receptor.

In this thesis I will examine the involvement of Rho GTPase family members in 

semaphorin signalling and I will investigate the mechanisms that may activate plexin 

receptors.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 MOLECULAR BIOLOGY

Unless otherwise stated all reagents were obtained from Sigma.

2.1.1 Polymerase chain reaction

DNA was amplified in a thermocycler (Jencons-PLS). PGR reactions used a final 

volume of 50 fxl containing 50 ng template DNA, 0.2 mM dNTPs (Amersham), 0.5 p,l 

Expand High Fidelity DNA polymerase (Roche), 10 pmol of each oligonucleotide 

primer (Sigma Genosys) and 5 \i\ DNA polymerase buffer with magnesium (Roche). 

DNA was amplified using reaction specific programmes within the following 

parameters: Ix at 94°C for 2 min, 25-30x [94°C for 30 seconds to 1 min, 55-65°C for 30 

seconds to 1 min, 72°C for 1 to 3 min] and Ix 72°C for 10 min.

2.1.2 Proteinase K digestion of PGR products

PGR products were purified by phenol:chloroform extraction (Sambrook et a i, 1989). 

The DNA was precipitated using 200 pi ice-cold ethanol (BDH Laboratory Supplies) for 

15 min at -20°G. It was then harvested by centrifugation at 14000 rpm for 15 min and 

resuspended in 100 pi TE plus SDS (5 mM EDTA, 10 mM Tris-[hydroxymethyl]- 

aminomethane (Tris), 0.5% sodium dodecyl sulphate (SDS), pH 8.0). Proteinase K 

(Boehringer Mannheim) was added to each reaction to a final concentration of 50 pg/ml 

and the reactions were incubated for 30 min at 37°G. The Proteinase K was then heat 

inactivated for 10 min at 68°G following which the reactions were purified by 

phenol/chloroform extraction. The DNA was precipitated using 200 pi ice-cold ethanol 

for 15 min at -20°G and then harvested by centrifugation at 14000 rpm for 15 min. The 

DNA was resuspended in 100 pi TE (0.5 mM EDTA, 10 mM Tris, pH 7.5) and 

subjected to restriction analysis (30 pi per reaction) prior to cloning.

2.1.3 Restriction digests

Plasmid DNA and PGR products to be digested (2-5 pg DNA per reaction) were added 

to 2 pi appropriate restriction enzyme buffer (New England Biolabs), 0.2 pi of lOOx 

Bovine Serum Albumin (BSA, NEB), 0.5 pi RNase A (25 mg/ml stock in 20 mM Hepes 

pH 7.5) and 0.5 pi (approximates 10 units) of each restriction enzyme (NEB). Reactions
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were made up to a final volume of 20 p,l using distilled H2O (dHiO) and were incubated 

for 1 hr at either 25°C or 37°C as appropriate.

2.1.4 Agarose gel electrophoresis

DNA was separated by agarose gel electrophoresis at 130 mA for 1 hr on 0.5-1.5% TAE 

(Tris-acetate 5Ox stock: 2 M Tris, 5.71% glacial acetic acid (BDH Laboratory Supplies), 

50 mM EDTA, pH 8.0) agarose gels. Ethidium bromide was added to the gel to a final 

concentration of 0.5 pig/ml to allow visualisation of DNA under UV light. This enabled 

the integrity and purity of the DNA to be assessed. Samples for electrophoresis were 

added to an appropriate volume of DNA loading buffer (6x stock: 0.25% Xylene 

cyanole (w/v), 0.25% Bromophenol blue (w/v), 40% sucrose (w/v) made up in dHiO). 

DNA fragment sizes were estimated by comparison with a 1Kb DNA ladder 

(Invitrogen).

2.1.5 Extraction of DNA from agarose gels

DNA was purified from agarose gels using the QIAquick® Gel Extraction Kit (Qiagen) 

according to the manufacturers instructions.

2.1.6 Ligations

Ligation reactions were carried out using a molar ratio of vector:insert of 1:1 or 1:3. 

Reactions were carried out in a final volume of 10 p.1 containing 1 pi lOx DNA ligase 

buffer (Roche) and 1 pi T4 DNA ligase (5 U/pl, Roche). Sticky ended ligation reactions 

were incubated either for 3 hrs at room temperature or overnight at 16°C. Blunt ended 

ligation reactions were incubated overnight at 4°C.

2.1.7 Preparation of CaCL competent Esherichia coli

DH5oc or BL21 E. coli were streaked on an LB agar plate and grown overnight at 37°C. 

A single colony was picked and used to inoculate a 25 ml starter culture of L-broth. This 

culture was grown overnight at 37°C with agitation and was then used to inoculate 500 

ml of L-Broth (Luria-Bertani medium: 1% bacto-tryptone (DIFCO laboratories), 0.5% 

bacto-yeast extract (DIFCO laboratories), 1% sodium chloride made up in de-ionised
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water). This culture was grown at 37°C with agitation until an OD550 reading of 

approximately 0.6 was obtained. The culture was placed on ice for 5 min then the cells 

were harvested by centrifugation at 4°C for 15 min at 4000 rpm. The cells were 

resuspended in 250 ml of ice-cold 0.1 M CaCli and were placed on ice for 30 min. They 

were then harvested by centrifugation at 4°C for ten min at 4000 rpm. The competent 

cells were resuspended in 25 ml of a storage solution consisting of 15% glycerol () and 

50 mM calcium chloride in sterile H2O. Aliquots (200 pi) were snap frozen in liquid 

nitrogen and stored at -80°C.

2.1.8 Transformation oîE. coli by ‘heat shock’

Competent cells (DH5oc or BL21 strains) were thawed quickly at room temperature and 

placed on ice. DNA constructs to be transformed were placed in 14 ml polypropylene 

tubes and mixed with 50 pi competent cell suspension. Tubes were swirled and placed 

on ice for 30 min. Cells were ‘heat shocked’ by incubation at 42°iC for 60 seconds and 

were then immediately returned to ice for 2 min to allow the cells to recover. Pre

warmed L-Broth (800 pi per transformation) was added and the cells were incubated at 

37°C with moderate agitation for 1 hr. The cells were harvested by centrifugation for 1 

min at 14000 rpm and resuspended in 200 pi L-Broth. Appropriate amounts (50-200 pi) 

were plated onto selective L-Broth agar plates containing either ampicillin (50 pg/ml) or 

kanamycin (50 pg/ml) as required. Plates were incubated overnight at 37°C to allow 

colony growth.

2.1.9 Bacterial DNA mini preps

Individual bacterial colonies were picked and grown overnight with agitation at 37°C in 

2 ml cultures of L-Broth containing appropriate antibiotics. The bacteria were harvested 

by centrifugation at 14000 rpm for 2 min. The supernatants were removed and the tubes 

were placed on ice. The pellets were resuspended in 100 pi cold solution 1 (50 mM 

Glucose, 25 mM Tris, 10 mM EDTA, lysozyme, pH 8), vortexed and placed on ice. 

Room temperature solution 2(1% SDS, 200 mM NaOH, prepared in dH20 immediately 

prior to use) was added (200 pi per reaction) and preparations were gently mixed by 

inversion before being placed on ice. Cold solution 3 (3 M NaOAc pH 5.2) was added
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(150 jxl per reaction) and the preparations were mixed thoroughly. Following 

centrifugation for 15 min at 14000 rpm supernatants were transferred to clean tubes. Ice- 

cold isopropanol (270 p,l per reaction) (BDH laboratory supplies) was added and the 

preparations were vortexed and placed on dry ice for 10 min to enhance DNA 

precipitation. The DNA was harvested by centrifugation for 15 min at 14000 rpm. The 

supernatant was removed and the pellets were rinsed carefully in 80% ethanol. 

Following a quick spin the ethanol was removed and the pellets were left to air dry. The 

DNA was resuspended in 50 pi TE and 10 pi of each preparation was examined by 

restriction analysis.

2.1.10 Bacterial DNA maxi preps

DNA was prepared using QIAFilter® Plasmid Maxi Preps (Qiagen) according to the 

manufacturers instructions.

2.1.11 DNA quantitation

The concentration and purity of DNA preparations were examined by optical density 

(Abs26o/28o) and gel electrophoresis.

2.1.12 Site directed mutagenesis

Amino acid changes were carried out using the Quikchange® Site-Directed Mutagenesis 

Kit (Stratagene) according to the manufacturers instructions.

2.1.13 DNA constructs

Table 3 lists constructs that were used throughout this research that were kindly 

provided by other laboratories. In cases where vectors incorporate an Fe tag, this 

encodes the Fc-region of human IgGl (Fawcett et al., 1994). The VSV-G tag encodes an 

eleven amino acid epitope derived from the vesicular stomatitis virus glycoprotein 

(Kreis et a l, 1986).

Table 4 describes a construct prepared by site directed mutagenesis that used vsv-Plexin- 

A1 as a template. In addition to introducing the required mutation, the primer design

84



ensured that a unique Spe\ restriction site was removed from the sequence o f vsv-Plexin- 

A1. This enabled clones containing the mutation to be rapidly identified.

C onstruct Vector Insert Source of Gift

vsv-Plexin-Al (mouse) pBK-CMV Plexin-Al, full length 

(1-1894)

Dr. A. Puschel (Rohm et al., 2000)

Plexin-A1 AECT-myc pSecTag2A Plexin-Al, aa 1238-1894 P rofs. Strittmatter (Takahashi et a l, 2001)

Plexin-Al ASEM-myc pSecTaglA Plexin-Al, aa 564-1894 Prof S. Strittmatter (Takahashi et a l, 2001 )

Sema3A-Fc (chick) pIGI Sema3A-Fc, full length Dr. B. Eickholt (Eickholt et a i, 1997)

Sema4D-Fc (mouse) pEF-Fc Extracellular region of 

Sema4D-Fc fused to human Fc

Prof. FI. Kikutani (Kumanogoh et al., 

2000)

Sema7A-Fc pDC304 Extracellular region of 

Sema7A-Fc fused to human Fc

Prof. M. Tessier-Lavigne (Tamagnone et 

a i,  1999)

Neuropilin-1 (rat) pMT21 Neuropilin-1, full length Prof. M. Tessier-Lavigne (Fte et al., 1989)

Plexin-Bl (human) pCDNA3.1 Plexin-Bl, full length 

(1-2135)

Dr. M. Driessens

HA-LIMK2 D45IA pCDNA3.1 L1MK2, full length, kinase dead Prof. J. Bamburg

flag-Plexin-Al (cyt) pRK5-flag Plexin-Al, aa 1274-1894 Prepared by S. Nicholls in the Hall lab

myc-Plexin-Al (cyt) pRK5-myc Plexin-Al, aa 1274-1894 Prepared by S. Nicholls in the Hall lab

myc-Plexin-Al AECT- 

GGA

Plexin-Al, aa 1238-1894 

M utation: aa 1598-1600 

(LVP/GGA)

Prepared by S. Nicholls in the Hall lab

Table 3 D etails o f  constructs used during this research that w ere obtained fro m  other laboratories.

Construct Vector Insert Prim ers

vsv-Plexin-Al

GGA

pBK-CMV Plexin-Al, 

aa 1-1894 

M utation:

aa 1598-1600, 

(LVP/GGA)

Prim er 1:

5’GGGTCATCGGTGGCAGGAGGAGCCAAGCAGACATCGG

C C 3’

Prim er 2:

5’GGCCGATGTCTGCTTGGCTCCTCCTGCCACCGATGACC

C 3 ’

T able 4 D etails o f  a construct that was prepared  by site directed m utagenesis.

Table 5 describes a series o f deletion mutants of Plexin-A1 that were prepared during 

this research. In each case, the vsv-Plexin-Al template was digested using the indicated 

restriction enzymes and subsequently purified by gel electrophoresis to remove the
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deleted fragments. If the ends were compatible vsv-Plexin-Al was ligated back together. 

Where this was not the case, compatible oligonucleotides were annealed together to 

create a fragment of DNA with ends corresponding to those left following digestion of 

vsv-Plexin-A l. This fragment was then ligated into vsv-Plexin-A l. To create vsv- 

Plexin-Al A2, a triple ligation was carried out using PshA\ and BglU digested vsv- 

Plexin-A l, a DNA fragment prepared by annealing oligonucleotides and a DNA 

fragment lost from vsv-Plexin-Al by a Bglll digest alone. Highlighted in red are the 

overhangs within the primers that are compatible with the restriction enzyme sites.

Construct Vector Insert Restriction Enzymes and Oligonucleotides

vsv-Plexin-Al

A1

pBK-CMV Plexin-Al 

A 1676-1852

Deletion: BglW

vsv-Plexin-Al

A2

pBK-CMV Plexin-Al 

A 1528-1675

Deletion: P sh k \, % /ll Re insertion: BglW fragment 

Prim er 1: 5’ AGGTCAAGGAGAAGCT 3’

Prim er 2: 5’ GArCAGCTTCTCCTTGACCT 3’

vsv-Plexin-Al

A1A2

pBK-CMV Plexin-Al 

A 1528-1852

Deletion: P shk\, BglW

Prim er 1: 5’ AGGTCAAGGAGAAGCT 3’

Prim er 2: 5’ GATCAGCTTCTCCTTGACCT 3’

vsv-Plexin-Al

A3

pBK-CMV Plexin-Al 

A 1365-1527

Deletion: Xmnl, PshA\

(Blunt ended cutters therefore compatible ends)

vsv-Plexin-Al

A4

pBK-CMV Plexin-Al 

A 1292-1364

Deletion: Xho\, Xmnl 

Prim er 1:

5TCGAGTGCAAGGAAGCTTTTGCAGAGC 3’ 

Prim er 2: 5’GCTCTGCAAAAGCTTCCTTGCAC 3’

vsv-Plexin-Al 

A3 A4

pBK-CMV Plexin-Al 

A 1292-1527

Deletion: Xhol, PshAl 

Prim er 1:

5’TCGAGTGCAAGGAAGCTTTTGCAGAGC 3’ 

Prim er 2: 5’GCTCTGCAAAAGCTTCCTTGCAC 3’

Table 5 D eletion m utants prepared  during  this research.

Table 6 describes constructs prepared by PCR and subcloning in which the template was 

vsv-Plexin-Al.

Table 7 describes a construct prepared by PCR and subcloning in which the template 

was vsv-Plexin-Al-GGA.
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C o n s tru c t V ecto r In se rt R estric tio n  E nzym es and  P rim e rs

Plexin-Al (frag) 

-GST

pGEX 472 Plexin-Al, 

aa 1476-1623

PCR: £c’oRl, Xho\

P r i m e r  1 :

5’GATGAATTCTAGACGCCATCACAGGGGAG3’

Prim er 2:

5’TATC TCGAGCTAGCTCTCGTATCTGCTGAG 3’

FIA-Plexin-Al

(cyt)

pYTH9 Plexin-Al, 

aa 1274-1894

PCR: £coRI, Not\

Prim er 1: 5’TTTGAATTCACGTACCCTCAAGCGGCTG 

3’

Prim er 2:

5’TTTGCGGCCGCTCAGCTGCTCAGGGCCATTG3’

flag-Plexin-Al

PHI

pRK5-flag Plexin-Al, 

aa 1274-1616

PCR: BamlW, fcoRI

Prim er 1: 5’CGCjGATCCCGTACCCTCAAGCGGCTG 3 ’ 

Prim er 2:

5’GCGGAATTCGCTTAGTGAAGGTAGAGGAG 3’

myc-Plexin-Al

PH2

pRK5-myc Plexin-Al, 

aa 1617-1894

PCR: 5awHl, £coRl

Prim er 1: 5’GCGGGATCCTCCCTCAGCAGATACGAG 3’ 

Prim er 2: 5’CGGAATTCTGCTGCTCAGGGCCATTGTG 

3’

flag-Plexin-Al 

PH la

pRK5-flag Plexin-Al, 

aa 1274-1623

PCR: firtwHl, £coRI

Prim er 1: 5’CGGGATCCCGTACCCTCAAGCGGCTG 3’ 

Prim er 2:

5’CGtiAATTCTCAGCTCTCGTATCTGCTGAG 3’

myc-Plexin-Al

PH2a

pRK5-myc Plexin-Al, 

aa 1624-1894

PCR: Bam\\\,EcoK\

Prim er 1: 5TCGGATCCATGCTGCGTACAGCCAGTAG 

3’

Prim er 2: 5’GGGAATTCTCAGCTGCTCAGGGCCATTG 

3’

flag-Plexin-Al 

PHla ARBD

pRK5-flag Plexin-Al, 

aa 1274-1595

PCR: Bam\\\, £coRl

Prim er 1: 5’CGCiGATCCCGTACCCTCAAGCGGCTG 3’ 

Prim er 2: 5’ 3 ’

Table 6 C onstructs in which the tem plate fo r  PCR was vsv-Plexin-Al.

Table 8 describes constructs prepared by PCR and subcloning in which the template for 

PCR was Plexin-Bl.
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Construct Vector Insert Restriction Enzymes and Primers

flag-Plexin-Al

PHla-GGA

pRK5-flag Plexin-Al, 

aa 1274-1623 

Mutation: 

aa 1598-1600, 

(LVP/GGA)

PCR: Barnm, £coRI

Primer 1: S’CGC iGATCCCGTACCCTCAAGCGGCTG 3’ 

Primer 2:

5’CGGAATTCTCAGCTCTCGTATCTGCTGAG 3’

Table 7 D etails o f  a construct in which the PCR tem plate was vsv-P lexin-A l-G G A .

Construct Vector Insert Restriction Enzymes and Primers

Plexin-Bl PHla pRKS-flag flag-Plexin-Bl, 

aa 1520-1870

PCR: BamVW, Xba\

Primer 1: 5’GGCGGATCCAGGGACTATAAGAAGGTTC 

3’

Primer 2:

5’TATCTAGATCAGGTCCGCTCTCCAGGGAC 3’

Plexin-Bl PH2a pRK.5-myc myc-Plexin-Bl, 

aa 1871-2135

PCR: BumW\, Xha\

Primer 1: 5’TAGGATCCCCAATGCTGGAGGATGTAG 3’ 

Primer 2: 5'GCTCTAGACTATAGATCTGTGACCTTG 3’

Plexin-Bl PH la 

ARBD

pRK5-flag flag-Plexin-Bl, 

aa 1520-1846

PCR: Barnm, Xha\

Primer 1: 5’GGCGGATCCAGGGACTATAAGAAGGTTC 

3’

Primer 2: 5’GCTC TAGAGGTTGCTCCATCTGGGACC 3’

Table 8 Constructs in which the tem plate fo r  PCR was P lexin-B l.

2.1.14 DNA sequencing

All constructs cloned were verified by automated DNA sequencing (Sigma).

2.2 CELL BIOLOGY

All tissue culture plasticware was purchased from Nunc.

2.2.1 Reagents

Table 9 describes the primary antibodies that were used during this research. Details of 

the stock solutions and working concentrations for immunofluorescence and western 

blotting are provided. In addition to these antibodies, rhodamine-conjugated phalloidin
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(50 ^ig/ml, a toxin isolated from the mushroom Amanita phalloïdes, Sigma) was used for 

the detection of F-actin, and alexa 594-conjugated bovine pancreatic Deoxyribonuclease 

(DNase)-1 (10 pg/ml, Molecular Probes) was used for the detection of globular-actin 

(Cramer et al., 2002).

Prim ary Antibodies Stock Cone. W orking Cone. 

(Immunofluorescence)

W orking Cone. 

(W estern blotting)

Mouse anti-VSV-G, clone P5D4 (Roche) 0.4 mg/ml 10 pg/ml 2 pg/ml

Mouse anti-c-myc, clone 9E10 (Prepared by Dr. 

Annette Self in the Hall Lab)

Hybridoma

supernatant

1:200 dilution 1:2000 dilution

Mouse anti-flag, clone M2 (Sigma) 4.9 mg/ml 49 pg/ml 2.45 pg/ml

Rat anti-HA, clone 3F10 (Roche) 100 pg/ml 1 pg/ml 0.5 pg/ml

Mouse anti-diphosphorylated ERK-1&2, clone 

MAPK-YT (Sigma)

5 mg/ml 2.5 pg/ml

Rabbit anti-ERK 2, clone C-14 (Santa Cruz) 200 pg/ml - 0.2 pg/ml

Goat anti-Neuropilin-1, clone C-19 (Santa Cruz) 200 pg/ml 2 pg/ml 0.4 pg/ml

Mouse anti-Racl, clone 23A8 (Upstate) 1 mg/ml - 1 pg/ml

Rat anti-tubulin (Serotec) Hybridoma

supernatant

1:100 1:1000

Rabbit anti-phospho-p38 (Cell Signalling 

Technology)

Undisclosed

concentration

1:1000

Rabbit anti-p38 (Santa Cruz) 200 pg/ml - 0.2 pg/ml

Rabbit anti-c-myc (Research Diagnostics) 200 pg/ml pg/ml pg/ml

Rabbit anti-actin (A gift from Louise Cramer) Unknown

concentration

1:200

Rabbit anti-pan-plexin (A gift from Stephen 

Strittmatter, known to react with all A and B 

plexins)

Antiserum 1:50 1:500

Mouse anti-CD63 (A gift from Mark Marsh) Hybridoma

supernatant

1:2

Goat anti-Human IgG, Fey fragment specific 

(Jackson ImmunoResearch Inc.)

1.8 mg/ml 9 pg/ml 1.8 pg/ml

Immunopure Rabbit Gamma globulin (Pierce, 

blocking antibody)

3 mg/ml 20 pg/ml

Table 9 D etails o f  prim ary antibodies used  in western blotting and im m unofluorescence experim ents.
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Table 10 describes inhibitors that have been used during this research. Details o f the 

stock solutions and treatment conditions are provided.

Inhibitor Function Treatm ent

Cytochalasin D (Molecular 
Probes)

Inhibits F-actin 
polymerisation by capping 
the barbed end.

2 uM in Cos-7 culture medium added I hr prior to 
Sema3A-Fc stimulation

Latrunculin A (from a red 
sea sponge, Molecular 
Probes)

Inhibits F-actin 
polymerisation by 
sequestering G-actin.

5 uM in Cos-7 culture medium added 20 min prior to 
Sema3A-Fc stimulation

Nocodozole Inhibits microtubule 
polymerisation by 
sequestering tubulin.

10 pM in Cos-7 culture medium added I hr prior to 
Sema3A-Fc stimulation

Taxol Stabilises microtubules by 
binding to polymers.

10 uM in Cos-7 culture medium added 30 min prior 
to Sema3A-Fc stimulation

Jasplakinolide (from the 
marine sponge Jaspis 
Johnstoni, Molecular 
Probes)

Low concentrations inhibit 
F-actin depolymerisation. 
High concentrations induce 
actin polymerisation and 
stabilises F-actin.

1-20 uM in Cos-7 culture medium added 45 min prior 
to Sema3A-Fc stimulation

Rotenone (Sigma) Inhibits NADH 
dehydrogenase.

2-2000 nM in Cos-7 culture medium added 5 hr prior 
to Seina3A-Fc stimulation

Y-27632 Inhibits Rho Kinase. 10 uM in Cos-7 culture medium added 30 min prior 
to Scma3A-Fc stimulation

Table 10 D etails o f  inhibitors used during this research, including their fu n c tio n s and the conditions fo r  
treatments.

2.2.2 Cell lines and culture conditions

The immortalised, transformed monkey fibroblast cell line Cos-7 was cultured in 

Dulbecco’s Modified Eagle medium (DMEM, Gibco) supplemented with 10% complete 

foetal calf serum (ECS, PAA laboratories), 100 U/ml penicillin and 100 pg/ml 

streptomycin (pen/strep, Gibco). The immortalised, untransformed murine fibroblast cell 

line Swiss 3T3 (S3T3) was cultured in DMEM supplemented with 10% PCS and 

pen/strep. The immortalised, untransformed murine fibroblast cell line NIH 3T3 was 

cultured in DMEM supplemented with 10% Donor C alf Serum and pen/strep. The 

Chinese hamster ovary cell line CHO-Kl was cultured in DMEM-FIO plus L-glutamate 

supplemented with 10% ECS and pen/strep. The stable CHO-Kl cell line expressing 

Sema3A-Fc was a kind gift from Dr. Britta Eickholt (Kings College London). All of
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these cell lines were grown in incubators at 37°C in 10% CO2 . All solutions for use on 

live cells were pre-warmed to 37°C prior to use.

2.2.3 Freezing and thawing Cos-7 cells

Aliquots of 1x10^ cells were suspended in 2 ml of DMEM supplemented with 20% FCS 

and pen/strep. These were frozen overnight at -20°C. The aliquots were moved to -80°C 

for a further 8 hrs before being stored permanently under liquid nitrogen. Individual 

aliquots were thawed rapidly at 37°C and placed in 80cm^ culture flasks. Cos-7 culture 

medium was added dropwise to each flask and cells were incubated for 2 hrs to allow 

adhesion to occur. Cells were washed once in sterile phosphate buffered saline (PBS-A) 

and were then grown in fresh culture medium. Cells were initially passaged two days 

post-thawing.

2.2.4 Maintenance of Cos-7, NIH 3T3 and CHO-Kl cells

Cultures were passaged when cells reached 80-90% confluency. Cells were washed in 

sterile PBS-A and removed from flasks using 1 ml trypsin/EDTA (Gibco) per 80cm^ 

flask for 1 min at 37°C. Flasks were gently tapped and the cells were resuspended in 9 

ml of appropriate culture medium. New flasks were prepared by addition of 9 ml 

medium to 1 ml cell suspension.

2.2.5 Preparation of quiescent, serum-starved, sub-confluent S3T3 fibroblasts

Cultures were passaged when cells reached 70-80% confluency. Cells were washed in 

sterile PBS-A and removed from flasks using 0.5 ml trypsin per 80 cm^ flask for 1 min 

at 37°C. Flasks were gently tapped and the cells were resuspended in 9 ml of S3T3 

culture medium. New flasks were prepared by addition of 8 ml of culture medium to 2 

ml of cell suspension.

To prepare quiescent, serum-starved sub-confluent S3T3 cells 2x10^ cells were seeded 

on a 6 cm dish in 4 ml DMEM supplemented with 5% FCS and pen/strep, as above. 

These cells were grown to quiescence (8-9 days) and were subsequently seeded onto 

acid washed coverslips coated in flbronectin. To prepare these coverslips, 600 coverslips
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were washed for 5 min in nitric acid, 10 min in H2O, 5 min in ddHzO, 2x 1 min in 

ethanol and 1 min in methanol. They were then autoclaved. Sterile coverslips were 

coated in 20 |ig/ml flbronectin in PBS-A at 37°C for 1 hr or overnight at 4°C. The 

conditioned culture medium from quiescent cells was collected and retained. Cells were 

washed twice in PBS-A then trypsinised for a maximum of 1 min at 37°C. The trypsin 

was neutralised by resuspending the cells in 10 ml S3T3 serum free medium (13.6 g/L 

DMEM powder (Gibco), 2 g/L NaHCOs (Gibco), 1 mM sodium pyruvate (Gibco) and 

pen/strep) containing 0.5 mg/ml soybean trypsin inhibitor. The cells were harvested by 

centrifugation at 1000 rpm for 3 min and were resuspended in 1 ml SFM containing 20 

\i\ of conditioned culture medium. They were seeded onto coverslips at a density of 

5x10"̂  cells/ml SFM. Cells were serum-starved for 48hrs prior to use.

2.2.6 Microinjection of S3T3 fibroblasts

Immediately prior to microinjection a coverslip seeded with S3T3 cells was transferred 

to a 60 mm culture dish containing 8 ml S3T3 serum free medium. Cells were 

micro injected using an Eppendort micromanipulator 5171 and transjector 5246 on a 

Zeiss Axiovert 135M microscope in a temperature (37°C) and CO2 (10%) controlled 

chamber. DNA (0.1 mg/ml in filter sterilised PBS-A) was injected into the nuclei of 

approximately 50 cells. Cells were returned to the incubator to allow expression for 8 

hrs.

2.2.7 Isolation of primary peripheral blood mononucleocytes (PBMCs) by density 

gradient centrifugation

Fresh blood from a healthy human donor was mixed with the anticoagulant ACD (2.2% 

trisodium citrate, 0.8% citric acid, 2.45% D-glucose prepared in water) in a ratio of 

6.66:1 of blood: ACD. Blood was further diluted by the addition of an equal volume of 

sterile PBS-A. Lymphoprep™ (15 ml, Nycomed Pharma) was placed in a falcon tube 

covered in foil. Diluted blood (30 ml) was layered carefully on top of the Lymphoprep, 

ensuring no mixing occurred. Centrifugation for 30 min at 2000 rpm at 15°C resulted in 

the formation of a density gradient containing red blood cells in the lower layer, 

lymphocytes and PBMCs in the middle layer and platelets and plasma in the upper layer.
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The break was turned off on the centrifuge to minimise disturbances within the gradient. 

The middle layer was carefully removed and washed with 20 ml sterile PBS-A. The cells 

were harvested by centrifugation at 1200 rpm for 10 min at room temperature. This wash 

was repeated. The cells were resuspended in 10 ml RPMI plus Glutamate (Gibco) and 

were transferred to a fresh 50 ml falcon tube. The previous tube was rinsed once in 10 

ml RPMI and this was also transferred to the second tube. The cells were counted in a 

haemocytometer and 1x10^ cells were transferred to a fresh tube. These were harvested 

by centrifugation for 5 min at 1200 rpm. The cells were resuspended in 10 ml RPMI 

supplemented with 5% heat-inactivated, filter sterilised human serum (Blood bank) and 

were placed in a 14 mm culture dish. They were incubated for 2 hrs at 37°C in 5% CO2. 

The cells were washed once in their own RPMI then twice in fresh RPMI supplemented 

with 5% human serum. Finally, they were incubated overnight in RPMI supplemented 

with 10% human serum. The following morning the cells were washed in RPMI 

supplemented with 10% human serum to remove non-adherent lymphocytes. PBMCs 

were adhered to the culture dish. These cells were incubated at 37°C in 5% CO2 for 3-6 

days in fresh RPMI supplemented with 10% human serum to differentiation to proceed.

2.2.8 Preparation of E8 chick DRG explants

Microsurgical equipment was purchased from John Weiss Ltd. Fertile white eggs were 

obtained from Henry Stewart and Co. Ltd. Prior to isolation of DRG neurons acid 

washed coverslips were coated with poly-L-Lysine and laminin. Poly-L-Lysine (10 

|Lig/ml) was added to coverslips and incubated for 15 min at 37°C. Coverslips were 

washed once in PBS-A then laminin (20 pg/ml, isolated from the basement membrane of 

the Engelbreth-Holm-Swarm murine sarcoma) was applied overnight at 4°C. Coverslips 

were washed once in Leibovitz’s L-15 medium plus L-glutamate (Gibco) and 600 pi 

DRG rich medium (L-15 plus L-glutamate supplemented 0.21% w/v sodium bicarbonate 

(Gibco), 10% v/v FCS, 0.69% w/v D-glucose, 1.2% v/v pen/strep, 100 ng/ml 

recombinant human |3-Nerve Growth Factor (Peprotech), 50 ng/ml recombinant human 

Bone Derived Neurotrophic Factor (Peprotech) and 50 ng/ml recombinant human 

Neurotrophin-3 (Peprotech)) were placed onto each coverslip and left to pre-warm at 

37°C.

93



Fertilised chicken eggs were maintained at day zero for up 7 days by incubation at 12°C. 

Developing chickens were incubated at 37°C with gentle rocking. At embryonic day 8 

(E8) a chick embryo was removed from an egg and placed in a dish containing L-15 

medium. The embryo was decapitated and sufficiently eviscerated to allow clear 

visibility of the spinal cord. The limbs and tail were removed and the embryo was 

transferred to a silicon-coated dish containing L-15 medium where it was pinned out 

flat, face down. The embryo was split from tail to neck along the midline of the spinal 

cord. Working on one side at a time, the tissues were pinned ensuring the newly cut face 

was uppermost. The pins were placed along the vertebrae, avoiding the DRG. The 

remaining strip of spinal cord tissue was removed and the myelin layer overlying the 

DRG was pealed away. The ganglia were plucked out by their roots and placed in a 

clean 3 cm dish containing L-15 medium. Any remaining myelin and surrounding 

tissues and roots were dissected away. Cleaned ganglia were pinched in two and placed 

on poly-L-Lysine/laminin coated coverslips in DRG rich medium. This medium was 

carefully removed and retained to enable the explant to rest directly on the glass 

coverslip. After 20 to 30 min 600 jxl DRG rich medium was added dropwise to each 

coverslip. The explants were observed carefully to ensure they had adhered to the glass. 

The explants were incubated at 37°C in 5% CO2 to allow neuronal outgrowth to occur. 

Experiments were carried out 8-16 hrs post dissection, depending upon the degree of 

outgrowth.

2.2.9 DRG collapse assays

Conditioned culture medium from growing DRG neurons was supplemented with 

Sema3A-Fc (5 pg/ml unless otherwise stated, see preparation of recombinant Sema3A- 

Fc). This medium was applied to the neurons for 5-30 min at 37°C. The neurons were 

fixed at room temperature for 20 min in 4% paraformaldehyde, 10 mM 2-[N- 

Morpholino]ethane-sulphonic acid (MES, stock solution 0.5 M, pH6.1), 138 mM KCl, 3 

mM MgCl, 2 mM EGTA (stock solution 0.5 M, pH 7.0) and 320 mM sucrose. The 

neurons were stained by immunofluorescence within 24 hrs of fixation.
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2.2.10 Transfection of Cos-7 and NIH 3T3 cells by electroporation

For each transfection, 20 p,g of plasmid DNA were added to a 4 mm electroporation 

cuvette (Geneflow) and placed on ice. In addition, 11 ml of culture medium were added 

to a 10 cm culture dish and placed in an incubator.

Cells at 70-80% confluency were trypsinised and resuspended in culture medium. For 

each transfection, two million cells were harvested by centrifugation at 1200 rpm for 3 

min. Cells were washed twice in ice-cold HEBS buffer (20 mM Hepes, 137 mM NaCl, 5 

mM KCl, 0.7 mM Na2HP0 4  and 6 mM D-Glucose, pH 7.05) and harvested by 

centrifugation at 1200 rpm for 3 min. Cells were resuspended in ice-cold HEBS (250 

\x\Jl million cells) and transferred a cuvette containing DNA. Cells were electroporated 

with one pulse per cuvette, at 250 pF, 280 V and oo ohms (Biorad Gene Puiser® II) and 

placed on ice. Warm culture medium (1 ml) was added to each cuvette and transfected 

cells were transferred to the prepared 10 cm culture dishes. Cells were incubated at 37°C 

for 24-72 hrs to allow the recombinant protein to express.

2.2.11 Transfection of Cos-7 cells using the Genejuice^“ reagent

Cells were seeded in 6 well plates (1.5x10^ cells per well) containing glass Coverslips 

16-24hrs prior to transfection. For each transfection, 100 pi serum free DMEM (SFM) 

and 3 pi Genejuice™ transfection reagent (Novagen) were mixed by vortexing and 

incubated for 5 min at room temperature. The DNA to be transfected (1 pg /transfection) 

was added to the SFM and Genejuice^“ suspension and they were mixed and incubated 

for 5-15 min at room temperature. Each suspension was added dropwise to a well of the 

culture plate and the cells were incubated in culture medium for 24-48 hrs at 37°C to 

allow the recombinant protein to express.

2.2.12 Cos-7 collapse assays

Cells were transfected (Genejuice™) with the required plexins and neuropilins and 

incubated for 24 hrs at 37°C. Sema3A-Fc in SFM (2 pg/ml unless stated otherwise, see 

preparation of recombinant Sema3A-Fc) was used to stimulate the cells for 30 min at 

37°C. Unless otherwise stated, cells were fixed in 4% paraformaldehyde in PBS-A for
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20 min at room temperature and were stored at 4°C until required. Where staining with 

rat anti-actin was required, cells were fixed in ice-cold methanol for 45 sec.

2.2.13 Immunofluorescence microscopy

Cells were washed 3x in PBS-A, quenched in 50 mM NH 4CI in PBS-A for 20 min and 

washed again 3x in PBS-A. If required, cells were permeabilised using 0.2% triton-XlOO 

in PBS-A for 5 minutes and washed 3x in PBS-A. Cells were blocked using 2% BSA in 

PBS-A for 20 min. Primary antibodies were diluted (see Table 9) in PBS-A containing 

2% BSA and applied to cells for 1 hr at room temperature. Cells were washed 3x in 

PBS-A containing 2% BSA. Fluorescent conjugated secondary antibodies (Jackson 

Immunochemicals) were diluted in PBS-A containing 2% BSA to a final concentration 

of 2 p,g/ml and applied to cells for 30 min at room temperature. Cells were washed 6x in 

PBS-A, once in dH20 and mounted on glass slides using mowial mounting agent (5 

pl/coverslip, Calbiochem). Slides were left to dry overnight at room temperature in the 

dark and were stored at -20°C. Unless otherwise stated, cells were examined using a 

Nikon optiphot-2 microscope and a Nikon 40x 1.0 oil-immersion objective with a 

Biorad MRC 1024 laser and Biorad LaserSharp confocal software system.

2.3 YEAST 2 HYBRID ANALYSIS

2.3.1 Yeast strains and plasmids

For all interaction studies, the Saccharomyces cerevisiae Y190 [MATa, gal4-542, gal80- 

538, his3, trpl-901, ade2-101, ura3-52, leu2-3,112, URA3 : :GALl-lacZ, LYS2 : :GAL1- 

His3cyh!'] yeast strain was used. The bait vector pYTH9 (a gift from GlaxoWellcome) 

contains the DNA-binding domain from the Gal4 transcription factor and can be selected 

by growth on media lacking tryptophan (Trp). The prey vector pACTII (Clontech) 

contains a Gal4 activation domain and can be selected by growth on media lacking 

leucine (Leu). The his3 and lacZ  reporter genes are under the control of the Gal 

upstream activation sequence. An interaction between a bait and prey protein results in 

transcriptional activation of these genes.
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2.3.2 Transformation of pYTH9 and pACTII into yeast

At all times, yeast were cultured at 30°C with agitation. A colony of Y 190 was grown 

overnight in 5 ml of YEPD rich media (2% w/v peptone (Difco), 1% w/v yeast extract 

(Difco) and 2% w/v D-glucose) for transformation of pYTH9 plasmids or synthetic 

complete SC-Trp media (0.67% w/v yeast nitrogen base without amino acids (Difco), 

0.062% w/v drop out mix (Bio 101), 0.02% w/v leucine, 0.01% w/v histidine and 2% D- 

glucose) for transformation of pACTII plasmids. This culture was diluted into 50 ml 

YEPD or SC-Trp and grown until the Aeoo reached 0.6-0.7. The cells were harvested by 

centrifugation at 2000 rpm for 3 min at room temperature and resuspended in 20 ml TE. 

The cells were harvested again and were then resuspended in 1 ml of 0.1 M LiAcTE (0.1 

M lithium acetate, 10 mM Tris, 0.5 mM EDTA, pH 7.5). The suspension was transferred 

to a 1.5 ml Eppendorf tube and the cells were harvested by centrifugation at 13000 rpm 

for 20 seconds. The cells were resuspended in 1 ml of 0.1 M LiAcTE and were 

harvested again. The cells were finally resuspended in 0.5 ml of 0.1 M LiAcTE.

For each transformation, 3.5 pi of carrier DNA (salmon sperm DNA, Qbiogene, Inc.) 

were added to an Eppendorf tube containing 0.5-1.0 pg of either pACTII or Xbal 

linearised pYTH9 containing the required inserts. (As pYTH9 cannot replicate 

autonomously it must be integrated into the yeast genome by homologous recombination 

within the trpl gene. To facilitate integration the plasmid is linearised with A7?al, which 

cuts within the trpl gene, prior to transformation into yeast). The yeast suspension was 

added to the tubes (100 pi per transformation), along with 700 p i of 40% 

polyethyleneglycol MW3350 (PEG) in LiAcTE. The transformations were mixed 

carefully and incubated at 30°C for 30 min. They were then ‘heat shocked’ at 42°C for 

20 min. During each of these incubations the tubes were inverted occasionally. The cells 

were harvested by centrifugation at 13000 rpm for 20 sec and were then resuspended in 

500 pi TE and harvested again. They were resuspended in 100 pi TE and were spread on 

SC-Trp plates (SC-Trp media plus 2% w/v Bacto-agar (Difco)) for pYTH9 plasmids or 

SC-Trp-Leu plates (as SC-Trp plates minus leucine) for pACTII plasmids. After 3-4 

days of incubation, individual colonies were picked and re-streaked either onto the same
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plates, or onto 3-AT plates (as SC-Trp-Leu plates minus leucine and containing 25 mM 

3-amino-1,2,4-triazole) to select for interacting proteins by growth on His minus media.

2.3.3 Preparation of yeast lysates

A 1.5 ml culture was grown for 1-3 days then the cells were harvested by centrifugation 

at 2600 rpm for 5 min at room temperature. The cells were resuspended in 1 ml 0.25 M 

NaOH containing 1% v/v (3 -mercaptoethanol () and incubated on ice for 10 min. 

Trichloroacetic acid was added to a final concentration of 8% and the cells were 

incubated on ice for 10 min. The cells were harvested by centrifugation at 14000 rpm for 

10 min and resuspended in 1 ml of ice-cold acetone (BDH laboratory supplies). The 

cells were harvested again and the pellet was air dried before being resuspended in 200- 

500 \x\ of protein sample buffer (2% w/v SDS, 10% w/v glycerol, 80 mM Tris (from a 1 

M stock, pH 7.8), 1% w/v bromophenol blue and % DTT).

2.3.4 Transformation of Y190 [pYTH9Plexin-Al(cyt)] with a human brain DNA 

library

A single colony of the yeast strain Y 190 [pYTH9Plexin-Al (cyt)] was grown overnight 

in 10 ml of SC-Trp. This culture was diluted into 100 ml SC-Trp and grown overnight 

again. This culture was diluted into 1 L of YEPD and grown to an Aeoo of approximately 

0.9. The cells were harvested in sterile flasks (Coming) by centrifugation at 4000 rpm 

for 7 min at room temperature. The cells were resuspended in 500 ml TE and harvested 

again. The cells were then resuspended in 20 ml 0.1 M LiAcTE and incubated for 10 

min at 30°C. DNA from a human brain library (250 |ig, previously prepared by Annette 

Self) was mixed with 300 pi carrier DNA and this was added to the cell suspension. 

Finally, 140 ml of 40% PEG in LiAcTE were added and the cells were incubated for 30 

min at 30°C. The suspension was transferred to a 2 L flask and the cells were ‘heat 

shocked’ by incubation at 42°C for 20 min. During this time the flask was swirled 

occasionally. The cells were harvested by centrifugation at 4000 rpm for 7 min at room 

temperature. They were then resuspended in YEPD to a final volume of 0.5 L, placed in 

a 2 L flask and incubated at 30°C with agitation for 1 hr. The cells were harvested again 

and were resuspended in 250 ml of TE. Finally, they were harvested and resuspended in
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10 ml TE. This suspension was spread onto lOx 500 cm^ 3-AT plates. Samples (1 \i\ and 

10 p,l diluted in H2O) were spread on SC-Trp-Leu plate to enable the transformation 

efficiency to be calculated. The plates were incubated at 30°C and positive clones were 

picked from days 3-10 and streaked and maintained on SC-Trp-Leu plates. The DNA 

from positive clones was prepped and transformed into DH5a. Subsequent bacterial 

preparations were re-transformed into yeast to test the interaction a second time. Positive 

clones were also subjected to filter transfer assays to assess the level of lacZ gene 

activity.

2.3.5 Preparation of electrocompetent DHSa

A single colony of DH5a was grown overnight at 37°C with agitation as a 5 ml culture. 

This was used to inoculate a 100 ml culture, which was then grown until the Agoo 

reached approximately 0.4. The flask was chilled for 15-30 min on ice then the cells 

were harvested by centrifugation at 3000 rpm for 15 min at 4°C. The cells were washed 

in 100 ml of ice-cold 1 mM hepes, pH 7 and harvested again. This was step was repeated 

then the cells were resuspended in 20 ml of 10% glycerol. The cells were harvested and 

resuspended in 2-3 ml of 10% glycerol to a final density of 3x10^^ cells/ml. Aliquots 

(100 pi) were frozen in liquid nitrogen and stored at -80°C, though best results were 

obtained with fresh cells.

2.3.6 Yeast DNA mini preps

Yeast clones were grown overnight in SC-Trp media as 2 ml cultures. The cells were 

harvested by centrifugation at 13000 rpm 5 seconds at room temperature. The 

supernatant was removed and the pellet was disrupted by vortexing. The cells for each 

preparation were resuspended in 200 pi breaking buffer (2% w/v triton-XlOO, 1% w/v 

SDS, 100 mM NaCl, 10 mM Tris and 1 mM EDTA, pH 8.0). Approximately 200 pi of 

glass beads and 200 pi of phenol/chloroform/isoamyl alcohol were added to each 

preparation and they were vortexed for 3 min. The suspensions were centrifuged at 

13000 rpm for 5 min at room temperature, and 5 pi of the aqueous layer from each 

suspension was immediately used to transform electrocompetent DH5a.
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2.3.7 Transformation of E. colihy electroporation

Electrocompetent DH5a were thawed rapidly at room temperature and placed on ice. 

The cell suspension (40 pi) and 1-2 pi DNA in TE were mixed in a cold polypropylene 

tube and placed on ice for 1 min before being transferred to a cold 2 mm electroporation 

cuvette. The cells were electroporated in a chilled safety chamber slide using a single 

pulse at 25 pF, 2.5 kV and 200 Q. The time constants were in the range of 4.5-5 msec. 

Pre-warmed L-broth (1 ml/cuvette) was added to the cells and the suspension was 

transferred to a polypropylene tube and incubated at 37°C with agitation for 1 hr. The 

cells were plated on selective medium.

2.3.8 Filter transfer assay

A disk of Whatman filter paper (No. 1, 85 mm) was placed in a 9 cm petri dish and 2 ml 

of Z buffer/X-Gal solution (Z buffer: 60 mM Na2HP0 4 .7 H2 0 , 40 mM NaH2P0 4 .H2 0 , 10 

mM KCl, 1 mM MgS0 4 .H2 0 , pH to 7.0; X-Gal solution: 2 mg/ml 5 bromo-4- 

chloroindoyl-p-D-galactoside (Gibco) dissolved in N,N-dimethylformamide; Z 

buffer/X-Gal solution: Z buffer containing 0.27% (3-mercaptoethanol and 1.64% v/v X- 

Gal solution) was allowed to soak into the filter. Yeast clones believed to contain 

positive interactions were replica plated onto another Whatman filter disk and lysed by 

snap freezing in liquid nitrogen for 5-10 sec. This filter was thawed and overlayed onto 

the pre-soaked filter with the lysed cells facing upwards. Air bubbles were gently forced 

out from between the filters and they were incubated at 30°C until a blue colour 

developed in the positive control interaction.

2.4 PROTEIN BIOCHEMISTRY

In all cases, phenyl methyl sulphonyl fluoride (PMSF) and protease inhibitor tablets 

(Roche) were added immediately prior to use of a solution.

2.4.1 Preparation of post-nuclear supernatants

All solutions were cooled to 4°C prior to use. Cells were rinsed in PBS-A then lysed in 

triton lysis buffer (50 mM Tris-HCl (from a 1 M stock, pH 7.6), 1% w/v triton X-100, 

0.5% w/v sodium deoxycholate, 0.1% w/v SDS, 500 mM NaCl, 500 mM MgCh, 1 mM
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PMSF and 1 complete protease inhibitor tablet (Roche)/50 ml buffer). For each well of a 

six well plate, 50 ul of lysis buffer were used. Lysates were scraped into Eppendorf 

tubes and centrifuged for 2 min at 13,000 rpm, 4°C, to remove the nuclei. Post-nuclear 

supernatants were transferred to a clean Eppendorf, mixed with protein sample buffer 

and frozen at -20°C until required.

2.4.2 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Polyacrylamide gels were prepared as required according to details in Table 11. 

N,N,N,N-tetramethyl-ethylenediamine (TEMED, National Diagnostics) and ammonium 

persulphate (APS, Biorad) were used to induce polymerisation.

7.5% 12.0% 15% Stacking Gel
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Table 11 Constituents o f  polycicry’lam ide gels o f  different percentages.

Samples were mixed with protein sample buffer and heated to 100°C for 10 min prior to 

loading. Gels were run in Biorad Mini Protean II™ tanks using SDS-PAGE running 

buffer (National Diagnostics). Gels were run at 80 V constant until the samples passed 

through the stacking gel and then 120 V constant for the remainder o f the time. Full 

range rainbow markers (Amersham) were loaded as molecular weight markers

2.4.3 Coomassie staining of polyacrylamide gels

Polyacrylamide gels were stained using gentle agitation for a minimum o f 1 hr in 

acrylamide gel stain (0.04% w/v Brilliant blue R, 5% v/v methanol and 5% v/v glacial 

acetic acid). Gels were destained using several changes of polyacrylamide gel destain 

(7.5% glacial acetic acid and 20% ethanol) until the proteins were clearly visible and the
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background was clear. Gels were dried onto Whatmann 3M filter paper using a heated, 

vacuum-assisted gel drier (Biorad).

2.4.4 Western blotting

Western blotting was carried out using the Biorad Mini Trans Blot or the Biorad Trans 

Blot Cell. Sponges, Whatmann 3M paper and nitrocellulose membranes were soaked in 

cold transfer buffer (25 mM Tris, 192 mM glycine and 10% absolute ethanol) prior to 

use. A pocket from the transfer apparatus was placed black side down on a tray. A 

soaked sponge was first added, followed by 2 sheets of Whatmann paper. These were 

pressed down using a pipette to remove air bubbles. The gel was then added, followed 

by a nitrocellulose membrane, 2 more sheets of Whatmann paper, and another sponge. 

The pocket was closed, placed in the transfer apparatus and covered in cold transfer 

buffer. Transfer was carried out either overnight at 4°C (Biorad Mini Trans Blot: 30 V 

constant or Biorad Trans Blot Cell: 250 mA constant) or for 2 hrs at 4°C (Biorad Mini 

Trans Blot: 90 V constant or Biorad Trans Blot Cell: 450 mA constant).

Membranes were blocked by shaking in superblock (1 M glycine, 5% w/v marvel 

(Sainsburys), 5% v/v PCS and 1% w/v ovalbumin) either for 1 hr at room temperature or 

overnight at 4°C. Three rinses with TBS-T (20 mM Tris-HCl (from a IM stock, pH 7.5), 

150 mM NaCl and 0.1% v/v Tween) were followed by incubation with a primary 

antibody diluted in TBS-T plus 2% marvel (see Table 9) for either 1 hr at room 

temperature or overnight at 4°C with agitation. Membranes were washed 3 times for 10 

min in TBS-T at room temperature. HRP-conjugated secondary antibodies (Pierce) were 

diluted in TBS-T plus 2% marvel to a final concentration of 0.2 p-g/ml and incubated for 

1 hour at room temperature on the membranes, with agitation. Secondary antibodies 

were washed off using 6x 10 min washes of TBS-T. Bands were visualised using ECL 

western blotting detection reagents (Amersham) and high performance 

chemiluminescence film (Hyperfilm, Kodak) according to the manufacturer’s 

instructions.

102



2.4.5 Stripping nitrocellulose membranes

To strip blots, membranes were agitated in 5% acetic acid pH 2.8 for 5 min. This was 

followed by multiple washes in PBS-A to neutralise the acidic pH as quickly as 

possible.The efficiency of stripping was checked using ECL according to the 

manufacturer’s instructions.

2.4.6 Preparation of GST fusion proteins

BL21 pLysS E. coli (strain containing the chloramphenicol resistant pLysS plasmid 

which facilitates easier freeze/thaw mediated lysis) were transformed with the required 

pGBX construct and spread onto agar plates containing 50 pig/ml ampicillin and 25 

jug/ml chloramphenicol. Plates were inverted and incubated at 37°C overnight. A single 

colony was inoculated into 100 ml of L-broth containing ampicillin and chloramphenicol 

and the culture was grown overnight at 37°C with agitation. The 100 ml culture was 

further diluted into 1 L of pre-warmed L-broth plus ampicillin and chloramphenicol. 

This was grown either for 2 hrs at 30°C for the PAK:CRIB fragment or 5 hrs at 25°C for 

plexins. Fusion protein production was induced by addition of isopropyl-B-D- 

thiogalactopyranoside (IPTG, Melford Laboratories Ltd, 0.5 mM for PAKiCRIB or 0.1 

mM for plexins). Cultures were incubated for a further 5 hours then the cells were 

harvested at 4000 rpm for 20 min. The cells were resuspended in 20 ml of 50 mM Tris- 

HCL pH 8.0 and then harvested by centrifugation at 2000 rpm for 20 min. Most of the 

supernatant was removed and the cells were snap frozen in liquid nitrogen and stored 

overnight at -80°C.

The cells were thawed on ice, resuspended in 20 ml GTLB 1 (50 mM Tris-HCl (from a 1 

M stock, pH 8.0), 40 mM EDTA, 25% w/v sucrose, 1 mM PMSF and 1 complete 

protease inhibitor tablet) and rotated on a wheel at 4°C for 20 min. GTLB 2 (8 ml of 50 

mM Tris-HCl (from a 1 M stock, pH 8.0), 100 mM MgCL, 0.2% triton X-100, 1 mM 

PMSF and 1 complete protease inhibitor tablet) was added to the pellet and it was 

rotated for a further 10 min at 4°C. To shear genomic DNA the pellet was sonicated on 

ice at 15 microns in 10 sec bursts until the viscosity was lost but the solution was not 

substantially opaque. The lysate was centrifuged at 10000 rpm for 45 min and the
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supernatant was carefully removed and transferred to a 50ml falcon tube containing 1ml 

of a 50% glutathione-agarose bead slurry.

The suspension was rotated at 4°C for 1 hr then the beads were collected by 

centrifugation for 20 second at 2500 rpm. The supernatant was removed and the beads 

were washed 4x in 5 ml of cold wash buffer (50 mM Tris-HCl (from a 1 M stock, pH 

7.6), 50 mM NaCl, 5 mM MgCh, 1 mM PMSF and 1 complete protease inhibitor tablet. 

The beads were transferred to an Eppendorf tube, centrifuged at 13000 rpm to remove 

the last traces of buffer and processed depending upon whether the proteins were 

required eluted from, or attached to, the beads.

For attached proteins:

The beads were resuspended in 500 p.1 of wash buffer containing 25% glycerol. Aliquots 

(100 pi) were prepared and stored at -80°C.

For eluted proteins:

Proteins were eluted using 500 pi glutathione elution buffer (100 mM Tris-HCl (from a 

1 M stock, pH 8.8), 200 mM NaCl, 5 mM MgCb, 1 mM DTT, 5 mM glutathione and 

0.1% w/v Triton X-100) rotated on the beads for 3 hrs at 4°C. The suspension was 

centrifuged and the supernatant was collected and placed on ice. This elution was 

repeated overnight, and the supernatants were pooled. Proteins were concentrated using 

an Amacon/Centricon centrifugal concentrator (Molecular weight cut off 10000, 

Millipore Corporation) according to the manufacturers instructions. Protein 

concentrations were determined using the Biorad protein assay according to the 

manufacturers instructions. Proteins were snap frozen in liquid nitrogen stored as 5 pi 

aliquots at -80°C.

2.4.7 Preparation of recombinant GTPases

L-broth (100 ml) containing ampicillin and chloramphenicol was inoculated with BL21 

E. coli containing the required pGEX-GST expression plasmids The culture was 

incubated overnight at 37°C with agitation and was then diluted 1:10 into fresh pre
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warmed L-broth containing ampicillin and chloramphenicol. This culture was incubated 

for 1 hr at 37°C with agitation. Fusion protein expression was induced by the addition of 

0.1 mM IPTG and the cultures were agitated for a further 3 hrs at 37°C. The cells were 

harvested by centrifugation at 4000 rpm for 10 min at 4°C then resuspended in 3 ml of 

ice-cold lysis buffer (50 mM Tris-HCL (from a 1 M stock, pH 7.6), 50 mM NaCl, 5 mM 

MgCl], 1 mM DTT and 1 mM PMSF). The cells were sonicated on ice at 14 microns 

until the suspension became muddy brown and slightly viscous. The sonicate was 

centrifuged at 10000 rpm for 10 min at 4°C and the supernatant was transferred to a 5 ml 

bijou tube containing 1 ml of a 50% slurry of glutathione agarose beads. This was 

rotated for 30 min at 4°C. The beads were pelleted at 4000 rpm for 1 min and the 

supernatant was discarded. The beads were washed 5x in 5 ml of cold lysis buffer minus 

DTT and PMSF.

Fusion proteins were cleaved from the beads by rotating overnight at 4°C in 0.5 ml of 

thrombin digestion buffer (50 mM Tris-HCL (from a 1 M stock, pH 8.0), 150 mM NaCl,

2.5 mM CaCh, 5 mM MgCh and 1 mM DTT) containing 5 units of human thrombin 

(Sigma). After digestion the beads were centrifuged at 13000 rpm for 1 min and the 

supernatant was placed on ice. The beads were incubated with 0.5 ml of high salt/DTT 

buffer (50 mM Tris-HCL (from a 1 M stock, pH 7.6), 150 mM NaCl, 5 mM MgCL and 

1 mM DTT) for 2 min at 4°C and were then centrifuged at 13000 rpm for 1 min. The 

supernatants were pooled and the thrombin was removed by rotation at 4°C for 30 min in 

the presence of 10 p.1 of a suspension of p-amino benzamidine-agarose beads.

Fusion proteins were dialysed against 2 L of dialysis buffer (10 mM Tris-HCL (from a 1 

M stock, pH 7.6), 150 mM NaCl, 2 mM MgCL and 0.1 mM DTT) at 4°C overnight with 

one buffer change. Proteins were concentrated using centrifugal concentrators to a final 

volume of approximately 150 p.1. Aliquots (10 \i\) were snap frozen in liquid nitrogen 

and stored at -80°C. Protein concentrations were determined using a GTP-binding filter 

assay (see below).
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2.4.8 GTP binding filter assay

The proportion of active protein in recombinant GTPase preparations was assessed by 

examining the ability of the protein to bind radiolabelled GTP. Aliquots (1 \x\,2 pil and 3 

p-1) of a 1:10 dilution of recombinant GTPase protein were mixed with 40 \i\ of GTP 

binding buffer (buffer A = 50 mM Tris, 50 mM NaCl and 5 mM MgCli plus 10 mM 

EDTA, 5 mM DTT and 0.5 p,l [^H]GTP, Amersham). The reactions were incubated at 

30°C for 10 min, diluted with 1 ml of buffer A then applied to a pre-washed (using 10 ml 

buffer A) nitrocellulose filter on a suction pump. The membrane was washed with a 

further 10 ml of buffer A then dried and placed in 8 ml of scintillant. Counts per minute 

were read with a scintillation counter. If one mole of GTPase binds to one mole of 

[^H]GTP then 1 pg of GTPase should give 10  ̂dpm. The concentration of active protein 

was calculated as follows:

Cpm = 20% dpm

Active protein [mg/ml] = ((dpmZpl)lO^) x (100/(counting efficiency = 20%))

2.4.9 Slot blot in vitro GTPase binding assay

A nitrocellulose membrane was equilibrated in buffer A plus 0.1 mM DTT and placed 

into a slot blot apparatus (Biorad) according to the manufacturers instructions. GST 

fusion proteins (10 pg per protein) were made up to 50 pi total volume using binding 

buffer (Ix: 20 mM Tris-HCl (from a IM stock, pH 7.6) and 0.1 mM DTT) containing 1 

mM MgCb. The proteins were placed into the slot blot apparatus and a vacuum was 

applied to draw the proteins onto the membrane. The membrane was washed 3x in 

buffer A containing 0.1 mM DTT and then blocked with superblock for 2 hrs at room 

temperature.

During this time, recombinant GTPases (5 pg per reaction, diluted with binding buffer 

containing 1 mM MgCb) were loaded with GTP by incubation for 10 min at 30°C in 

0.84x binding buffer containing 5 mM EDTA, 0.5 mg/ml BSA and 1 pi y^^P GTP (NEN, 

10 pCi/pl, 6000Ci/mMol) then placed on ice. The reactions were stopped by the addition
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of MgCl] to a final concentration of 10 mM. To reduce background exposure levels, 

DTT was added to a final concentration of 0.1 mM.

After blocking the membrane was cut into strips to enable individual GTPase 

interactions to be tested and washed twice with buffer A containing 0.1 mM DTT. The 

strips were then incubated in buffer A containing 1 mM GTP, 1 mg/ml BSA, 0.1 mM 

DTT and a y^^P GTP loaded GTPase and agitated gently for 10 min at 4°C. The strips 

were washed 3x in TBS-T (20 mM Tris-HCl (from a 1 M stock, pH 7.5), 150 mM NaCl 

and 0.1% v/v tween). Following drainage of excess liquid, the membranes were wrapped 

in saran wrap and sealed to prevent leakage. Bound radiolabelled GTPases were 

visualised using autorad and X-ray films (BMR-Kodak).

2.4.10 Immunoprécipitations

Cells were transfected 24 hrs prior to immunoprécipitation using Genejuice as described 

previously. Cells were washed once on ice in PBS-A containing 0.1 mM sodium 

ortho vanadate. Cells were lysed using 200 pi RIPA buffer (1% v/v NP40, 10 mM Tris- 

HCl (from a 1 M stock, pH 7.5), 140 mM NaCl, 5 mM EDTA, 1 mM Sodium 

Ortho vanadate, 2 mM PMSF and one complete protease inhibitor tablet) per well and 

post-nuclear supernatants were prepared. Aliquots were removed to assess total protein 

levels prior to immunoprécipitations. The remaining supernatants were added to 

microfuge tubes containing 20 pi of a 50% protein G-sepharose 4B slurry (binding 

capacity >20 mg human IgG/ml) and 2 pg of the immunoprecipitating (or 3.5 pi of 

9E10). The suspensions were incubated at 4°C on a rotating wheel for 2 hrs then the 

beads were collected by centrifugation for 30 sec at 4°C. The beads were washed 3x in 1 

ml RIPA buffer. After the last wash, most of the supernatant was removed and 35 pi of a 

2x solution of protein sample buffer were added. The samples were boiled for 10 min at 

100°C then centrifuged for 15 seconds at 13000 rpm. The samples were subjected to 

SDS-PAGE and western blotting analysis
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2.4.11 Preparation of recombinant semaphorins by affinity chromatography

Recombinant Sema3A-Fc was purified from the medium of stable CH0-Kl/Sema3A-Fc 

expressing cells. Recombinant Sema4D-Fc and Sema7A-Fc were purified from the 

medium of transient Cos-7 transfections. For each protein preparation, 100 ml of 

conditioned medium containing the chimaeric protein were harvested 72 hrs post 

passaging (CHO-Kl) or transfection (Cos-7) and stored at -20°C until required. All cells 

were cultured in medium containing 10% gamma globulin free FCS (Ultrapure FCS, 

Sigma) to prevent isolation of IgG’s during the preparation.

Conditioned medium was centrifuged at 3000 rpm for 10 min to remove cell debris and 

the supernatants were transferred to 50 ml Falcon tubes containing 2 ml of a 50% slurry 

of protein-A immobilised on Sepharose CL-4B (Sigma, binding capacity approximately 

20mg human IgG/ml lyophilised powder) and rotated overnight at 4°C. The suspension 

was poured through a disposable column (Falcon) at 4°C to allow the Sepharose to 

accumulate and then the column was washed with 30 ml cold PBS-A. Bound 

semaphorins were eluted using 5 ml of lOOmM glycine, pH 2.7. The eluates were 

collected in 15 ml Falcon tubes containing 500 |xl of 1 M Tris, pH 9.0 and placed on ice. 

Purified semaphorins were concentrated using centrifugal concentrators to a final 

volume of approximately 200 pi. Semaphorins were aliquoted (5 and 20 pi aliquots) and 

snap frozen in liquid nitrogen before being stored at -80°C. Protein concentrations and 

purity were analysed by western blotting and SDS-PAGE in comparison to known 

concentrations of BSA standards.

2.4.12 GTPase pulldown assays

Cells were transfected and left to express for 24 hrs. Cells were then serum starved for 

14 hrs prior to being stimulated with 2 pg/ml Sema3A-Fc if required. Cells were washed 

twice in ice cold TBS (TBS-T minus tween) and lysed using 200 pi pull-down RIPA 

buffer (50 mM Tris, 150 mM NaCl, 1% v/v triton X-100, 0.5% w/v sodium 

deoxycholate, 0.1% w/v SDS, 10 mM MgCb, 0.2 mM PMSF and 1 complete protease 

inhibitor tablet per 50 ml buffer, pH8) per well of a 6-well plate. Post nuclear 

supernatants were prepared and aliquots were saved to assess total GTPases levels. The
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remaining lysates were incubated for 45 min at 4°C with 20 |ig of a 50% slurry of 

PAKiCRIB coupled to glutathione agarose beads. The beads were subsequently washed 

3x in cold Wash buffer (50 mM Tris, 150 mM NaCl, 1% v/v triton X-100, 10 mM 

MgCl], 0.2 mM PMSF and 1 complete tablet of protease inhibitor/ 50 ml buffer, pH 8). 

Equal amounts of beads and total cell lysates were analysed by SDS PAGE and western 

blotting.

2.5 COMPUTATIONAL SOFTWARE

All image analysis was performed using Adobe Photoshop, version 5.5. Quantitative 

data was depicted using Microsoft Excel and Quantity One software. Sequence 

alignments were performed using Clustal W software.
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CHAPTER 3

CHARACTERISATION OF SEMAPHORIN 

INDUCED COS-7 COLLAPSE ASSAYS

no



3.1 INTRODUCTION

To promote growth cone guidance it is clear that the binding of semaphorins to plexins 

and neuropilins must induce signal transduction pathways within responsive cells. These 

pathways are likely to involve members of the Rho family of small GTPases and will 

presumably lead to modulation of the cellular cytoskeleton. In order to investigate 

semaphorin induced signal transduction, functional recombinant semaphorins and a 

reproducible assay for semaphorin activity are needed. Ideally, manipulations of this 

assay should be easily achievable, to provide an opportunity to test the requirement for 

key molecules in semaphorin induced signalling cascades.

This chapter describes the preparation of recombinant semaphorins, the demonstration of 

their functional activity and the characterisation of a collapse assay that will be used 

throughout this thesis to investigate the involvement of plexins in semaphorin mediated 

signal transduction.

3.2 RESULTS

3.2.1 Expression of Endogenous Plexins and Neuropilins

The presence of endogenous plexins and neuropilins in different cell lines was assessed 

by western blot analysis. Post-nuclear supernatants were prepared from a range of cells 

including Cos-7 fibroblasts, two differentiation states of human umbilical vein 

endothelial cells (HUVECS, 24 hrs and 96 hrs post plating), Madine Darby canine 

kidney (MDCK) epithelial cells, primary rat astrocytes, primary rat cerebrum and total 

brain from an embryonic day 17 rat. Equal amounts (20 pig) of each lysate were 

separated by polyacrylamide gel electrophoresis. Blots were subsequently probed using 

a goat anti-NP-1 antibody raised against the cytoplasmic tail of NP-1 and a rabbit anti- 

pan-plexin antibody raised against the cytoplasmic tail of plexins (see Figure 3.1).

The pan-plexin antibody recognises all A and B type plexins but has not been 

characterised with respect to C and D type plexins. This antibody revealed the presence 

of a plexin with a molecular mass of approximately 220 kDa in total rat brain and rat
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cerebrum (see Figure 3.1, a 2). This corresponds to the known mass and tissue 

localisation of Plexin-A l.

(a) k P a  Cos-7 HUVEC Rat M D CK  A strocytes Rat
early late CB Brain

Plexins

2 2 0 -

97 -

66 -

-  1 
- 2

- 3

- 4

(b) kDa Cos-7 HUVEC Rat M DCK A strocytes Rat
early late CB Brain

NP-]

2 2 0 -

9 7 -

- 5

- 6

F IG U R E  3.1 E ndogenous p lex ins and  neuropilins in different cell types, (a) Total lysates p rep a red  fro m  

the indicated  cells were p ro b ed  with rabbit anti-plexin. (b) Total lysates p repared  fro m  the indicated  cells 

were p ro b ed  with goa t anti-N P-1. N um bers in bo ld  indicate bands that w ere expected  when considering  

plex in s o f  the A and  B sub fam ily  an d  N europ ilin -I. 1. F u ll length P lex in -B l. 2. P lex in -A l. 3. L arger  

P lex in -B l c leaved  subunit. 4. Sm aller P lex in -B l c leaved  subunit. 5. NP-1 upper band. 6. NP-1 low er  

band. R at CB ~  rat cerebrum.

In Cos-7 and HUVEC cell lysates, three proteins with m olecular masses o f 

approximately 100 kDa, 180 kDa and 240 kDa were detected (see Figure 3.1, a 4, 3 and
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1 respectively), none of which aligned with the bands presumed to be Plexin-Al. Of 

these three proteins, the smallest was by far the most prominent and was also clearly 

evident in MDCK lysates. Although the sizes of these proteins do not correspond 

exactly, this pattern of three bands is reminiscent of the expression pattern of Plexin-Bl 

(p300, p200 and p i00 fragments) in numerous cell types that is observed when both 

uncleaved and proteolytically cleaved receptor fragments are viewed (Artigiani et al., 

2003). In particular, the strong expression of the 100 kDa fragment in MDCK lysates 

matches exactly with the expression seen by Artigiani et al when using an antibody 

raised against the cytoplasmic tail of Plexin-Bl.

A protein with a molecular mass of approximately 90 kDa was evident in primary rat 

astrocytes. This was not consistent with any known A or B type Plexin and may 

therefore reflect the presence of Plexin-Cl or Plexin-Dl in these cells. This 

interpretation relies upon the assumption that the pan-plexin antibody can recognise 

these proteins.

Using the goat anti-NP-1 antibody a doublet with a molecular mass between 97 and 220 

kDa was detected in HUVECs and MDCK cells (see Figure 3.1, b 5 and 6). NP-1 has 

been observed to migrate as a doublet of similar molecular mass by other laboratories 

(Nakamura et a l, 1998). The two bands have been attributed to the varying 

glycosylation states of endogenous neuropilins. The upper band of NP-1 was also visible 

in Cos-7 cells and astrocytes. Surprisingly, no protein of similar molecular mass was 

apparent in brain tissues, though a protein with a molecular mass of approximately 95 

kDa was detected.

3.2.2 Preparation and Testing of Recombinant Semaphorins

The prototypic members of semaphorins from subfamilies 3, 4 and 7 (Sema3A, Sema4D 

and Sema7A respectively) were prepared as recombinant proteins from the conditioned 

medium of stably transfected CHO-Kl cells (Sema3A, Luo et a l, 1993; Eickholt et a l, 

1997) or transiently transfected Cos-7 cells (Sema4D and Sema7A). In each case, the Fc 

fragment of human IgGl was fused to the semaphorins (Fawcett et a l,  1994). This
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enabled the recombinant proteins to be efficiently purified using protein-A sepharose 

columns and more importantly, it ensured that both full length semaphorins (Sema3 A) or 

the extracellular domains alone (Sema4D and Sema7A) were present in the suspensions 

as dimers. This was necessary as dimérisation is critical for the biological activity of 

semaphorins (Eickholt et a l, 1997).

The conditioned medium was centrifuged to remove any debris and then the 

supernatants were passed over protein-A sepharose columns to affinity purify the 

semaphorins using the Fc-tag. All cells were cultured in medium containing ultra low 

IgG FCS, to minimise the amount of IgGs co-purified with the semaphorins. The 

semaphorin preparations were concentrated using centrifugal concentrators and aliquots 

were subjected to coomassie staining and western blot analysis. This allowed the purity 

and concentration of semaphorins within the samples to be assessed (see Figure 3.2).

Western blot analysis using a goat anti-human IgG Fey specific antibody (goat anti-hFc) 

demonstrated that the preparations contained pure semaphorins and showed no 

degradation (see Figure 3.2, b). Sema3A-Fc was visible as a single band with a 

molecular mass of approximately 145 kDa. Sema4D-Fc was observed as a doublet of 

two bands with molecular masses of approximately 160 and 140 kDa. These bands 

probably represent the transmembrane precursor and proteolytically cleaved secretable 

forms of Sema4D-Fc. Sema7A-Fc was seen as a single band with a molecular mass of 

approximately 120 kDa.

Coomassie staining revealed that each semaphorin preparation additionally contained 

two bands with molecular masses of approximately 65 and 75 kDa (see Figure 3.2, a). 

These bands were also present in a “blank” semaphorin preparation, where conditioned 

medium from cells not expressing recombinant proteins was prepared alongside a 

semaphorin preparation (data not shown). This indicates that these are non-specific 

proteins that are pulled out of the conditioned medium by interaction with protein-A, 

rather than degradation products of semaphorins.
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The concentration of recombinant semaphorin in each preparation was estimated by 

comparison of known volumes o f semaphorins with known quantities o f BSA standards 

run on the same gel. Estimations were always judged when looking at wet gels as drying 

and scanning visually altered the coomassie staining. In Figure 3.2, Sema3A-Fc = 200 

ug/ml, Sema4D-Fc = 100 pg/ml and Sema7A-Fc = 500 pg/ml. In greater than 90% of 

cases these were the concentrations that were obtained for each semaphorin preparation. 

Where possible, for comparative purposes an aliquot of a previous preparation was also 

run on gels used for estimating semaphorin concentrations.

(a) k P a BSA standards Sem a3A -Fc Sem a4D -Fc Serna?A -Fc
l|ag 2^ig 5 |ig  5fil lO^tl 5^1 lOfal 5^1 lOpil

250 -
160-

105-

7 5 - * ♦

kP a sem aphorins

3A 4 P  7A

250 -

160-

105 -

7 5 -

j -  Sem aphorins

FIG U R E  3.2 P repara tion  o f  recom binan t sem aphorins. (a) C oom assie  s ta in ed  p o lya cry la m id e  g e l  

show ing 5 and  10 p i aliquots o f  each sem aphorin preparation  com pared to 1, 2 and  5 p g  a liquots o f  BSA  

standards, (b) W estern b lot o f  5 p i  a liquots o f  p u rified  Sem aSA-Fc, Sem a4D -F c and Sem a7A -F c p ro b ed  

with Goat anti-hum an IgG  F ey fragm ent.
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To determine whether or not the purified recombinant Sema3A-Fc was functionally 

active the classical dorsal root ganglia (DRG) growth cone collapse assay was utilised 

(Luo et al., 1993). DRG expiants from embryonic day 8 chicks were isolated and 

cultured for 16 hrs on poly-L-lysine and laminin coated coverslips in the presence of 

neurotrophin-3, bone-derived neurotrophic factor and nerve growth factor. These factors 

promoted a radial outgrowth of neurons from explants (see Figure 3.3, a). In the absence 

of Sema3A-Fc, 90% of neurons emanating from explants terminated in highly motile 

growth cones. Staining with rhodamine-conjugated phalloidin demonstrated the F-actin 

rich nature of the growth cones and highlighted their numerous filopodia and 

lamellipodia (see Figure 3.3, a-c).

The addition of Sema3A-Fc to the conditioned culture medium that the explants were 

growing in resulted in the collapse of growth cones (see Figure 3.3, c). Increasing 

concentrations of Sema3A-Fc were added, to a maximum concentration of 10 p.g/ml. For 

each concentration 100 axons were counted and were classified as having either not- 

collapsed, partially collapsed, or fully collapsed growth cones. Experiments were 

repeated in triplicate and a dose response curve was plotted (see Figure 3.3, d). The 

results demonstrate that the percentage of collapsed growth cones grew as the 

concentration of Sema3A-Fc increased. The recombinant Sema3A-Fc was therefore 

functionally active with respect to collapse of DRG growth cones.

3.2.3 Semaphorins Associate with Cos-7 Cells Expressing Plexins and Neuropilins

A heterologous assay has been described in which Cos cells expressing Plexin-Al and 

NP-1 morphologically “collapse” in response to stimulation with Sema3A (Takahashi et 

al., 1999). Until now, this assay has primarily been used to examine molecular 

interactions between Plexin-Al, NP-1 and Sema3A. As Cos cells are easy to culture and 

manipulate, the potential to use this assay to investigate Sema3A induced signal 

transduction appears immense.
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C oncen tra tio n  o f  S em a3A -F c  (ug /m l)

• fu lly  co llap sed  —■ — partia lly  co llap sed  — • — not-co llap sed

FIGURE 3.3 Sem a3a-F c induces co llapse o f  the grow th cones o f  chick E 8  D R G  neurons, (a-c) F-actin  

has been sta ined  using rhodam ine-conjugated  phallo id in . (a) Low  p o w er im age o f  D RG  explan t taken  

using N ikon lOx air objective, (b) A D RG  grow th  cone that is fu l ly  spread  and  m igrating  in the absence o f  

Sem a3A-Fc. (c) A D RG  grow th  cone tha t has co llapsed  in response  to stim ula tion  with Sem a3A-Fc. 

A rrow s indicate m otile grow th cones. A rrow heads indicate collapsed grow th cones.

To reproduce this assay the relative expression levels of Plexin-Al and NP-1 first needed 

to be optimised. In a functional SemaSA receptor complex Plexin-Al and NP-1 are 

found in a stoichiometric ratio of 1:1. Transient co-transfections using varying amounts 

of vsv-Plexin-Al and NP-1 DNA were used to identify a ratio that would provide
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comparable expression levels of these two receptors. Cos-7 cells were electroporated 

and 24 hr later lysates were prepared and subjected to western blot analysis. Membranes 

were probed using a mouse anti-vsv antibody to detect Plexin-Al and a goat anti-NP-1 

antibody (see Figure 3.4).

When the total amount of DNA electroporated was 20 pg per 2 million cells, a DNA 

ratio of 1:2 of vsv-Plexin-A1 :NP-1 resulted in relatively equal expression levels of these 

two receptors (see Figure 3.4). All subsequent electroporation experiments used this 

DNA ratio for Plexin-Al :NP-1. When transfections were carried out using the Genejuice 

reagent, the ratio remained the same but the total amount of DNA transfected was 1.5 pg 

DNA per 1.5 x 10̂  cells.

Total DNA :

Plexin-Al

NP-1

Tubulin

20^g
r  "N

_______ DNA ratio. P lex in -A l:N europilin -l.

1:1 2:1 4:1 1:2 1:4

lOiag

1:2

FIG U R E  3.4 R ela tive  expression  leve ls o f  vsv -P lex in -A l and  N P-1 in co -transfec ted  C os-7  cells, (a) 

Lysates fr o m  C os-7  cells co -expressing  vsv-P lexin-A I and  NP-1 w ere p ro b ed  using m ouse an ti-vsv and  

goa t anti-N P -1 antibodies. B lots w ere also p robed  with rat anti-tubulin  to enable total pro te in  levels in 

lysates to be com pared.

Following the optimisation of the co-expression of vsv-Plexin-Al and NP-1 in Cos-7 

cells the speeifieity of the interactions between recombinant semaphorins and 

overexpressed plexins and neuropilins were analysed.
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Cos-7 cells were transfected with either vsv-Plexin-Al alone, NP-1 alone, or the two 

receptors together and the cells were incubated for 24 hr to allow protein expression to 

occur. Cells were then stimulated for 30 min with 1 p,g/ml of Sema3A-Fc, Sema4D-Fc 

or Sema7A-Fc. This concentration was chosen in accordance with published information 

relating to this assay (Takahashi et a l,  1999). For each semaphorin, parallel 

immunofluorescence and western blot analyses were performed. Cells on coverslips 

were fixed and stained for vsv-Plexin-Al (mouse anti-vsv) and/or semaphorins (goat 

anti-hFc). In co-transfections it was assumed that cells expressing vsv-Plexin-Al were 

also expressing NP-1 as in previous co-expression experiments double labelling 

demonstrated that 90% of cells expressing vsv-Plexin-Al also expressed NP-1 (data not 

shown).

For individual semaphorins, 100 cells expressing vsv-Plexin-Al were counted and the 

percentage with bound semaphorins was calculated. Experiments were repeated in 

triplicate and the results demonstrated that following semaphorin stimulation, 95% of 

cells co-expressing vsv-Plexin-Al and NP-1 were strongly positive for Sema3A-Fc 

staining. Contrastingly only 8% and 6% of expressing cells were positive for Sema4D- 

Fc or Sema7A-Fc staining respectively (see Figure 3.5, a). This implies that only a small 

amount of cross-reactivity between known ligand:receptor combinations occurs. As 

expected, 0% of cells expressing vsv-Plexin-Al alone were positive for semaphorin 

binding. This verifies the requirement of NP-1 as a bridge in the interaction between 

Plexin-Al and Sema3A. Finally, though co-staining for NP-1 and Sema3A-Fc was not 

possible, faint staining for Sema3A-Fc was visible in discrete cells within NP-1 only 

transfections (see Figure 3.6, d-^. This confirms that Sema3A-Fc associates weakly 

with NP-1 alone but vsv-Plexin-Al increases the affinity of this interaction.

Western blot analysis provided further evidence that Sema3A-Fc, but not Sema4D-Fc or 

Sema7A-Fc interacted with cells expressing vsv-Plexin-Al and NP-1. Following 

semaphorin stimulation, cells were washed twice in PBS to remove non-specifically 

bound semaphorins. Lysates were then prepared and probed using goat anti-hFc to detect 

semaphorins that remained associated with the cells. The results confirm that Sema3A-
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Fc binds to cells expressing vsv-Plexin-Al and NP-1, but neither Sema4D-Fc, Serna?A- 

Fc nor culture medium alone show any interactions (see Figure 3.5, b ) .

(a)

l ! l
p i
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10 0  -1 
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0 -  
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sem aphorins

M 3A 4D 7A

sem aphorins

media Sema3A-Fc Sem a4D-Fc Scma7A-Fc Plexin-A l

(c)

160-
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7 5 -
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sem aphorins 

B 3A 7A

(d)

S em a3 A -F c S em a4 D -F c S em a7 A -F c

P le x in -A l X X X

N P-1 V X X

P lex in -A I + N P-1 v v X X

P lex in -B l X \V X

P lex in -C l N D N D VV

F IG U R E  3.5 The sp ec ific ity  o f  in teractions betw een  sem aphorins, p lex in s  an d  neuropilins. (a+b) 

Sem a3A-Fc, but not Sem a4D -F c or Sem a7A-Fc, binds to C os-7 cells expressing vsv-P lexin -A l and  NP-1. 

C os-7 cells w ere transfected  with vsv-Plexin and  NP-1. A fter 24 hr, cells w ere stim ula ted  fo r  30 min with  

1 lig /m l o f  various sem aphorins. Cells w ere either f ix e d  and  sta ined  using goa t anti-hF c to detect bound  

sem aphorin s o r  lysa tes w ere p re p a re d  and  p ro b e d  w ith the sam e an tibody, (c) P er ip h era l b lo o d  

m ononucleocytes w ere b locked  fo r  30 min with 20 lag/ml R a t IgG  and  then stim u la ted  f o r  30 min with 

various sem aphorins, m edia on ly  (M) or a blank sem aphorin prepara tion  (B). (d) Table sum m arising  the 

specific ity  o f  interactions betw een recom binant sem aphorins, p lex in s and  NP-1. ND  = not determ ined. A 

single tick represents a w eak interaction and  two ticks represent a strong  interaction.
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Similar immunofluorescence experiments were carried out using Plexin-Bl. As the pan- 

plexin antibody was in extremely limited availability and this receptor was not tagged, 

the percentage of cells expressing Plexin-B 1 that had semaphorins associated with them 

could not be determined. Instead, transfected cells were distinguished only by labelling 

bound semaphorins using the goat anti-hFc antibody. The results clearly demonstrate 

that Sema4D-Fc binds to cells expressing Plexin-Bl, whilst Sema3A-Fc and Sema7A-Fc 

fail to bind to cells from the same transfection (data not shown). This provides further 

support for the evidence that recombinant semaphorins are capable of interacting with 

their correct receptors.

As no mammalian expression construct was available for Plexin-Cl, the ability of 

recombinant Sema7A-Fc to interact with cellular receptors could not be tested using 

Cos-7 cells. Monocytes and macrophages have previously been shown to express 

Plexin-Cl, so peripheral blood mononucleocytes were isolated from healthy human 

donors (Xu et a l, 1998; Gardner et al., 2001). These cells were allowed to differentiate 

for 7 days prior to being stimulated with semaphorins. As the semaphorins were fused 

to the Fc fragment of human IgG the Fey receptors on these monocytes were blocked 

prior to semaphorin stimulation by addition of 20 pg/ml rabbit IgG for 30 min. 

Following stimulation the cells were washed twice in PBS-A to remove non-specifically 

bound semaphorins and then lysates were prepared and probed using goat anti-hFc. A 

band with a molecular mass corresponding to that of Sema7A-Fc was detectable in the 

lysates stimulated with this semaphorin. This indicates that recombinant Sema7A-Fc 

associates specifically with a monocyte receptor, as it was unable to bind to cells 

expressing vsv-Plexin-Al and NP-1 or Plexin-Bl (see Figure 3.5, c). Unfortunately the 

presence of a large number of non-specific bands on these blots prevented any 

conclusions from being drawn regarding whether or not Sema3A-Fc or Sema4D-Fc 

could interact with monocytes. The specificity of interactions between the recombinant 

semaphorins and available plexins and neuropilins are summarised in Figure 3.4, d.

121



3.2.4 Sema3A-Fc Induces Collapse of Cos-7 Cells Expressing vsv-Plexin-Al and 

NP-1

Having confirmed that Sema3A-Fc specifically associates with a Plexin-Al/NP-1 

containing receptor complex, the ability of Sema3A-Fc to alter the morphology of Cos-7 

cells was assessed. Cells expressing vsv-Plexin-Al alone, NP-1 alone, or both receptors 

together were stimulated 24 hr post transfection with fresh culture medium 

supplemented with 0, 0.5, 1, 2 or 5 pig/ml of Sema3A-Fc. Following fixation, 

rhodamine-conjugated phalloidin was used to label F-actin and reveal the overall cellular 

morphology. Cells were co-stained with either mouse anti-vsv, goat anti-NP-1 or goat 

anti-hFc.

The majority (79%) of cells expressing NP-1 alone remained fully spread, regardless of 

whether or not Sema3A-Fc was present (see Figure 3.6, a-f, s). As the goat anti-NP-1 

antibody specifically recognised the intracellular region of NP-1 it was not possible to 

use immunofluorescence to assess the proportion of this receptor that localised to the 

cell surface. The morphology of cells expressing vsv-Plexin-Al alone was also 

unaltered. In these cells, though some Plexin-Al became trapped in the endoplasmic 

reticulum, labelling experiments using unpermeabilised cells revealed that a reasonable 

proportion of Plexin-Al localised to the cell surface (see Figure 3.6, g-1). As Sema3A-Fc 

cannot bind cells expressing vsv-Plexin-Al alone, this protein predictably had no effect 

on these cells.

The majority (76%) of cells co-expressing vsv-Plexin-Al and NP-1 remained fully 

spread when placed in fresh culture medium but showed dramatic morphological 

changes upon addition of Sema3A-Fc. (see Figure 3.6, m-o, s). Stimulation with 

Sema3A-Fc triggered a striking collapse in 75% of the cells with bound Sema3A-Fc. In 

these cells a high degree of colocalisation was apparent between vsv-Plexin-Al and 

Sema3A-Fc (see Figure 3.6, p-r) This collapse did not result in a complete cell 

rounding as F-actin rich protrusions persisted that extended to the edges of the original 

cell boundaries. The failure of 25% of cells with bound Sema3A-Fc to collapse can be 

partially explained by the fact that a small proportion of these cells may only express
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FIGURE 3.6 Sem a3A -F c induces co llapse o f  C os-7 cells co -expressing  vsv -P lex in -A l an d  N P-1. (a-c) 

Unstimulated, perm eab ilised  cells expressing NP-1 only. (d-J) P erm eabilised  cells expressing  NP-1 only  

stim ula ted  fo r  30 min with 2 p.g/ml Sem a3A-Fc. (g-i) U nstim ulated, p erm eab lised  cells expressing  vsv- 

P le x in -A l only, (j-l) U nstim ula ted , u n p erm ea b ilised  ce lls  e xp ress in g  vsv-P lexin -A  1 only, (tn -r)  

P erm eabilised  cells expressing  vsv-P lexin -A l and  NP-1 stim u la ted  fo r  30 min with 2 p g /m l Sem a3A-Fc. 

(a, d, g, j  a n d  nt) R hodam ine-conjugated  phallo id in . The in tensity o f  the im age in j  has been artific ia lly  

a m plified  lO x in com parison with the o ther im ages to a llow  v isua lisa tion  o f  the m in im a l p h a llo id in  

sta in ing in unperm eabilised  cells, (b) G oat anti-N P-1. (e, n, and  q) Goat anti-hFc. (h, k a n d  p ) M ouse  

anti-vsv. ( c , f  i, i, o and  r) Red/green m erges, (s) Graph show ing  the percen tage  o f  co llapsed  cells in the  

presence and absense o f  Sem a3A-Fc. E xperim ents were repeated  in triplicate.

NP-1. As the morphology of vsv-Plexin-Al/NP-1 expressing cells stimulated with a 

blank semaphorin preparation remained unaltered, non-specific proteins present in the 

Sema3A-Fc preparation were not responsible for the collapse inducing activity.
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Whether or not collapse occurred was highly dependent upon the concentration of 

Sema3A-Fc used. Concentrations of 0.5 or 1 pg/ml failed to cause morphological 

changes whereas stimulation with 2 pg/ml of Sema3A-Fc induced in a collapse 

response. As a result of this, 2 lag/ml was chosen as an appropriate concentration of 

Sema3A-Fc to use in future Cos-7 collapse assays.

In cells expressing vsv-Plexin-Al and NP-1, Sema3A-Fc induced collapse progressed 

according to a stereotypical time-course. In the presence of serum, the percentage of 

collapsed cells increased rapidly until approximately 20 min when a plateau was 

reached. At this point 79% of cells with bound semaphorins had collapsed. In 

comparison, in the absence of serum, the initial increase in the percentage of collapsed 

cells occurred at a slightly slower rate. Despite this, a plateau was still observed when 

the percentage of collapsed cells reached approximately 85%, this time at 30 min (see 

Figure 3.7). As a result, 30 min was chosen as an appropriate stimulation time-point for 

future collapse assays.

(a) 120  ^ 
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■with serum — without serum

FIGURE 3.7 Tim e-course o f  Sem a3A -F c induced  co llapse in vsv -P lex in -A l and  NP-1 expressing  cells. 

Transfected  cells w ere s tim u la ted  fo r  30 min with 2 p,g/m l Sem a3A-Fc. E xperim ents in the p resence  o f  

serum  w ere perform ed  in triplicate. E xperim ents in the absence o f  serum  were perform ed  in duplicate and  

the cells w ere serum  starved fo r  16 hr p rio r to sem aphorin stim ulation.
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3.2.5 Sema4D-Fc Induces Collapse of Cos-7 Cells Expressing Plexin-Bl

Oinuma et al report that Cos-7 cells expressing Plexin-Bl alone do not collapse in 

response to Sema4D-Fc (Oinuma et al., 2003). Instead, collapse is only achieved if cells 

co-express Plexin-Bl and Rndl. Contradicting this, under optimal conditions I find that 

58% of Cos-7 cells expressing Plexin-Bl undergo morphological collapse in response to 

stimulation with recombinant Sema4D-Fc (see Figure 3.8). Though this value is lower 

than the percentage of vsv-Plexin-Al/NP-1 expressing cells that collapse in response to 

Sema3A-Fc stimulation, it is equivalent to the amount achieved by Oinuma et al when 

co-expressing Plexin-Bl and Rndl.

Three major differences in methodology may be responsible for the inconsistency 

between these results. Firstly, the incubation time between transfection of Plexin-Bl and 

stimulation with Sema4D-Fc was a critical factor in determining whether or not collapse 

occurred. Unlike the situation with Sema3A-Fc, 24 hr post transfection, stimulation of 

Plexin-Bl expressing cells with Sema4D-Fc failed to cause collapse in 98% of cases. 

Collapse was induced in 58% of cells under a range of conditions but only when cells 

were treated with Sema4D-Fc 48 hr post transfection (see Figure 3.8). As Oinuma et al 

stimulate their cells 16 hr post transfection I would not expect morphological changes to 

occur.

Secondly, Oinuma et al incubate cells expressing Plexin-Bl with Sem4D-Fc for 5 min 

before assessing collapse. As I use 30 min stimulation with Sema4D-Fc in all cases I 

cannot directly comment on the collapse that might occur within 5 min. Despite this, in 

the light of the time-course of Sema3A-Fc induced morphological changes, after 5 min I 

would predict that less than 30% of cells would have collapsed. Thirdly, instead of 

purifying recombinant Sema4D-Fc from conditioned medium, Oinuma et al directly use 

this medium to stimulate cells expressing Plexin-Bl. Using this method, the exact 

concentration of Sema4D-Fc applied to the cells cannot be quantified, but it is likely to 

be lower than the concentration achieved using purified semaphorins. As the amount of
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FIGURE 3.8 Sem a4D -F c Induces C ollapse o f  C os-7 C ells E xpressing  P lex in -B l. (a-c) Cells expressing  

P lexin -B I stim ula ted  24 hr p o st transfection fo r  30 min w ith 2 gig/ml Sem a4D -F c. (d-f) Cells expressing  

P lex in -B l stim u la ted  48 hr p o s t transfection  fo r  30 m in with 2 p g /m l Sem a4D -F c. (a, d) R hodam ine  

conjugated  phallo id in . (b, e) G oat anti-hPc. (c, f )  R ed/green  m erges, (g) G raph show ing  the effect o f  

d ifferen t conditions o f  Sem a4D -F c stim ulation  on the m orpho logy o f  C os-7 cells expressing  P lex in -B l. 

Times in hours represen t the incubation  tim e betw een  transfec tion  and  stim u la tion . “With se ru m "  

indicates that cells w ere cu ltured  and  stim u la ted  in serum  at a ll times. “W ithout s e r u m ” indicates that 

cells w ere statwed o f  serum  16 hr p r io r  to stim ulation. E xperim ents w ere carried  out in duplicate.
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Sema3A-Fc used in collapse assays is critical, it is possible that concentration 

differences may similarly alter the outcome of stimulation with Sema4D-Fc. Finally, 

starving cells of serum 16 hr prior to stimulation reduced the percentage of cells that 

collapsed in response to 1 pig/ml of Sema4D-Fc from 54% to 25% (see Figure 3.8).

3.3 DISCUSSION

Endogenous plexins are found in a wide range of cell types including endothelial cells, 

epithelial cells, fibroblasts, astrocytes, and brain tissue. NP-1 of the expected molecular 

weight is also detectable in a range of cell types including HUVECs, MDCK cells, Cos- 

7 cells and astrocytes.

Pure, undegraded Fc-fusion proteins of Sema3A, Sema4D and SemaTA have been 

prepared. These exhibit the correct binding specificities with respect to plexins and 

Sema3A-Fc is functionally active in a DRG growth cone collapse assay. This provides 

the opportunity for the activities of class 3, 4 and 7 semaphorins to be investigated. As 

these represent ligands for Plexin A, B and C subfamily members respectively, this 

makes comparisons between the signal transduction pathways induced by these 

receptors a possibility.

Recombinant Sema3A-Fc associates weakly with Cos-7 cells expressing NP-1 alone, but 

not to untransfected cells. In addition, western blot analysis demonstrates that the upper, 

heavier form of a commonly seen NP-1 doublet is visible in untransfected Cos-7 cells. In 

the light of this it seems likely that the lighter, less glycosylated form of NP-1 may be 

required for the interaction with Sema3A-Fc. Alternatively, endogenous NP-1 may 

simply be expressed at insufficient levels to associate with Sema3A-Fc.

Sema3A-Fc induces collapse of Cos-7 cells expressing approximately equal amounts of 

Plexin-A1 and NP-1. Within 30 min of stimulation, more than 80% of cells collapse, 

leaving behind F-actin rich protrusions with a characteristic morphology. Sema4D-Fc 

induces a phenotypically identical collapse of Cos-7 cells expressing Plexin-B 1. Within 

30 min of stimulation, 58% of these cells collapse. In each case, serum starvation and
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semaphorin concentration critically affect the percentage of responsive cells within a 

population. These shape changes offer a simple, reproducible indicator of semaphorin 

activity and provide an assay that is easy to manipulate either by co-transfection of 

molecules of interest or application of cell permeable drugs to the culture medium. This 

presents the opportunity for transduction pathways involved in plexin signalling to be 

investigated.

The ability of Sema4D-Fc to induce collapse of cells expressing Plexin-Bl contradicts 

the findings of Oinuma et al and has implications for the conclusions they draw. Results 

from Oinuma et al indicate that Rndl is involved in Plexin-Bl signalling. The inference 

that Rndl is absolutely required for Sema4D induced collapse may be in doubt unless 

the Cos-7 cells that I use contain endogenous Rndl at levels sufficient to facilitate 

collapse induced by overexpressed Plexin-Bl. As Oinuma et al demonstrate that Rndl 

enhances the interaction between PDZ-RhoGEF and Plexin-B 1 it may be that collapse 

occurs in the absence of Rndl, hut that Rndl potentiates this process.
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CHAPTER 4

PLEXIN MEDIATED SIGNAL TRANSDUCTION
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4.1 INTRODUCTION

To provide a repulsive guidance cue, or induce morphological collapse, cells expressing 

Plexin-A1 and NP-1 must translate semaphorin signals into cytoskeletal rearrangements. 

As both actin and microtubules have been implicated in mechanisms underlying growth 

cone motility, semaphorin signals may ultimately regulate these cytoskeletal networks 

(Bentley and Toronian-Raymond, 1986; Letoumeau et al., 1987; Forscher and Smith, 

1988).

For two reasons, Rho GTPases are excellent candidates for transducing signals from 

plexins to cytoskeletal components. Firstly, Rho GTPases are important modulators of 

cytoskeletal assembly and they act downstream of many transmembrane receptors. 

Secondly, a growing body of evidence supports the view that Rho GTPases regulate 

axon guidance and motility. Previous studies investigating semaphorin signalling have 

consolidated the belief that Rho GTPases participate in plexin mediated signal 

transduction pathways. Though a prevailing theme of competing GTPases has emerged, 

results from these studies are often conflicting. As a result, our understanding of the 

roles GTPases may play in semaphorin signalling is far from complete.

This chapter considers the requirement for cytoskeletal dynamics in semaphorin induced 

collapse and describes the use of the Cos-7 collapse assay to assess the involvement of 

small GTPases in plexin mediated signal transduction.

4.2 RESULTS

4.2.1 Sema3A-Fc Induced Collapse Requires Depolymerisation of F-actin

Using the collapse assay, cells were treated with small molecular inhibitors to determine 

whether or not actin turnover was required for Sema3A-Fc induced collapse. Unless 

otherwise stated, all inhibitors used throughout this thesis were resuspended in DMSO at 

concentrations that ensured that the amount of DMSO present in the final culture 

medium never exceeded one part per thousand. For each inhibitor, a concentration of 0
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(xM represented a vehiele control whereby DMSO alone was added to the culture 

medium at a concentration of 1:1000.

Jasplakinolide is an inhibitor derived from the marine sponge Jaspis johnstoni. At low 

concentrations, jasplakinolide inhibits the depolymerisation of F-actin, whilst at higher 

concentrations it induces polymerisation of G-actin and stabilises F-actin. Cos-7 cells 

expressing vsv-Plexin-Al and NP-1 were treated 24 hr post transfection with 0-20 jxM 

jasplakinolide for 45 min. Cells were then stimulated for 30 min with culture medium 

containing 2 pig/ml Sema3A-Fc and jasplakinolide at a concentration equivalent to that 

used prior to semaphorin stimulation. As jasplakinolide associates with F-actin through 

the same site at which phalloidin interacts, it was impossible to use phalloidin to 

visualise F-actin in treated cells. Instead, a rat anti-actin antibody was used and cells 

were co-stained with goat anti-hFc to visualise Sema3A-Fc.

Cells with bound Sema3A-Fc (100 for each jasplakinolide concentration used) were 

classified as collapsed or not collapsed and experiments were repeated four times for 

each concentration. In the presence of DMSO alone, 78.3 % of cells with bound 

Sema3A-Fc collapsed. Treatment with a low concentration of jasplakinolide (1 p,M) 

sharply reduced the amount of cells that collapsed in response to Sema3A-Fc to 44.1%. 

Higher concentrations of jasplakinolide gradually increased this effect until only 30% of 

cells with bound Sema3A-Fe collapsed in the presence of 20 p,M jasplakinolide (see 

Figure 4.1). These results demonstrate that Sema3A-Fc induced collapse requires actin 

depolymerisation.

Both cytochalasin D and latrunculin A inhibit actin polymerisation. Cytochalasin D does 

this by capping the barbed end of F-aetin, whilst latrunculin A sequesters monomeric G- 

actin (MacLean-Fletcher and Pollard, 1980). Cos-7 cells expressing vsv-Plexin-Al and 

NP-1 were treated 24 hr post transfection with either 2 piM cytochalasin D for 1 hr or 5 

p,M latrunculin A for 20 min. Cells were then stimulated for 30 min with culture 

medium containing 2 |xg/ml Sema3A-Fc and either cytochalasin D or latrunculin A at a
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concentration equivalent to that used prior to semaphorin stimulation. Cells were stained 

with rhodamine-conjugated phalloidin and goat anti-hFc.
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F IG U R E  4.1 Sem a3A-Fc induced collapse requires depolym erisation  o f  F-actin. (a-c) Cells expressing  

vsv-P lexin -A l and NP-1 w ere treated  24 hr p o st transfection with 1 ptM ja sp lak ino lide  fo r  45 min. Cells 

were then stim ula ted  fo r  30 min with 2 p.g/ml Sem a3A-Fc, in the presence  o f  1 p M  jasp lakino lide. (a) Rat 

an ti-a c tin . (h) G oat anti-hF c. (c) R ed/green  m erge, (d) G raph sh o w in g  the e ffec t o f  in creasing  

concentrations o f  ja sp lak ino lide  on the ability o f  Sem a3A -F c to induce collapse o f  cells expressing  V 5 V -  

P lex in -A l and  NP-1. Cells w ere treated  exactly as in a-c, except the concentration o f  ja sp lak ino lide  used  

ranged fro m  0-20 pM.

It proved impossible to assess the ability of cytochalasin D or latrunculin A to inhibit 

Sema3A-Fc induced collapse as both drugs independently altered the shape of the cells 

(see Figure 4.2, a-f). Interestingly, the morphological change produced by treatment 

with latrunculin A appeared identical to that induced by stimulation with Sema3A-Fc.
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This phenotype occurred homogeneously throughout the cell population. In contrast, 

cytochalasin D treatment resulted in a heterogeneous array of morphologies, with some 

cells retracting and others extending filamentous protrusions. None of the shapes 

observed mimicked the Sema3A-Fc collapse phenotype.

FIGURE 4.2 Latrunculin  A treatm ent m im ics the Sem a3A-Fc collapse phenotype , (a-c) Cells expressing  

vsv-P lexin -A l and  NP-1 w ere trea ted  24 hr p o s t transfection with 5 p M  latrunculin  A fo r  20  min. Cells 

were then stim ula ted  fo r  30 min with 2 pg /m l Sem a3A-Fc, in the p resence  o f  5 p M  la trunculin  A. (d-f) 

Cells expressing  vsv-P lexin -A l and  NP-1 were trea ted  24 hr p o st transfection with 2 p M  cytochalasin  D  

fo r  1 hr. Cells w ere then stim u la ted  fo r  30 m in w ith 2 p g /m l Sem a3A-Fc, in the p resen ce  o f  2 p M  

cytochalasin D. (g-i) Cell expressing vsv-P lexin -A l and  NP-1 w ere stim ula ted  24 hr p o st transfection with  

2 pg /m l Sem a3A-Fc. (a, d) R hodam ine-conjugated  phallo id in . (b, e a n d  h) G oat anti-hFc. (g) A lexa 594- 

conjugated DNase-1. ( c , f  and i) Red/green merge.
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Though these findings in no way directly relate to semaphorins, the phenotypic 

similarities observed potentially provide an insight into the manner in which Sema3A-Fc 

might cause collapse. Sema3A-Fc may induce signalling pathways that utilise 

comparable intracellular machinery as latrunculin A to achieve the same morphological 

outcome. If this is true, Sema3A-Fc may inhibit actin polymerisation by causing an 

increase in the sequestration of G-actin. In addition, the appearance of this characteristic 

collapsed morphology in latrunculin A treated cells suggests that F-actin is not 

responsible for providing a structural framework to support this collapsed shape.

To determine whether or not the appearance of the pool of G-actin within a cell alters in 

response to Sema3A-Fc, cells expressing vsv-Plexin-Al and NP-1 were stimulated 24 hr 

post transfection for 30 min with 2 pig/ml Sema3A-Fc. Cells were labelled using goat 

anti-hFc and Alexa 594-conjugated DNase 1 to allow G-actin to be visualised (see Figure 

4.2, g-i). In untransfected cells, G-actin was visible throughout the entire cell, extending 

into all membrane extremities. In addition, a slightly more intense G-actin staining was 

found in the vicinity of the cell membrane. In cells with bound Sema3A-Fc, G-actin 

staining was still visible throughout the majority of the cell but it was absent from the 

periphery of membrane protrusions. Subtle changes were therefore apparent in the 

localisation of G-actin in response to stimulation with Sema3A-Fc.

Figure 4.3 summarises the affects of these inhibitors on actin polymerisation and 

highlights the mechanisms that Sema3A-Fc induced signalling pathways may utilise to 

facilitate collapse.

As a role for actin depolymerisation in Sema3A-Fc induced collapse emerges, 

serine/threonine kinases of the LIM kinase family are thrown into the limelight. LIM 

kinases phosphorylate and inactivate the actin depolymerising factor cofilin. This 

prevents cofilin from increasing the rate of dissociation of monomeric ADP-actin from 

the pointed end of actin filaments and inhibits the ability of cofilin to sever these 

filaments.
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Aizawa et al have implicated the neuronal specific kinase LIMKl in Sema3A induced 

collapse of DRG neurons (Aizawa et al, 2001). A synthetic cell-permeable peptide that 

interferes with the binding of LIMKl to cofilin inhibits Sema3A mediated collapse of 

DRG neurons. In addition a dominant negative LIMKl that fails to be activated by PAK 

or ROCK suppresses Sema3A induced collapse. LIMKl is necessary but not sufficient, 

as constitutively active and dominant negative LIMKl mutants leave growth cone 

morphology unaffected.

Sem a3A
NP-

Plexin-A

B PIl

C ytochalasin

Latrunculin

Jasplakinolide

F IG U R E  4.3 Schem atic  dep ic ting  the effects o f  cytochalasin  D, la trunculin  A and  Jasp lakino lide  on F  

and  G-actin. R ed  arrow s indicate sites that P lex in -A l induced signals m ay target to fa c ilita te  collapse.

A kinase dead mutant of LIMK2 (HA-LIMK2 D451A) was used to determine whether 

or not the activity of this ubiquitously expressed kinase was required for Sema3A-Fc 

induced collapse. Cos-7 cells were transfected with vsv-Plexin-AI, NP-1 and HA- 

LIMK2 D451A and left for 24 hr to allow protein expression to occur. The cells were 

then stimulated for 30 min with 2 pg/ml Sema3A-Fc and stained using goat anti-hFc and 

rat anti-HA. Cells expressing HA-LIMK2 D451A with bound Sema3A-Fc (100 per
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experiment) were classified as either collapsed or not collapsed (see Figure 4.4). 

Experiments were repeated in triplicate.

HA-LIMK2 D451A had no affect on the morphology of Cos-7 cells when expressed 

alone, in combination with vsv-Plexin-Al and NP-1, or in the presence of Sema3A-Fc. 

The kinase activity o f LIMK2 was therefore not required for Sema3A-Fc induced 

collapse of Cos-7 cells.
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+ HA-LIMK2 D451A + HA-LIMK2 D451A 

+ Sema3A-Fc

F IG U R E  4.4 A kinase dead  m utant o f  L1MK2 has no e ffec t on Sem a3A -F c induced  collapse. Cells 

expressing  vsv-P lexin -A l, N P -I, and  HA-L1M K2 D 45IA  w ere stim u la ted  24 hr p o st transfection  w ith 2 

pg /m l Sem a3A-Fc fo r  30 min.

4.2.2 Microtubule Stabilisation Partially Inhibits Sema3A-Fc Induced Collapse

To consider w hether or not Sema3A-Fc induced signals target the m icrotubule 

cytoskeleton, collapsed cells were first stained using rat anti-tubulin and goat anti-hFc 

antibodies (see Figure 4.5, a-c). This revealed that a microtubule network was present 

throughout the collapsed cells. It has been mentioned previously that collapse does not 

result in a complete cell rounding as protrusions persist that extend to the edges o f the 

original cell boundaries. Tubulin staining demonstrated that microtubules were present
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in all major protrusions emanating directly from the cell body. Contrastingly, 

microtubules were absent from minor branches emanating from these major protrusions.

This raised the possibility that microtubule bundles might provide a structural 

framework that prevents a cell from completely rounding during a collapse response. To 

determine whether or not this was the case the inhibitor nocodozole was used. 

Nocodozole inhibits the polymerisation of microtubules by sequestering tubulin. This 

ultimately results in the depolymerisation of the micro tubule network within a cell.

Prior to Sema3A-Fc stimulation, cells expressing vsv-Plexin-Al and NP-1 were treated 

with 10 jiM nocodozole for 1 hr. During stimulation, 10 p.M nocodozole was also placed 

in the culture medium. Cells were stained using rat anti-tubulin and goat anti-hFc 

antibodies and the morphology of cells with bound Sema3A-Fc was assessed. In the 

presence of nocodozole, 75% of cells collapsed in response to stimulation with Sema3A- 

Fc (see Figure 4.5, d-f and m). This demonstrates that microtubule polymerisation is not 

required for Sema3A-Fc induced collapse. In addition, untransfected cells remained 

fully spread in the presence of nocodozole, despite the complete loss of the microtubule 

network. This indicates that microtubule depolymerisation is not sufficient to induce 

collapse. Furthermore, nocodozole did not alter the morphology of the cells that 

collapsed in response to Sema3A-Fc. In the absence of microtubules, the membranous 

protrusions still persisted. This demonstrates that microtubule bundles are not 

responsible for providing a structural framework that prevents complete cell rounding 

during Sema3A-Fc induced collapse.

To assess the contribution that microtubule dynamics might make to Sema3A-Fc 

induced collapse, cells were treated with the microtubule stabilising drug taxol. Cells 

expressing vsv-Plexin-Al and NP-1 were incubated in 10 piM taxol for 30 min prior to 

Sema3A-Fc stimulation. Taxol was also placed in the culture medium during the 

stimulation. Cells were stained using rat anti-tubulin and goat anti-hFc antibodies and 

the morphology of cells with bound Sema3A-Fc was assessed.
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F IG U R E  4.5 Stabilisation o f  m icrotubules sligh tly  reduces the ability’ o f  Sem a3A -F c to induce collapse, 

(a-c) Cells expressing  vsv-P lex in -A l and  NP-1 w ere s tim u la ted  24 hr p o s t transfection  with 2 yig /m l 

Sem a3A -F c  fo r  30 min. (d - f )  C ells exp ressin g  v sv -P lex in -A l and  N P-1 w ere trea ted  24 hr p o s t  

transfection with 10 yiM nocodozole fo r  1 hr. Cells w ere then stim ula ted  fo r  30 min with 2 p g /m l Sem a3A- 

Fc, in the presence  o f  10 p M  nocodozole. (g-I) C ells expressing vsv-P lexin -A l and  NP-1 w ere treated  24 

hr p o s t transfection with 10 p M  taxo l fo r  30 min. Cells w ere then stim u la ted  fo r  30 m in with 2 p g /m l  

Sem a3A-Fc, in the p resence  o f  10 p M  taxol. Im ages w ere taken using the 1.5x zoom  setting  on the B iorad  

Lasersharp confocal software, (a, d, g  and  j )  Rat anti-tubulin, (h, e, h and  k) G oat anti-hFc. ( c , f  i a n d  I) 

R ed/green m erges, (m) Graph show ing  the effects o f  nocodozole and  taxol on the ability o f  Sem a3A-Fc to 

induce collapse o f  cells expressing vsv-P lexin-A l and  NP-1.

In the presence of taxol, 49% of cells with bound Sema3A-Fc collapsed. In comparison, 

73% of cells with bound Sema3A-Fc collapsed in the absence of taxol (see Figure 4.5, g- 

m). Microtubule stabilisation therefore slightly reduced the ability of Sema3A-Fc to 

cause collapse. This suggests that microtubule dynamics may be required for Sema3A- 

Fc induced morphological changes.

In considering why this effect was only seen in a sub-population of the cells with bound 

Sema3A-Fc, the appearance of microtubules within cells was examined closely. 

Following taxol treatment, the organisation of the microtubule network within 

unstimulated cells fell into two categories. Each of these differed markedly from the 

normal, reticular pattern observed in untransfected Cos-7 cells. In the first category,
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microtubules formed bundles in the periphery of the cell and appeared to radiate from 

the presumed location of the nucleus (see Figure 4.5, g). In the second category, the 

microtubule network took on a disordered, unstructured appearance (see Figure 4.5, j). 

Qualitatively, a high correlation was seen between cells in category one with bound 

Sema3A-Fc and the inability of Sema3A-Fc to induce collapse. In collapsed cells the 

narrow nature of the protrusions meant that the structure of the microtubules was 

difficult to visualise. Instead, cells in the immediate vicinity of a collapsed cell were 

examined. In the majority of cases, these cells fell into category two.

It is not clear whether these differences in microtubule organisation following taxol 

treatment resulted from technical difficulties or from the heterogeneity of the Cos-7 cell 

population. Either way, it is apparent that the overall shape of the microtubule network 

can influence the morphological changes induced by Sema3A-Fc.

4.2.3 Active Racl and Cdc42 are Required for Sema3A-Fc Induced Collapse

The Cos-7 collapse assay was used to investigate the involvement of Rho GTPases in 

Sema3A-Fc mediated collapse. Cells were transfected with vsv-Plexin-Al, NP-I and 

either a dominant negative (mycN17RacI, mycNI7Cdc42 or mycNI9RJioA) or 

constitutively active (mycV12RacI, mycV12Cdc42 or mycVMRhoA) GTPase mutant. 

In experiments using constitutively active GTPases, cells were stimulated 24 hr post 

transfection with 2 pig/ml Sema3A-Fc for 30 min. In experiments using dominant 

negative GTPases, the incubation period was reduced to 18 hr to prevent cells from 

detaching from their coverslips. Following Sema3A-Fc stimulation, cells were labelled 

using mouse anti-myc and goat anti-hFc antibodies.

In each experiment, 100 cells positive for both myc and Sema3A-Fc staining were 

counted and classified as either collapsed or not-collapsed. MycN17Cdc42 completely 

inhibited Sema3A-Fc induced collapse as only 29.8% of expressing cells collapsed in 

comparison to 71.3% of control cells (see Figure 4.6, a-c and n). This demonstrates that 

Cdc42 activity is required in a pathway downstream of Sema3A-Fc. Surprisingly, 

mycV12Cdc42 also completely inhibited Sema3A-Fc induced collapse. In this case.
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only 21.9% of expressing cells collapsed in comparison to 71.3% of control cells (see 

Figure 4.6, d-f and n). As both constitutively active and dominant negative GTPase 

mutants are unable to progress through the GTPase cycle it is possible that it is not the 

active GTPase, but the cycling per se that is required for Sema3A-Fc induced collapse. 

Alternatively, as Cdc42 is known to cause spreading in some cell types, mycV12Cdc42 

may be inducing spreading via a Sema3A-Fc independent pathway.

MycNlTRacl partially inhibited Sema3A-Fc induced collapse as 45.7% of expressing 

cells collapsed in comparison to 71.3% of control cells (see Figure 4.6, g-i and n). The 

amount of inhibition of Sema3A-Fc induced collapse observed may be an underestimate 

of the true value as unstimulated cells expressing vsv-Plexin-Al, NP-1 and 

mycN17Racl showed a greater degree of collapse (38.9%) than control cells lacking 

vsv-Plexin-Al (21.75%). This indicates that Rac activity is involved in a pathway 

downstream of Sema3A-Fc and consolidates previous evidence demonstrating this fact 

(Jin and Strittmatter, 1997). Once again, the constitutively active GTPase mutant 

(mycV12Racl) also inhibited collapse. In this case, only 10.3% of expressing cells 

collapsed in comparison to 71.3% of control cells (see Figure 4.6, j-1 and n). Arguments 

used for mycV12Cdc42 are also pertinent here.

Western blot analysis was used to confirm that the inhibitory effects produced by 

GTPase mutants were not the result of changes in the expression levels of vsv-Plexin-Al 

and NP-1. Lysates prepared from Sema3A-Fc stimulated cells were divided into three 

and probed using mouse anti-vsv, goat anti-NP-1 and mouse anti-myc antibodies. No 

significant changes in the expression levels of vsv-Plexin-Al or NP-1 were seen upon 

co-expression of GTPase mutants (see Figure 4.6, m). In addition, the inhibitory effects 

were also not the result of changes in the delivery of vsv-Plexin-Al or NP-1 to the cell 

surface. If the receptors were not localised to the cell membrane, Sema3A-Fc would fail 

to bind to the cells. This did not the case when any of the GTPase mutants were used.
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F IG U R E  4.6  R a c l and C dc42 are requ ired  fo r  Sem a3A -F c induced  collapse. In experim en ts using  

constitu tively  active GTPases, cells w ere stim ula ted  24 hr p o st transfection with 2 qg/rf^l Sem a3A -F c fo r  

30 min. In experim ents using dom inant negative GTPases, the incubation p er io d  was reduced to 18 hr. (a- 

c) Cells expressing  v sv -P lex in -A l, N P -I and m ycN I7C dc42. (d-f) Cells expressing  vsv-P lex in -A I, N P -I  

and  m ycV I2C dc42 . (g-i) Cells expressing  v sv-P lex in -A I, N P -I and  m ycN IV R acI. (j-l) Cells expressing  

vsv-P lexin-A I, N P -I and m ycV I2R acI. (a, d, g  and  j )  M ouse anti-m yc. (b, e, h and  k) G oat anti-hFc. ( c , f  

i and  I) R ed/G reen m erges, (m ) Western blot show ing  the expression levels o f  vsv -P lex in -A I, N P -I and  

G TPases in each experim ent. L ysates prepared  fr o m  stim u la ted  cells w ere d iv ided  into three and  p ro b ed  

using m ouse anti-vsv, goa t an ti-N P -I and  m ouse anti-m yc. (n) G raph show ing  the effects o f  dom inant 

negative and  constitutively active Rac and  Cdc42 on Sem a3A-Fc induced collapse.

Guanine nucleotide exchange factors were used to further investigate mycV12Cdc42 

and mycV12Racl mediated inhibition of Sema3A-Fc induced collapse. Instead of 

overexpressing constitutively active GTPase mutants GEFs were used to activate 

endogenous Cdc42 and Racl in a more physiological manner. Cells were transfected 

with vsv-Plexin-Al, NP-1, and active, myc tagged forms of either T-lymphoma invasion 

and metastasis protein-1 (mycCl 19Tiaml) or faciogenital dysplasia protein-1 

(mycFgdlDH/PH). These are exchange factors that show specificity for Racl and Cdc42
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respectively (Michiels et a l, 1995; Olson et a l, 1996). The cells were stimulated 24 hr 

post transfection with 2 pg/ml Sema3A-Fc for 30 min.

In each experiment, 100 cells positive for both myc and Sema3A-Fc staining were 

counted and classified as either collapsed or not-collapsed. MycCl 19Tiaml inhibited 

Sema3A-Fc induced collapse as only 30.0% of expressing cells collapsed in comparison 

to 81.0% of control cells (see Figure 4.7, a-c and g). In contrast, mycFgdlDH/PH did 

not inhibit Sema3A-Fc induced collapse as 65.5% of expressing cells collapsed in 

comparison to 81.0% of control cells. Activation of endogenous Racl but not Cdc42 was 

therefore sufficient to inhibit Sema3A-Fc induced morphological changes. The relatively 

large standard deviation obtained using Fgdl reflects the difficulty of assessing the 

phenotype of cells expressing mycFgdlDH/PH. Unlike, V12Cdc42, where the filopodia 

formed are long, thin and relatively parallel to one another, mycFgdlDH/PH expression 

resulted in the formation of shorter, thicker filopodia that crossed over. These were 

much harder to distinguish from the protrusions observed following Sema3A-Fc induced 

collapse.

4.2.4 Sema3A-Fc Induced Collapse Does Not Require Active Rho A

MycN19RhoA did not inhibit Sema3A-Fc induced collapse, as 80.5% of expressing 

cells collapsed in comparison to 71.3% of control cells (see Figure 4.8, a-f and j). This 

indicates that active RhoA is not required for Sema3A-Fc induced collapse. Previous 

evidence has suggested that N19RhoA may not fully inhibit Rho activity in every cell 

type. The failure of mycN19RhoA to affect Sema3A-Fc induced collapse was therefore 

confirmed using a ROCK inhibitor (Y-27632) as ROCK is the major RhoA substrate 

involved in regulating actin filament contraction. Cells were stimulated 24 hr post 

transfection with 2 |ig/ml Sema3A-Fc for 30 min. Prior to stimulation cells were 

incubated in 10 p.M Y-27632 for 30 min. Y-27632 was also present in the culture 

medium containing Sema3A-Fc. This experiment supported the data obtained using 

mycN19RhoA as 74.89% of cells incubated in Y-27632 and Sema3A-Fc collapsed (see 

Figure 4.8, j) in comparison to 73% of control cells. It appears, therefore, that Sema3A- 

Fc induced changes are not mediated by actinimyosin contraction.
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F IG U R E  4.7 Constitutively active T iam I preven ts Sem a3A -F c induced collapse. Cells w ere stim ula ted  24  

hr p o st transfection with 2 fig /m l Sem a3A-Fc fo r  30 min. (a-c) Cells expressing  vsv-P lexin -A l, NP-1 and  

m ycC lIQ T ia m l. (d-J) Cells expressing vsv-P lexin -A l, NP-1 and  m ycF gd lD H /P H . (a and  d) M ouse anti- 

myc. (b a n d  e) G oat an ti-hF c. (c a n d  f )  R ed /green  m erges, (g ) G raph sh o w in g  the e ffec ts  o f  

m ycC l 19T iam l and  m ycF gd l D H /P H  on Sem a3A-Fc induced  collapse. A ll experim ents w ere repeated  in 

triplicate except fo r  those involving m ycC l 19T iam l that w ere repeated  in duplicate.
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In contrast to mycN19RhoA, mycV14RhoA did inhibit Sema3A-Fc induced collapse. In 

this case, only 1.0% of expressing cells collapsed in comparison to 71.3% of control 

cells (see Figure 4.8, g-i and j). This suggests that Sema3A-Fc may in fact downregulate 

RhoA to facilitate these morphological changes.
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F IG U R E  4.8  A c tive  RhoA is no t requ ired  f o r  Sem a3A -F c induced  co llapse. In experim en ts using  

m ycV14R hoA  or Y-27632, cells w ere stim u la ted  24 hr p o st transfection with 2 ptg/ml Sem a3A -F c fo r  30 

min. In experim en ts  u sin g  m ycN  19RhoA, the incuba tion  p e r io d  w as red u ced  to 18 hr. (a-c) Cells 

expressing v sv -P lex in -A l, NP-1 and m ycN  19RhoA. (d-f) Cells fro m  the sam e experim ent as a-c, that only  

express m ycN  19RhoA. (g-i) Cells expressing v sv -P lex in -A l, NP-1 and  m ycV l4R hoA . (a, d  and  g ) M ouse  

anti-m yc. (b, e a n d  h) G oat anti-hFc. (c, f  an d  i) R ed/green m erges, (j) G raph show ing  the effects o f  

m ycN l9R hoA , m ycV N R h o A  and  Y-27632 (a R O C K  inhibitor) on Sem a3A-Fc induced collapse. To inhibit 

R ho kinase, cells w ere trea ted  with 10 p M  Y-27632 30 min p r io r  to stim ulation with Sem a3A-Fc. Y-27632 

w as also presen t in the culture medium  containing Sem a3A-Fc.

4.2.5 Collapse Induced by Constitutively Active Plexin-Al Does Not Require Racl

Takahashi et al demonstrated that mutants o f Plexin-Al lacking either the sema domain 

(Plexin-Al ASEM) or the whole extracellular region (Plexin-Al AECT) are constitutively 

active when introduced into Cos cells (see Figure 1.9, Takahashi and Strittmatter, 2001).

To test whether or not these Plexin-Al mutants induce collapse via a Racl dependent 

pathway, lysates were initially prepared from cells expressing mycPlexin-A 1 AECT or 

mycPlexin-AlASEM. Western blot analysis demonstrated that both mutants were clearly 

expressed with no apparent degradation (see Figure 4.9, a). Cells were then transfected 

with mycPlexin-A 1 AECT or mycPlexin-Al ASEM, either alone or in combination with
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flagN17Racl, flagL61Racl or NP-1. In each experiment, 100 cells were counted and 

classified as having collapsed or not-collapsed. Experiments were repeated in triplicate.

When expressed alone, mycPlexin-A1 AECT and mycPlexin-A1 ASEM induced collapse 

in 70.7% and 64.3% of cells respectively (see Figure 4.9, h and i). Co-expression of NP- 

1 had no effect on mycPlexin-A1 AECT induced collapse (see Figure 4.9, h). This was 

expected, as NP-1 and Plexin-Al interact via their extracellular domains. The collapsed 

morphology differed slightly to that seen in response to stimulation with Sema3A-Fc. 

The cell body was more tightly rounded in cells expressing the constitutively active 

Plexin-Al mutants and the protrusions remaining were longer, thinner and generally less 

prominent in appearance. This enhanced phenotype was probably the result of prolonged 

induction of cell collapse over a period of hours rather minutes.

Unexpectedly, N17Racl was unable to inhibit collapse induced by constitutively active 

Plexin-Al mutants. In cells transfected with mycPlexin-A1 AECT and flagN17Racl, 

78.3% of expressing cells collapsed in comparison to 70.7% of control cells (see Figure

4.9, b-d and h). In cells transfected with mycPlexin-A1ASEM and flagN17Racl, 82.9% 

of cells collapsed in comparison to 64.3% of control cells (see Figure 4.9, i). Finally, 

cells expressing flagN17Racl alone collapsed in less than 20% of cases (see Figure 4.9, 

h and i). This presents a surprising scenario in which Sema3A-Fc induced collapse, but 

not constitutively active Plexin-Al induced collapse, requires active Racl (see Figure

4.9, j). This implies that though active Racl participates in a pathway downstream of 

Sema3A-Fc, it does not act downstream of Plexin-Al itself. Instead, following 

stimulation with Sema3A-Fc, active Racl appears to act upstream of Plexin-Al.

In contrast to N17Racl, constitutively active Racl (L61Racl) inhibited collapse induced 

by both mycPlexin-A1 AECT and mycPlexin-A1 ASEM. Cells expressing flagL61Racl 

and either mycPlexin-A1 AECT or mycPlexin-A1A SEM collapsed in only 20% and 

11.53% of cases respectively (see Figure 4.9, e-g, h and i). This data was consistent with 

the ability of mycV12Racl to inhibit Sema3A-Fc induced collapse.
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F IG U R E  4.9 N llR a c J  cannot inh ib it co llapse induced  by constitu tive ly  active  P lex in -A l. (a) Western 

blot analysis o f  lysates m ade fro m  cells expressing either m ycP lexin -A l A E C T  or m ycPlexin-A  I ASEM . The 

b lo t w as p ro b e d  with a m ouse an ti-m yc antibody, (b -d ) C ells exp ress in g  m y c P le x in -A lA E C T  and  

f la g N  17R acl. (e-g) Cells expressing  m ycPlexinA  IA E C T  a nd  f la g L ô lR a c l .  (b an d  e) M ouse anti-flag, (c 

a n d  f )  G oat anti-hPc. (d  and  g) R ed/green  m erges, (h) G raph show ing  the effects o f  f la g N  1 7 R acl, 

J la g L ô lR a c l an d  NP-1 on co llapse  induced  by m ycPlexin-A  1 AEC T. (i) G raph show ing  the effects o f  

f la g N  17R a c l and  J la g L ô l R a c l on co llapse induced  by m ycP lex in -A l ASEM . (j) Schem atic  sum m arising  

the effects o fN H R a c l  on Sem a3A-Fc or m ycPlexin-A  1 A E C T  induced collapse.
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Taken together these results could be interpreted as evidence that constitutively active 

Plexin-Al mutants must downregulate Racl activity to allow collapse to occur. Though 

this is feasible, it is also possible that L61Rac is overcoming the collapse response by 

inducing cell spreading through a parallel pathway.

4.2.6 Sema3A-Fc Induces Rac Activation in Cos-7 Cells Expressing vsv-PIexin-Al 

and NP-1

Having identified a possible role for Racl upstream of Plexin-Al during Sema3A 

induced collapse the issue of Rac activation was raised. Two scenarios can be envisaged 

that could account for the presence of active Racl within close proximity to Plexin-Al. 

Firstly, following stimulation with Sema3A, Plexin-Al might directly mediate Rac 

activation. Once activated, Racl would be locally available to signal to Plexin-Al (see 

Figure 4.10, a). Secondly, Racl could be activated independently of Sema3A, by an 

alternative molecule e.g. factor “x”. In this case, stimulation with Sema3A might induce 

relocalisation of active Rac from another region of the cell, to the vicinity of Plexin-Al. 

Again, Racl would then be available to transduce information to Plexin-Al (see Figure

4.10, b).

To distinguish between these possibilities, a number of predictions can be made. In 

scenario one, Sema3A-Fc stimulation would result in an increase in the proportion of 

active Racl in cells. In contrast, in scenario two, no increase in the levels of active Racl 

would be observed. In addition if scenario two is correct, for Sema3 A to induce collapse, 

cells must contain sufficient levels of active Racl. In this case, serum starved cells 

lacking active Racl should fail to collapse in response to stimulation with Sema3A.

GTPase pulldown assays were used to determine whether or not Racl was activated by 

stimulation with Sema3A-Fc. A GST fusion protein of the CRIB motif of PAK was 

prepared and coupled to glutathione agarose beads. The concentration and purity of this 

protein was assessed by SDS-PAGE (see Figure 4.11, a). The PAK:CRIB preparation 

was extremely pure and showed no degradation. By comparison to known quantities of 

BSA standards, the final concentration of this preparation was estimated to be 10 mg/ml.
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F IG U R E  4.10 Schem atic outlin ing  two m odels f o r  the regulation o f  R ac activation during  Sem a3A -F c  

in d u ced  co llapse, (a ) F o llo w in g  stim u la tion  w ith Sem aSA , P le x in -A l m igh t d irec tly  m ed ia te  R ac  

activation. A ctive  Rac cou ld  then regulate P lex in -A l induced  collapse, (b) Independen tly  o f  Sem aSA, 

fa c to r  "x "  m ight activate R ac elsew here in the cell. Stim ulation with Sem aSA m ight induce relocalisation  

o f  active Rac to the vicinity o f  P lex in -A l. Active Rac could  then regulate P lex in -A l induced collapse.

Cells were transfected with either vector only, NP-1 or vsv-Plexin-Al and NP-1. After 

10 hours, cells were serum starved to reduce the background levels of active Racl. Cells 

were stimulated 24 hr post transfection with 2 pg/ml Sema3A-Fc for 30 min. Following 

stimulation, lysates were prepared and aliquots were saved to assess the total GTPase 

levels. GST-PAK:CRIB beads were then used to pull-down active Rac from the lysates. 

As a GTPase effector, PAK specifically interacts with Rac.GTP, so the levels of active 

Rac can be compared to the levels of total Rac present in the reserved lysates. The beads 

and total lysates were assessed by western blot analysis. Blots were probed using mouse 

anti-Rac 1 and mouse anti-vsv antibodies.

In Cos-7 cells alone, or cells expressing NP-1 only, levels of active Rac were almost 

undetectable following a 30 min stimulation with Sema3A-Fc. In cells expressing 

vsvPlexin-Al and NP-1, 30 min stimulation with Sema3A-Fc resulted in a dramatic
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increase in the level of active Rac (see Figure 4.11, b). This indicates that in Cos-7 cells, 

Sema3A-Fc specifically activates Rac via a vsv-Plexin-Al dependent pathway. To 

investigate the time-course of Rac activation, the experiment was repeated exactly as 

before, but cells were stimulated with Sema3A-Fc for 0, 10, 20, 30 or 60 min. 

Experiments were repeated four times for each time point. The results demonstrate that 

Rac became weakly activated within 10 min of Sema3A-Fc stimulation. As the length of 

stimulation increased, the magnitude of Rac activation enlarged. Maximal Rac activation 

was achieved by 30 min stimulation with Sema3A-Fc. By 60 min, the amount of active 

Rac detected reduced to approximately the same levels that were observed following 20 

min stimulation (see Figure 4.11, b).

To ensure that Rac activation was a cause, rather than a consequence of collapse, 

Rac.GTP levels were examined in cells treated with jasplakinolide. This inhibitor has 

been shown to block Sema3A-Fc induced collapse therefore any increase in Rac.GTP 

observed in the presence of jasplakinolide must reflect changes that precede collapse 

itself. Pull-downs were carried out exactly as described previously. Prior to stimulation 

cells were incubated in 20 p.M jasplakinolide for 45 min. During the stimulation, 

jasplakinolide was also maintained in the culture medium. Jasplakinolide did not prevent 

Sema3A-Fc from inducing Rac activation. If anything, the levels of active Rac were 

higher in cells treated with jasplakinolide in comparison to untreated cells (see Figure

4.11, c). As a control, jasplakinolide alone did not induce Rac activation (data not 

shown). This indicates that Rac activation precedes morphological collapse in a pathway 

downstream of Sema3A-Fc.

Returning to the scenarios hypothesised earlier, the results from pull-downs provide 

support for scenario one, i.e. Plexin-Al directly mediates Rac activation. Additional 

backing for this conclusion comes from experiments utilising serum starved cells that 

lack active Rac. Serum-starved Swiss 3T3 cells expressing vsv-Plexin-Al and NP-1 

were stimulated for 30 min with 2 pig/ml Sema3A-Fc.
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FIGURE 4.11 Stim ulation with Sem a3A-Fc induces activation  o f  R a c l. (a) Preparation  o f  a G ST  fu s io n  

o f  the CRIB m o tif  o f  PAK. A liquots w ere assessed by SD S-P A G E  alongside BSA standards, (b) Cells w ere 

transfec ted  with either vector only, N P-1 o r v sv -P lex in -A l an d  NP-1. A fte r  10 hrs, ce lls  w ere serum  

starved. Stim ulation with 2 p g /m l Sem a3A-Fc was carried  out 24 hr p o st transfection fo r  0, 10, 20, 30 or 

60 min. Lysates w ere p rep a red  and  aliquots w ere saved  to assess to ta l G TPase levels. G ST-PAK:CR1B  

beads w ere used  to pu ll-dow n  R ac.G TP . E qua l am ounts o f  beads and  to ta l lysates w ere  a ssessed  by  

western blot analysis. B lots w ere p ro b ed  using m ouse an ti-R ac 1 and  m ouse anti-vsv antibodies, (c) Pull- 

downs w ere carried  out as in b. P rior to stim ulation cells w ere incubated  in 20 p M  ja sp la k in o lid e  (jasp) 

fo r  45 min. Jasplakinolide was m aintained in the culture m edium  throughout the stim ulation.
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Cells were stained with rhodamine-conjugated phalloidin and goat anti-hFe. In the 

absence of Sema3A-Fc, serum-starved S3T3 cells have a flat, spread morphology (see 

Figure 4.12, a-c). Following stimulation, cells with bound Sema3A-Fc collapse (see 

Figure 4.12, d-f).

The appearance of collapsed S3T3 cells differs somewhat from that of collapsed Cos-7 

cells. Despite this, it is apparent serum-starved S3T3 cells expressing vsv-Plexin-Al and 

NP-1 undergo a strong morphological change in response to stimulation with Sema3A- 

Fc. The absence of active Rac does not appear to hinder the actions of Sema3A-Fc in a 

any way.

F IG U R E  4.12 Stim ulation with Sem a3A-Fc induces collapse o f  serum  starved  Sw iss 3T3 cells expressing  

P lex in -A l and NP-1. (a-c) Serum  starved  Sw iss 3T3 ce ll s tim u la ted  fo r  30 min with 2 p,g/ml Sem a3A-Fc. 

(d-J) Serum  starved  Sw iss 3T3 cell expressing vsv-P lexin -A l and  NP-1, stim ula ted  fo r  30 min with 2 fig/m l 

Sem a3A -F c. (a and  d) R hodam ine-conjugated  phallo id in . (b a n d  e) Goat anti-hFc. (c a n d  f )  R ed/G reen  

merges.
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4.2.7 R-Ras May Play a Role in Sema3A-Fc Induced Collapse

The Cos-7 collapse assay was used to investigate the involvement of the Ras GTPase 

family members Rap la and R-Ras in Sema3A-Fc mediated collapse. Experiments using 

these GTPases were carried out for two reasons. Firstly, it was interesting to see whether 

or not the ability to modulate Sema3A-Fc induced signal transduction was restricted to 

GTPases of the Rho subfamily. Secondly, both of these GTPases have been implicated 

in cell spreading and adhesion. To produce a collapse response, a cell may need to 

reduce its adhesion to the substratum and downregulate the activity of molecules that 

promote spreading.

Cells expressing vsv-Plexin-Al, NP-1 and constitutively active Rap la (mycV12Rapla) 

or R-Ras (mycV38R-Ras) were stimulated 24 hr post transfection with 2 p.g/ml 

Sema3A-Fc for 30 min. Following Sema3A-Fc stimulation, cells were labelled using 

mouse anti-myc and goat anti-hFc antibodies. In each experiment, 100 cells positive for 

both myc and Sema3A-Fc staining were counted and classified as either collapsed or 

not-collapsed. MycNV 12Rap 1 a had no effect on Sema3A-Fc induced collapse as 81.1% 

of expressing cells collapsed in comparison to 77.5% of control cells (see Figure 4.13, d- 

f and g). Interestingly, cells expressing mycV12Rapla alone were spread to a greater 

extend than untransfected cells. This demonstrates that a signal stimulating generalised 

cell spreading is not necessarily sufficient to overcome Sema3A-Fc induced collapse.

MycV38CR-Ras partially inhibited Sema3A-Fc induced collapse. In this case, only 

48.1% of expressing cells collapsed in comparison to 77.5% of control cells (see Figure 

4.13, a-c and g). The amount of inhibition of Sema3A-Fc induced collapse observed 

may be an underestimate of the true value as unstimulated cells expressing vsv-Plexin- 

A l, NP-1 and mycV38R-Ras showed a greater degree of collapse (50.0%) than control 

cells lacking vsv-Plexin-Al (22.5%). Western blot analysis demonstrated that the effects 

of V38R-Ras were not the result of changes in the expression levels of vsv-Plexin-Al 

and NP-1 (see Figure 4.13, h). This data suggests that cells may downregulate the 

activity of R-Ras in response to stimulation with Sema3A-Fc. This could potentially 

decrease the adhesion of cells to their substratum.
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F IG U R E  4.13 V38R-Ras partia lly  inhibits Sem a3A-Fc induced collapse. Cells w ere stim ula ted  24 hr p ost 

transfec tion  w ith 2 p g /m l Sem a3A -F c fo r  30  m in. (a-c) Cells expressing  v sv -P le x in -A l, N P-1 and  

m ycV38R-Ras. (d-f) Cells expressing vsv -P lex in -A l, NP-1 and  m ycV 12R apla . (a and d) M ouse anti-m yc. 

(b and e) Goat anti-hFc. (c and  f )  Red/G reen M erges, (g) Graph show ing the effects o f  m ycV38R -R as and  

m ycV 12R ap la  on Sem a3A-Fc induced  collapse, (h) Western b lo t show ing  the expression levels o f  v^v- 

P lex in -A l, NP-1 and  G TPases in each experim ent. Lysates p rep a red  fro m  stim u la ted  cells w ere d ivided  

into three and  p ro b ed  using  m ouse anti-vsv, goa t anti-N P -1 and  m ouse anti-m yc. The band  detec ted  fo r  

m ycV 12R apla  was extrem ely fa in t as the transfection efficiency o f  this onstruct w as very’ low.

4.2.8 Sema3A-Fc Induces Phosphorylation of Extracellular Signal Regulated 

Kinase (ERK) but not p38 Mitogen Activated Protein (MAP) kinase

Alongside the eollapse assay, bioehemical approaehes were used to explore signal 

transduetion pathways downstream of semaphorins. As in previous experiments, Cos-7 

cells expressing vsv-Plexin-Al and NP-1 were stimulated 24 hr post transfection with 2 

pg/ml Sema3A-Fe for 0, 10 or 30 min. In addition, as some growth cone guidance 

molecules, e.g. ephrins are known to cluster when activating specific signal transduction 

pathways, Sema3A-Fc was clustered prior to stimulation using 4 pg/ml goat anti-hFe. 

Prior to stimulation, cells were serum-starved for 14 hr. Lysates were prepared and 

western blot analysis was used to investigate the phosphorylation status of kinases 

known to act downstream of transmembrane receptors. A number of kinases were
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studied, including ERK, p38 and INK MAP kinases, AKT and GSK-3. Of these, only 

ERK became phosphorylated following semaphorin stimulation.

The phosphorylation of ERK 1 and 2 increased within 10 min of Sema3A-Fc stimulation 

(see Figure 4.14, a). The magnitude of this phosphorylation was equivalent to the 

phosphorylation induced by 10 min stimulation with 5 ng/ml of a known ERK activator, 

PDGF (platelet derived growth factor). ERK 1 and 2 were also phosphorylated within 10 

min of stimulating NIH-3T3 cells expressing Plexin-Bl with 2 p,g/ml Sema4D-Fc (data 

not shown). In both instances, the phosphorylation of ERK returned to basal levels 

within 30 min of semaphorin stimulation. Pre-clustering Sema3A-Fc had no effect on 

the activation of ERK. In contrast, no change in the phosphorylation status of another 

MAP kinase, p38, was observed following stimulation with Sema3A-Fc. In this case, 1 

min exposure to UV light was used as a positive control for p38 activation.

4.3 DISCUSSION

4.3.1 Semaphorins and the Actin Cytoskeleton

Experiments using jasplakinolide demonstrate that Sema3A-Fc induced collapse 

requires the depolymerisation of F-actin. This is not unexpected, as previous studies 

have shown that the relative concentration of F-actin in a growth cone decreases by 50% 

in comparison to total cellular protein following semaphorin stimulation (Fan et a l, 

1993). This result suggests that Sema3A influences cell morphology by regulating the 

disassembly of existing actin filaments.

As an actin depolymerising factor, cofilin could potentially mediate Sema3A induced 

actin filament disassembly. Aizawa et al have ascertained that levels of cofilin 

phosphorylation within a growth cone rapidly increase then gradually decrease in 

response to stimulation with Sema3A (Aizawa et al., 2001). This change correlates 

temporally with an initial assembly and subsequent disassembly of F-actin. LIMKl is 

believed to be responsible for this phosphorylation of cofilin as dominant negative 

LIMKl suppresses Sema3A induced collapse.
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F IG U R E  4.14 Stim ulation with Sem a3A -F c induces phosphoryla tion  o f  E R K  but not p 3 8  M A P  kinase. 

Cells expressing vsv-P lexin-A l and  NP-1 were stim u la ted  24 hr p o st transfection with 2ug/m l Sem a3A-Fc. 

P rior to stim ulation, cells w ere serum -starved  fo r  14 hr. Lysates w ere p rep a red  and  w estern blot analysis 

was u sed  to evaluate the M A P  kinase levels (a) B lo ts w ere p ro b ed  with m ouse an ti-phopho-E R K  1/2, 

rabbit anti-E R K  2, m ouse anti-vsv, goat anti-N P-1 and  goa t anti-hFc. Cells w ere stim ula ted  with 5 ng/m l 

P D G F  fo r  10 min as a positive  control fo r  E R K  activation. Cl= Sem a3A-Fc w as clustered  using 4 p g /m l 

goa t anti-hFc. (b) B lots w ere p ro b ed  with rabbit anti-phospho  p38, rabbit anti-p38 and  m ouse anti-vsv. 

Cells w ere treated  with U V  light fo r  1 min then a llow ed  to recover fo r  30 min as a positive  control fo r  p 3 8  

activation.
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In the Cos-7 collapse assay, a kinase dead mutant of LIMK2 fails to prevent Sema3A-Fc 

induced collapse. This result was initially surprising. If SemaSA utilises the neuronal 

specific kinase LIMKl to mediate growth cone turning, it seems likely that the 

ubiquitous kinase LIMK2 may be required for collapse in non-neuronal cells. In reality, 

the ability of a dominant negative LIMKl, but not LIMK2 mutant to affect Sema3A-Fc 

induced collapse may reflect intrinsic differences between these kinases. In light of 

reports suggesting that LIMKl and LIMK2 are activated by distinct Rho GTPases it is 

possible that the upstream regulators of these kinases may vary (Yang et al., 1998; Sumi 

et a l, 1999). Alternatively, it may simply be that LIMKl phosphorylates substrates that 

are currently unknown, in addition to those phosphorylated by LIMK2. If this is the 

case, LIMK2 could not act in place of LIMKl in the Cos-7 collapse assay.

In the future it will be interesting to investigate the ability of a constitutively active 

LIMK to influence Sema3A-Fc induced collapse. As phospho-cofilin is inactive, a 

constitutively active LIMK might inhibit collapse by preventing cofilin from 

depolymerising actin filaments. It will also be interesting to consider whether or not 

LIMK activity is required for Sema4D-Fc induced collapse. If the theory that Plexin-Bl 

locally sequesters Racl to prevent PAK activation is correct, LIMKl is unlikely to be 

required for Sema4D induced collapse. Instead, as Plexin-BI recruits RhoA, in this 

instance LIMK2 may transduce the collapse signal. This could potentially explain how 

the same collapse response is achieved in different ways by different plexin subfamilies.

The phenotypic similarities between Sema3A-Fc and latrunculin induced collapse, on 

the other hand, may reflect a shared ability to increase the rate of actin disassembly by 

sequestering monomeric G-actin. Subtle changes in the localisation of G-actin following 

Sema3A-Fc stimulation provide support for this hypothesis.

For Sema3A to increase the proportion of G-actin that is sequestered within a cell, or 

block the release of sequestered G-actin, signals from Plexin-AI must target actin 

monomer binding proteins. Of these, profilin and thymosin-|3-4 are perhaps the most 

well known and thymosin-(3-4 is the major actin sequestering protein in embryonic chick
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brains (Devineni et ah, 1999). Profilin promotes the addition of G-actin monomers to the 

barbed end of actin filaments whilst thymosin-(3-4 interacts with G-actin and ensures 

that a pool of actin monomers is maintained within a cell. To increase the amount of 

sequestered G-actin within a cell, Sema3A-Fc could either downregulate the activity of 

profilin, or enhance the availability of thymosin-|3-4. This is highly speculative, as the 

mechanisms regulating profilin and thymosin-(3-4 are largely unknown.

Despite evidence that Cos-7 cells collapse following treatment with 5|iM latrunculin, 

depolymerisation of F-actin may not always be sufficient to induce a collapse 

phenotype. It has been reported that growth cones treated with SemaSA and an inhibitor 

of the eicosanoid 12/15-lipoxygenase remain spread regardless of a dramatic loss of 

actin filaments from the cell periphery (Mikule et al., 2002). This suggests that although 

actin depolymerisation is required for collapse induced by SemaSA-Fc, additional 

mechanisms may also be necessary for morphological changes to occur.

4.3.2 Semaphorins and the Microtubule Cytoskeleton

The failure of nocodozole to inhibit SemaSA-Fc induced collapse indicates that 

microtubule disassembly is not sufficient to induce collapse of Cos-7 cells. In addition, 

membranous protrusions persist in stimulated, nocodozole treated cells. This 

demonstrates that microtubules are not responsible for providing a structural framework 

that supports the collapsed morphology. If the characteristic shape observed in SemaSA- 

Fc stimulated cells does not occur as result of cells collapsing around microtubules, actin 

or intermediate filaments may instead be responsible for maintaining these structures. 

Alternatively, this phenotype may be a consequence of a loss of adhesion of specific 

regions of the cell to the substratum. In the light of recent evidence that SemaSA 

localises to nascent focal adhesions and antagonises integrin function during 

angiogenesis (Serini et al., 200S), it is possible that SemaSA may negatively regulate 

cellular adhesion.

The ability of taxol to partially inhibit SemaSA-Fc induced collapse implies that the 

dynamic turnover of microtubules may form a component of SemaSA-Fc induced
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collapse. In support of this, only 34% of growth cones in the process of turning have 

symmetrically arranged microtubules in comparison to 84% of migrating cells 

(Williamson et al., 1996). This suggests that the microtubule network reorganises its 

structure during growth cone guidance and concurs with the theory that microtubules 

specifically extend towards and stabilise the new direction of migration. The restriction 

of the effect caused by taxol to a subpopulation of stimulated cells occurs as a result of 

the heterogeneity of microtubule structure following treatment. The ability of a cell to 

respond to Sema3A-Fc varies depending upon the final organisation of the microtubule 

network.

4.3.3 Semaphorins and Rho GTPases

Experiments using dominant negative GTPase mutants demonstrate that Sema3A-Fc 

induced collapse requires Racl and Cdc42 but not RhoA. This confirms previous reports 

that neurons triturated with NlTRacl fail to respond to stimulation with Sema3A (Jin 

and Strittmatter, 1997; Kuhn et a l, 1999). In addition, the involvement of Cdc42 in 

Sema3A-Fc induced collapse of Cos-7 cells verifies studies demonstrating that 

N17Cdc42 inhibits motor neuron collapse. As DRG neurons do not require Cdc42 for 

Sema3A induced collapse, these results suggest that the Cos-7 collapse assay may be a 

better model for Sema3A-Fc induced collapse of motor rather than DRG neurons. 

Though the pattern of Racl and Cdc42 acting in opposition to RhoA follows a precedent 

seen in multiple neuronal cell types, these results are counterintuitive, as Racl and 

Cdc42 usually stimulate protrusive processes whilst RhoA mediates contractile activity 

(Leeuwen et a l, 1997).

The failures of N19RhoA and the ROCK inhibitor Y-27632 to inhibit Sema3A-Fc 

induced collapse are consistent with the inability of the LIMK2 kinase dead mutant to 

affect this process. As ROCK is a key effector of RhoA that directly phosphorylates 

LIMK2, these results suggest that Sema3A-Fc induced collapse is not a consequence of 

excessive contractile forces.
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The participation of GTPases in Sema3A-Fc induced collapse further emphasises 

differences between plexin A and B subfamilies. Whereas signal transduction through 

Plexin-Al involves Racl and Cdc42 but not RhoA, it has been reported that signalling 

via Plexin-Bl requires Racl and RhoA. To fully understand Sema3A-Fc induced 

collapse the relationships between these GTPases must be clarified. Further 

investigations are needed to determine whether Racl and Cdc42 act on a linear or 

parallel pathway downstream of Sema3A-Fc. In addition, the counterintuitive nature of 

the involvement of Racl and Cdc42 suggests that these GTPases may not be acting to 

regulate commonly known effector pathways leading to cytoskeletal reorganisation. 

Instead, it seems likely that these GTPases may regulate novel signalling pathways 

during Sema3A-Fc induced collapse.

The involvement of GTPases in signalling downstream of Sema3A-Fc is further 

complicated by the ability of constitutively active mutants to inhibit collapse. In one 

respect, the capacity of V14RhoA to prevent collapse is perhaps the most difficult to 

reconcile. RhoA is best known for stimulating the contractile machinery within a cell, 

yet this evidence implies that Sema3A-Fc must downregulate RhoA activity or directly 

inhibit a Rho-dependent target protein to enable collapse to occur. Putting aside previous 

conceptions, this may be better understood in the context of the model of opposing 

GTPase activities. If Sema3A-Fc induced collapse is regulated by antagonistic actions of 

Racl and Cdc42 versus RhoA, the greatest differential in activities would be achieved 

by simultaneously activating Racl and Cdc42 and downregulating RhoA.

If Cdc42 and Racl are required for Sema3A-Fc induced collapse, it is surprising that 

constitutively active mutants of these GTPases inhibit this morphological change. There 

are precedents for active and dominant negative GTPases blocking the same pathway. 

Yuan et al recently demonstrated that both dominant negative and constitutively active 

mutants of Cdc42 inhibit the chemoattractive effect of brain-derived neurotrophic factor 

(BDNF) on Xenopus spinal neurons (Yuan et a l, 2003). Arguments presented earlier in 

this chapter imply that it may not be the active GTPase itself, but the GTPase cycle per 

se that is required for Sema3A-Fc induced collapse. Alternatively, these results do not
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exclude the possibility that these mutants indirectly interfere with the collapse phenotype 

by activating parallel pathways. This possibility is supported by the failure of active 

Fgdl to inhibit Sema3A-Fc induced collapse as this demonstrates that the activation of 

endogenous Cdc42 does not prevent collapse. Though the inability of V12Rapla to 

inhibit Sema3A-Fc induced responses indicates that stimulating cell spreading is not 

always sufficient to overcome collapse, this does not prove that a completely 

independent Cdc42/Rac mediated pathway cannot do so.

Alternatively, it is of course possible that the ability of constitutively active GTPase 

mutants to inhibit Sema3A-Fc induced collapse truly reflects the need for Sema3A-Fc to 

downregulate these GTPases at some point during the collapse process. One 

interpretation could simply be that these GTPases are involved at two independent 

points in signal transduction pathways downstream of Sema3A-Fc. Initially, GTPases 

may need to be active for a specific period of time during collapse. Later on, GTPase 

activity may be downregulated. In this case, the constitutively active and dominant 

negative GTPase mutants would be inhibiting collapse by acting at completely different 

points within a Sema3A-Fc induced signal transduction pathway. In the case of Rac this 

seems unlikely, as Rac.GTP levels are highest at 30 min when approximately 80% of 

cells are collapsed. If this model is true, parallels may be drawn between the effects of 

Sema3A and the repulsive guidance factor Slit. The interaction between Slit and the 

transmembrane receptor Robo results in the activation of a Cdc42 GAP, srGAPl and the 

subsequent inactivation of Cdc42. In addition, the sustained rather than transient 

activation of constitutively active GTPases might be enough to prevent collapse.

4.3.4 Racl Acts Upstream of Plexin-Al on a Pathway Leading to Collapse

The failure of NlTRacl to inhibit collapse induced by constitutively active Plexin-Al 

mutants implies that active Racl participates in a pathway downstream of Sema3A-Fc, 

but not downstream of Plexin-Al itself. Instead, following stimulation with Sema3A-Fc, 

active Racl may act upstream of Plexin-Al, perhaps to modulate the activity of Plexin- 

A l itself. This is not without precedent within the plexin family, as a direct interaction 

between Rac and Plexin-Bl increases the cell surface levels of Plexin-Bl and slightly
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enhances its affinity for Sema4D (Vikis et al., 2002). With respect to Plexin-Al, it is 

clear that neither Rac nor Cdc42 regulate receptor trafficking to the cell surface. Plexin- 

Al must be localised to the cell membrane in cells expressing dominant negative Rac or 

Cdc42, as Sema3A-Fc still associates specifically with these cells. In the case of 

NlTRacl, Vikis et al have recently reported identical findings (Vikis et a l, 2002). Once 

again, these results highlight differences between plexin A and B subfamilies. On a 

superficial level, similarities are apparent, as Rac appears to regulate both receptor 

subfamilies. A more detailed comparison, however, reveals subtle differences in the 

relationships between Rac and each receptor subfamily, as Rac regulates the cell surface 

localisation of Plexin-Bl but not Plexin-Al.

Clues to the nature of Rac’s involvement in semaphorin signalling may be gained by 

considering the physical mechanisms that underlie the production of a constitutively 

active plexin receptor. Plexin-Al AECT and Plexin-Al ASEM lack either their sema 

domain, or their whole extracellular region (see Figure 1.9). The deleted region appears 

to have an autoinhibitory capacity as co-transfection of the sema domain alone returns 

Plexin-Al ASEM to its inactive state. Constitutively active plexins are relieved of this 

autoinhibition and signal independently of Rac activity. Put together, this suggests that 

Rac may participate in the regulation of this autoinhibitory interaction.

As the cell membrane physically separates Rac from the extracellular domain of Plexin- 

A l, this regulatory mechanism cannot involve Rac directly interacting with the 

autoinhibitory region. Instead, Rac must somehow convey information across the lipid 

bilayer that relieves the autoinhibitory interaction. One possibility is that Rac may 

directly or indirectly associate with the cytoplasmic tail of Plexin-Al. This might induce 

a conformational change in Plexin-Al that could be transmitted across the lipid bilayer 

and subsequently relieve the autoinhibitory interaction (see Figure 4.15, a). This model 

proposes that Rac regulates a conformational change in a single, isolated Plexin-Al 

receptor.
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Alternatively, the extracellular domain of Plexin-Al may in part mediate receptor 

dimérisation. In this model, the ability of the sema domain to return Plexin-Al ASEM to 

its inactive state would reflect the fact that inactive plexins would exist in a dimerised 

conformation. Receptor dimérisation would in turn inhibit plexin signalling in a manner 

analogous to the mechanisms that inhibit receptor protein tyrosine phosphatase activity 

(Weiss and Schlessinger, 1998). Rac could then directly or indirectly associate with the 

cytoplasmic tail of dimerised plexin receptors. This interaction could physically force 

plexins to dissociate and thus relieve the autoinhibitory interaction (see Figure 4.15, b).

Both of the above models assume that the binding of Sema3A-Fc to NP-1 alone is 

insufficient to relieve the auto inhibition of Plexin-Al. In a model where this assumption 

is not made, Takahashi and Strittmatter propose that the interaction between SemaSA 

and NP-1 is sufficient to relieve this autoinhibitory interaction (Takahashi and 

Strittmatter, 2001). If this is true, in the light of my results, constitutively active plexin 

mutants must bypass two regulatory steps. Firstly, they must be relieved of the 

autoinhibitory interaction and secondly they must circumvent a Rac dependent 

regulatory step. One highly speculative possibility is that Sema3A binding may 

“activate” Plexin-Al by relieving the autoinhibitory interaction, but Plexin-Al may then 

be localised to incorrect membrane subdomains. Rac might then regulate the localisation 

of Plexin-Al to a specific microdomain. To date, no evidence exists to suggest either 

that plexins must localise to specific microdomains to induce collapse, or that Rac can 

regulate the localisation of transmembrane receptors within the cell membrane.

Finally, L61Rac can also inhibit collapse induced by constitutively active plexins. Based 

on previous arguments this result may be an artefact. Alternatively, this result may imply 

that duration of the time in which Rac activity regulates Plexin-Al is critical. After this 

time, Plexin-Al may be required to downregulate Rac activity. In vivo, this might 

prevent a sustained collapse response and therefore allow a growth cone to renew 

migration after a turning event.
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F IG U R E  4.15 M odels depicting  m ethods by which Rac m ight relieve the antoinhibition o f  P le x in -A l. (a) 

Rac relieves autoinhibition o f  a sing le  P lex in -A I receptor, (h) R ac causes d im erised  P lex in -A l receptors 

to separate.

4.3.5 Stimulation with Sema3A-Fc leads to activation of Racl

Sema3A-Fc stimulation results in an increase in the levels of active Rac present in cells. 

The ability o f SemaSA to activate Rac is extremely interesting as it provides the first 

example of a ligand induced activation o f Rac that leads to a repulsive, non-protrusive 

phenotype. Though many other ligands are known to activate Rac, in all cases this 

results in an attractive, protrusive outcome.

The time-course of Sema3A-Fc induced Rac activation is a little surprising. Active Rac 

levels reach their highest point 30 min after Sema3A-Fc stimulation. In response to other 

ligands, e.g. PDGF or NGF, Rac activation peaks within 10 min of ligand addition. Rac 

activation appears to parallel the time-course of collapse in response to Sema3A-Fc. As 

these experiments are carried out the absence of serum, collapse proceeds at a slightly
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slower rate than is usually observed (see Figure 3.7). Only 39.1% of cells collapse 

within 10 min of Sema3A-Fc stimulation. This increases to 68.5% by 20 min and by 30 

min, a plateaux is reached at which 86. 1% of cells collapse. In comparison, a small 

percentage of Rac is activated within 10 min of Sema3 A-Fc stimulation. The proportion 

of active Rac then increases steadily for 30 min and finally decreases gradually until 60 

min. The time-course of Rac activation observed does not necessarily depict the 

temporal pattern of Rac activation within a single cell. Instead, it may reflect Rac 

activation within the population of cells. The time-course of collapse demonstrates that 

the cell population does not behave in synchrony in response to Sema3A-Fc stimulation. 

Instead, individual cells collapse randomly within 30 min of stimulation. Assuming that 

Rac is not inactivated less than 30 min following its activation, Rac might be activated 

equally randomly in individual cells during the 30 min in which collapse occurs. Total 

Rac levels would therefore increase gradually across this period of time.

Sema3A induced Rac activation must precede morphological changes as active Rac 

levels increase in cells that fail to collapse in the presence of jasplakinolide. 

Interestingly, the magnitude of Rac activation appears greater in jasplakinolide treated 

cells. This may imply that a negative feedback loop exists, in which physical collapse 

somehow downregulates the level of active Rac present in cells. This provides further 

support for the theory that the duration of Rac activation is carefully regulated during 

Sema3A-Fc induced collapse.

The mechanism of Rac activation in response to Sema3A-Fc stimulation is unknown. In 

the future it will be important to determine whether or not Plexin-Al recruits a Rac GEF 

that subsequently activates Rac. In addition, if the limited size of a DRG culture does not 

preclude it, it would be nice to establish whether or not Rac activation also occurs in 

neurons.

4.3.6 Semaphorins Activate ERK but not p38 MAP Kinase

Biochemical approaches demonstrate that Sema3A-Fc and Sema4D-Fc activate ERK but 

not p38 MAP kinases. ERK 1 and 2 are transiently phosphorylated within 10 min of
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semaphorin stimulation. Campbell et al have recently confirmed this using retinal 

ganglion cell neurons (Campbell et al., 2003). Along with previous evidence that 

SemaSE promotes neurite outgrowth in PC 12 cells via a Ras-MAPK dependent pathway 

and Sema?A stimulates MAPK activity via integrin signalling, these results suggests 

that semaphorins may signal via MAPK pathways (Sakai et a l, 1999; Pasterkamp et al., 

2003). This is not surprising, as other growth cone guidance molecules have been shown 

to regulate MAPK signalling. Netrin-1 responses are mediated by both ERK and p38 

MAPKs whilst EphA receptors downregulate MAPK levels within cells (Miao et al., 

2001). In the case of netrins, ERK inhibitors block Netrin-1 induced protein synthesis. 

As Sema3A-Fc also induces protein synthesis, ERK may be involved in this pathway 

downstream of Plexin-Al. Preliminary results however indicate that ERK inhibitors 

show no effect on Sema3A-Fc induced collapse of Cos-7 cells (data not shown). This 

suggests that ERK activation participates in an alternative Sema3A-Fc induced 

signalling pathway that does not mediate collapse.
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CHAPTER 5

THE REGULATION OF PLEXIN ACTIVITY
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5.1 INTRODUCTION

I have presented evidence that during Sema3A induced collapse, Racl acts upstream of 

Plexin-Al, perhaps by modulating the activity of the receptor. This finding raises a 

number of questions concerning the regulatory mechanisms that influence SemaSA 

induced collapse. Firstly, it will be important to determine whether or not Racl 

associates directly with Plexin-Al, or whether intermediate molecules are involved. 

Secondly, sequences within the cytoplasmic tail of Plexin-Al that are critical for 

SemaSA induced collapse need to be identified. Finally, the involvement of receptor 

multimerisation must be investigated.

This chapter explores the regulation of Plexin-Al induced signal transduction. The 

relationship between Plexin-Al and Racl is characterised in greater detail and key 

regions are defined within Plexin-Al that are critical for SemaSA-Fc induced collapse.

5.2 RESULTS

5.2.1 Plexin-Al Associates With an NADH Dehydrogenase Like Protein in a Yeast- 

2-Hybrid Assay

To identify potential components of Plexin-Al induced signalling pathways, a yeast-2- 

hybrid screen was carried out using the cytoplasmic region of Plexin-Al as bait. DNA 

encoding the 620 amino acid cytoplasmic tail of Plexin-Al was subcloned into pYTH9 

(see Figure 5.S, a). Plexin-Al(cyt) was subsequently integrated into the genome of the 

yeast strain Y 190 by homologous recombination within the trpl gene. The growth of the 

resulting yeast strains, Y 190: iPlexin-A1 (cyt) clones 1-6, on SC-TRP selective plates 

indicated that the integration had successfully taken place (see Figure 5.1, a). To 

determine whether or not the Y 190:: Plexin-Al (cyt) strains were expressing the protein, 

total lysates prepared from suspension cultures were examined by western blot analysis. 

Using a rat anti-HA antibody, a protein of the correct mass of approximately 95 kDa was 

detected in the lysates of 5 of the 6 Y 190::Plexin-Al (cyt) clones (see Figure 5.1, b). 

HA-Plexin-A1 (cyt) was expressed at the highest levels in clone 2, so this clone was 

chosen for use in the Y2H screen.
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To ensure that the HA-Plexin-A1 (cyt) protein was not able to activate the his?) or lacZ 

genes alone, Y 190::Plexin-Al (cyt) was either mock transformed or transformed with the 

empty prey vector pACTII. Transformed yeast clones were unable to grow on 3-AT 

selective plates, therefore HA-Plexin-A1 (cyt) alone did not activate the reporter genes 

(see Figure 5.2, b).

HA-Plexin-A1 (cyt) was used to screen a human brain cDNA library (prepared by 

Annette Self). 56 positive clones were identified as potential interaction partners of 

Plexin-Al out of 1 x 10̂  analysed. Positive clones were characterised by the presence of 

both his?) and lacZ reporter gene activity (see Figure 5.2, a), detected by growth on 3- 

AT selection plates and the presence of |3-galactosidase activity in filter transfer assays 

respectively. Plasmid DNA from positive clones was prepared and the sizes of the 

inserted DNA fragments assessed by PCR. Insert sizes in positive clones ranged from 

<0.1 to 3.2 kb (see Figure 5.2, b and c). Seven positive clones were sequenced initially 

and blast searches were used to discovery the identity of the putative Plexin-Al 

interacting molecules. Sequence analysis was performed to ensure that the predicted 

proteins were inserted in pACTII in frame with the Gal4 activation domain.

Clones 5, 16, and 18 contained sequences corresponding to identical regions within the 

cDNA of subunit 1 of the enzyme NADH dehydrogenase. The first 769 bases of clone 6 

were sequenced. Bases 1- 442 of this sequence shared 97% identity with bases 3589- 

4027 of the cDNA encoding NADH dehydrogenase from the human mitochondrial 

genome. No sequence homology was discovered between clone 5 bases 443-769 and any 

other cDNA within the NCBI database. This implies that Plexin-Al associates with an 

unidentified protein that shares homology with subunit 1 of NADH dehydrogenase.

As this putative Plexin-Al associated molecule shared identity with NADH 

dehydrogenase, an inhibitor of this enzyme was used to test whether or NADH 

dehydrogenase activity was required for Sema3A-Fc induced collapse.
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(a)

(c)

i. t

(b) kD a Clone2; H A -Plexin-A l 

30^1 60 |il

9 7 -
WB: HA

66 -

45 -

F IG U R E  5.1 The cytop lasm ic ta il o f  P lex in -A l does not ac tiva te  the his3 or lacZ  reporter genes when  

expressed  a lone in the Y190 yea s t strain, (a) The cytop lasm ic ta il o f  P lex in -A l was in tegra ted  into the 

genom e o f  the yea st strain Y190 by hom ologous recom bination w ithin the tr p l gene. The resu lting  yeast 

strain, Y190::P lexin-A  I (cyt) g rew  on SC -T R P  selective  p lates. S ix  clones o f  this strain w ere cu ltured  (b) 

Lysates w ere prepared  fro m  clones o f  Y190: : Plexin-A  1 (cyt) and  sub jected  to western b lo t analysis. B lots 

w ere p ro b e d  w ith a ra t anti-H A  antibody. C lone 2 o f  Y190:: P le x in -A l (cyt) expressed  a p ro te in  o f  

approxim ately  95 kD a corresponding  to the cytop lasm ic ta il o f  P lex in -A l. (c) C lone 2 o f  Y190: :P lexin- 

A l(c y t)  was e ither m ock transform ed  (see A l(cy t)::Y 1 9 0 ) or transform ed  with the p re y  vector p A C T ll  

alone (see A l(cy t)::p A C T ll). Transform ed yea st colonies w ere unable to grow  on 3 -A T  selective p la tes  in 

com parison to positive  clones (see clones 1, 6, 16, 29, 53 and  57) ob ta ined  subsequently through the Y2H  

screen.

Cells expressing vsv-Plexin-Al and NP-1 were stimulated 24 hr post transfection with 2 

ug/ml Sema3A-Fc. Prior to stimulation, cells were treated with 0-2000 nM of the 

NADH dehydrogenase inhibitor rotenone, for 5 hr. Rotenone was also maintained in the
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culture medium at an equivalent concentration during Sema3A-Fc stimulation. Cells 

with bound Sema3A-Fc were counted and classified as collapsed or not collapsed. The 

results demonstrated that rotenone had no effect on the ability of Sema3A-Fc to induce 

collapse of Cos-7 cells expressing vsv-Plexin-Al and NP-1. NADH dehydrogenase 

activity is therefore not required for Sema3A-Fc induced collapse.

Of the four other positive clones that were sequenced, database analysis demonstrated 

that two contained partial cDNA inserts from cytochrome C oxidase. This enzyme has 

been identified previously in yeast-2-hybrid screens and is believed to sometimes 

produce false positive clones. As a result this association was not pursued. The final two 

clones sequenced showed no similarity to any proteins in the databases. In these clones, 

stop codons were identified in the correct reading frame shortly after the sequence 

encoding the Gal4 activation domain. As a result, in each case polypeptides of less than 

20 amino acids were fused to the activation domain.

5.2.2 Plexin-Al Interacts With Racl

The yeast strain Y 190:: Plexin-Al (cyt) was used to determine whether or not Racl 

associates with Plexin-Al. Y 190::Plexin-A1 (cyt) yeast were transformed with WT 

dRacl, WT dRhoA or WT dCdc42 and the ability of the clones to grow on 3-AT 

selective plates was assessed. The results demonstrated that Plexin-Al associated with 

dRacl but not dCdc42. A weak interaction with dRhoA was also detected (see Figure 

5.3, b).

To confirm that Plexin-Al associates with Racl, a fragment of the cytoplasmic tail of 

Plexin-Al was subcloned into the E.coli expression vector pGEX-4T2 (see Figure 5.3,

a). The fragment chosen corresponded to the 149 amino acid stretch of Plexin-B 1 that 

Driessens et al defined as the minimal region sufficient for interaction with Racl 

(Driessens et al., 2001). A GST-fusion protein of this 149 amino acid fragment of 

Plexin-Al (GST-Plexin-A 1 (frag)) was prepared and a slot blot in vitro GTPase binding 

assay was used to examine whether or not Plexin-Al (frag) associated with Racl. GST- 

PAK:CRIB was used as a positive control for Racl interaction and GST alone was used 

as a negative control. GST-fusion proteins (lOpig of each) were applied to a

176



nitrocellulose membrane and incubated in recombinant GTP loaded Racl for 10 

min at 4°C. Bound radiolabelled GTPases were visualised on X-ray films.

(a) C lone No. C lone No.

i 31 ^ «MÉK. -iaPr
6 36

11 41 W a .

1 6 ^ ^ 46 ,  - — .

21 51 -a
26 — ' 56

(b) Clone No.

14 16 17 18 20 29 54

(c) Clone Number Size of insert obtained 

by PGR (Kb)

5 1.1

12 0.8

14 3.2

16 1.1

17 0.7

18 1.1

20 0.4

29 <0.1

54 0.9
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(d)

0 500 1000 1500 2000 2500

Concentration of Rotenone (nM)

F IG U R E  5.2 A Y2H screen using Y190: : Plexin-A 1 (cyt) as bait iden tified  56 clones that w ere p o sitive  in 

both his3 and  L acZ  reporter gene  activ ity  assays, (a) P ositive  clones fro m  3 -A T  selection  p la tes  w ere 

assayed  fo r  (3-galactosidase activ ity  using the f i l te r  transfer assay. O f  the 60 clones exam ined, 56  w ent 

blue overnight, (b) P la sm id  DNA fro m  clones p o sitive  fo r  both his3 and  lacZ  activ ity  w as p repared  and  

PCR reactions w ere se t up to assess the sizes o f  the inserted  DNA fragm en ts. Insert sizes ranged  fro m  

<0.1 to 3.2 kb. (c) Table show ing  the insert sizes obtained fo r  the clones in b. (d) Cells expressing Plexin- 

A l  and NP-1 w ere stim ula ted  24 hr p ost transfection with 2 ug /m l Sem a3A-Fc. P rior to stim ulation, cells 

w ere treated  with 0-2000 nM  rotenone (an N A D H  dehydrogenase inhibitor) f o r  5 hr. R otenone w as also  

m aintained in the culture m edium  at an equivalent concentration during Sem a3A-Fc stimulation.

Racl interacted with GST-Plexin-Al(frag) four times more strongly than with GST 

alone based upon the strength of the signal, though this was still weaker than the 

binding of Racl to GST-PAK:CRIB (see Figure 5.3, c and d). This result confirms that 

the eytoplasmic tail of Plexin-Al associates directly with Racl.

5.2.3 Mutagenesis of Plexin-Al Inhibits Sema3A-Fc Induced Collapse

To investigate which regions o f Plexin-Al are required for Sema3A-Fc induced 

collapse, a series of Plexin-Al deletion mutants were prepared, expressed in Cos-7 cells 

and visualised on western blots using a mouse anti-vsv antibody (see Figure 5.4, a and

b).
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(a)

vsv-P lex in -A l 1 - 0- 0- 0-

Intracellular Region (1274)

-E 1894

H A -P iex in -A l (cyt) 

G S T -P lex in -A l (frag )

1274-̂ ; ] -c 1894

14761 1-1623

(b) Y190: H A -Plexin-A l (cyt)

dR acl dRhoA  dCdc42

(c)

Rac.
GTP

G ST G ST GST 
PA K  A I (frag)

CRIB

I
(d)

6 -

^  4-3
I  3

0 4 - -■
G S T  P A K iC R IB  G S T  P lex in -A l (frag) G S T

F IG U R E  5.3 The cy top lasm ic ta il o f  P lexin-A  I interacts d irectly  with Rac. (a) The cytop lasm ic ta il o f  

P lexin -A l was subcloned  into the Y2H bait vector pA C TIL  A fra g m en t o f  the cytoplasm ic ta il o f  P lex in -A l 

corresponding to the R ac in teracting  region o f  P lex in -B l was subcloned  into the E .coli expression vector 

p G E X  4T2. (b) Y l 90:. P lexin-A  I (cyt) w ere transform ed with d R a c l, dRhoA or dC dc42 and  the ability  o f  

the clones to g row  on 3 -A T  se lec tive  p la te s  w as assessed . P lex in -A l in terac ted  with d R a c l but not 

dCdc42. A w eak interaction with dRhoA was apparent, (c) Slot blot assays w ere used to assess the ability  

o f  the G ST -P lexin -A l (frag) fu s io n  pro tein  to associate with recom binant Rac.G TP. G ST-PAK:CR1B was 

used as a positive  control fo r  R ac interaction and  G ST  alone was used  as a negative. G ST-P lexin-A l (frag) 

interacted directly with Rac.GTP. (d) Quantitation o f  the slo t blot assay in c.
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Vsv-Plexin-Al Al, A2, A1A2, A3 and A3 A4 were expressed at approximately 50% of the 

level of vsv-Plexin-Al. In contrast, expression of vsv-Plexin-Al A4 was barely 

detectable by western blot analysis.

To determine whether or not the Plexin-Al deletion mutants could mediate Sema3A-Fc 

induced collapse, cells were transfected with NP-1 and either vsv-Plexin-Al or a Plexin- 

Al deletion mutant. Cells were stimulated 24 hr post transfection for 30 min with 2 

ug/ml Sema3A-Fc and stained using mouse anti-vsv and goat anti-hFc antibodies. For 

each experiment, cells with bound Sema3A-Fc were counted and classified as collapsed 

or not collapsed.

(a)

P lexin-A l

P lexin-A l A1

P lexin-A l A2

P lexin-A l A1A2

P lexin-A l A3

P lexin-A l A4

P lexin-A l A3A4

-OD-Q-

-0-0-D-

-Chd-D-

-OD-D-

-Ü-Ü-Ü-

-CHK>

-Ü-D-D-

Intracellular Region (1274)

1894

< = 3 -------------------1894

A 1 6 7 6 -  1852 (176 aa)

 1894
A 1 5 2 8 -  1676 (148 aa)

------------------^  1894

A 1 5 2 8 -  1852 (324 aa)

1894

A 1365 - 1 5 2 8  (163 aa)

  1894

A 1 2 9 2 -  1364 (72 aa)

< = = = > -  1894 

A 1 2 9 2 -  1528 (235 aa)

(b)

WB; vsv

vsv P lexin-A l

FL A2 A1 A2 A3 A4 A3 A4

— - -----------
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(c) 90 -

-o 50

=  40

■ i I i
Plexin-A l Plexin-A l P lexin-A l P lexin-A l P lexin-A l P lexin-A l Plexin-A l

FL Al A2 A1A2 A3 A4 A3A4

F IG U R E  SA D eletion m utants o f  P lex in -A l fa i! to reach the ce ll m em brane and  m edia te  collapse, (a) 

Schem atic depicting  P lex in -A l deletion mutants. The m utants were constructed  by d igesting  vsv-P lexin-A l 

with restriction  enzym es that cut at unique sites w ithin the cytoplasm ic tail, (b) W estern b lo t show ing  

expression o f  P lex in -A l deletion mutants. Lysates fro m  cells expressing the m utants w ere p ro b ed  using  a 

m ouse anti-vsv antibody, (c) Graph show ing  the ab ility  o f  the deletion  m utants to m edia te  Sem a3A -F c  

induced  collapse. Cells expressing  NP-1 and e ither vsv-P lex in -A l or a P lex in -A l deletion  m utant w ere  

stim ulated  24 hr post transfection fo r  30 min with 2 pg /m l Sema3A-Fc.

Figure 5.4, d  shows that Sema3A-Fc failed to induce collapse in cells expressing any of 

the Plexin-Al deletion mutants. In these cells, the Sema3A-Fc staining was very weak 

and reminiscent of the staining seen in cells expressing only NP-1. To examine the 

surface localisation of the Plexin-Al deletion mutants, permeabilised and 

unpermeabilised cells from the same transfection were stained using a mouse anti-vsv 

antibody. This revealed that none of the deletion mutants localised to the cell membrane. 

Instead they were found predominantly in the ER. As the deletion mutants did not reach 

the cell surface it was impossible to draw conclusions as to which regions of the 

cytoplasmic tail of Plexin-Al are required for Sema3A induced collapse.
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Plexin-Al does not contain an obvious CRIB motif (Burbelo et al., 2000; Vikis et al., 

2000). However, alignments with Plexin-Bl identified a possible proline residue that 

might correspond to the proline residue in the CRIB motif consensus. Substitution of 

this proline residue in Plexin-Bl has been shown to prevent its interaction with Racl 

(see Figure 5.5, a; Vikis et al., 2000). It is therefore possible that these residues may also 

be critical for the binding of Racl to Plexin-Al.

A Plexin-Al mutant (vsv-Plexin-Al-GGA) was constructed that was analogous to the 

Plexin-Bl mutant (Plexin-Bl-GGA) that could no longer bind Racl (see Figure 5.5, b). 

Cells expressing NP-1 and either vsv-Plexin-Al or vsv-Plexin-Al-GGA were stimulated 

24 hr post transfection for 30 min with 2p.g/ml Sema3A-Fc. The cells were then stained 

using mouse anti-vsv and goat anti-hFc antibodies (see Figure 5.5, c-e). In each 

experiment, 100 expressing cells with bound Sema3A-Fc were counted and classified as 

collapsed or not collapsed. Experiments were repeated in triplicate. In cells expressing 

vsv-Plexin-Al-GGA, only 7.1% of cells with bound Sema3A-Fc collapsed in 

comparison to 84.3% of cells expressing vsv-Plexin-Al (see Figure 5.5, f). This was not 

the result of vsv-Plexin-Al-GGA failing to reach the cell surface, as a strong staining of 

vsv-Plexin-Al-GGA was visible on unpermeabilised cells. In addition, the Sema3A-Fc 

staining was very intense on these cells. This result demonstrates that vsv-Plexin-Al- 

GGA is unable to mediate Sema3A-Fc induced collapse. As the three mutated residues 

are located within the Racl binding region of Plexin-Al (amino acids 1476-1623) and 

they are likely to mediate the interaction between Racl and Plexin-Al, this suggests that 

this interaction may be required for Sema3A-Fc induced collapse.

Pull-down assays were used to determine whether or not vsv-Plexin-Al-GGA was 

capable of activating Rac. Cells were transfected with either NP-1 alone, vsv-Plexin-Al 

and NP-1 or vsv-Plexin-Al-GGA and NP-1 and pull-downs were performed as 

previously described.
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F IG U R E  5.5 Cells expressing vsv-P lexin-A l-G G A  and  N P-J do not collapse in response to Sem a3A-Fc.

(a) A lignm ents com paring  the CRIB m otifs o f  know n R ac effectors with the p a rtia l CRIB m o tif  fo u n d  in 

P lex in -B l and  the hom ologous region o f  P lex in -A l. P lex in -A l does not contain  the p a r tia l CRIB m o tif  

fo u n d  in P lex in -B l as only one am ino acid  fro m  the CRIB consensus, the proline, is loca ted  in the correct 

region. The ab ility  o f  P lex in -B l m utants to in teract with Rac. G TP is ind ica ted  (Vikis et a i ,  2000). (b) 

Schem atic show ing  the vsv-P lexin -A l-G G A  m utant that was p repared  by site  d irected  m utagenesis, (c-e) 

Cells expressing  vsv-Plexin-A  1 -GGA and NP-1 were stim u la ted  24 hr p o st transfection f o r  30 min with  

2fig /m l Sem a3A-Fc. U nperm eabilised  cells w ere then s ta ined  using  m ouse an ti-vsv  an d  g o a t anti-hF c  

antibodies, (c) M ouse anti-vsv. (d) G oat anti-hFc. (e) Red/G reen merge. (J) Graph show ing  the inability  o f  

vsv-Plexin-A 1 -GGA to m ediate Sem a3A-Fc induced collapse.

Sema3A-Fc was still able to induce Rael activation in cells expressing vsv-Plexin-Al- 

GGA (see Figure 5.6). This result supports previous evidence that Rac activation 

precedes collapse as cells expressing vsv-Plexin-Al-GGA do not collapse in response to 

Sema3A-Fe. Interestingly, the magnitude of Rac activation appears greater in Sema3A- 

Fc stimulated cells that are unable to collapse.

N europilin-l

Sem a3A -Fc 

Pull-Down: Rac.GTP

Total Lysate: Rac

Plexin Plexin
-A1 -A 1 -GGA

30’ 3 0 ’ 3 0 ’

» —

—  —  —

F IG U R E  5.6 Sem a3A-Fc induces Rac activation in cells expressing  vsv-Plexin-A  1 -GGA and  NP-1. Pull- 

downs w ere perform ed as in F igure 4.11.

5.2.4 An Interaction Between the Two Halves of the Cytoplasmic Tail of Plexins

The discovery that Plexin-Bl and now Plexin-Al interact with Rac.GTP raises the 

possibility that they may be effectors o f Rac. A characteristic feature o f many GTPase 

effector proteins, for example WASP or p65PAK is the presence o f an autoinhibitory 

interaction. In these effectors, an interaction between the N and C termini of the protein 

inhibits functional activity in unstimulated conditions. W hether this is through an 

intram olecular interaction or interm olecular interaction in dimers is not clear.
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Cdc42.GTP associates with these effectors to release the autoinhibitory activity (Rohatgi 

et al., 1999).

To further explore the possibility that plexins may be Rac effectors, 

immunoprécipitation experiments were carried out to investigate whether or not an 

interaction might occur within the cytoplasmic tail of Plexin-Al and Plexin-Bl. 

Fragments of these plexins were subcloned in the mammalian expression vectors 

pRK5flag or pRKSmyc. Initially, the cytoplasmic tail of Plexin-Al was arbitrarily 

separated into two halves by dividing the protein at a point located within the variable 

linker region of the SP domain (see Figure 5.7, a, flag-Plexin-Al PHI and myc-Plexin- 

A1 PH2).

Cells were transfected with flag-Plexin-Al PHI and myc-Plexin-Al PH2. Lysates were 

prepared and aliquots were saved to assess protein expression levels. 

Immunoprécipitations were performed using mouse anti-myc or mouse anti-flag 

antibodies and precipitated proteins were assessed by western blot analysis. Blots were 

probed with mouse anti-myc and mouse anti-flag antibodies.

Flag-Plexin-Al PHI and myc-Plexin-Al PH2 reciprocally precipitate one another (see 

Figure 5.8, a and b). This demonstrates that a molecular interaction can potentially occur 

within the cytoplasmic tail of Plexin-Al. The interaction could also occur 

intermolecularly between two dimerised cytoplasmic tails. As the initial site that was 

chosen to separate the two halves of the cytoplasmic tail fell within the Rac binding 

region of Plexin-Al (amino acids 1476-1623), two more Plexin-Al fragments were 

subcloned, in which the division site corresponded exactly with the end of the Rac 

binding region (see Figure 5.7, a, flag-Plexin-Al PH la and myc-Plexin-Al PH2a). At 

the same time the corresponding fragments of Plexin-B 1 were prepared. This enabled 

immunoprécipitations to be carried out to determine whether or not the interaction was 

conserved across different plexin subfamilies (see Figure 5.7, b, flag-Plexin-Bl PH la 

and myc-Plexin-B 1 PH2a).
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FIG U R E 5.7. Schem atic show ing  the fragm ents o f  P lex in -A l and  P lex in -B l used  in im m unoprécipitation  

studies.

Cells were transfected with various combinations and immunoprécipitations were 

performed as described previously. Reciprocal interactions were detected between flag- 

Plexin-Al PHla and myc-Plexin-Al PH2a and flag-Plexin-Bl PHla and myc-Plexin-Bl
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PH2a (see Figure 5.8, c and d). This confirmed the existence of conserved interactions in 

the cytoplasmic tail of both A and B plexin subfamily members.

The interaction between flag-Plexin-Al PHI and myc-Plexin-Al PH2 was further 

supported by evidence that these fragments co-localise in Cos-7 cells. When expressed 

alone, flag-Plexin-Al PHI shows a diffuse, cytosolic localisation in 75.2% of cells (see 

Figure 5.9, a and f). Myc-Plexin-Al PH2, on the other hand, is found in discrete 

intracellular aggregates in addition to a diffuse cytosolic localisation (see Figure 5.9, b 

and f). Co-expression of these two fragments forces flag-Plexin-Al PHI to colocalise 

with myc-Plexin-A2 PH2 in discrete intracellular aggregates in 77.6% of cells (see 

Figure 5.9, c-f).

Mutants of Plexin-Al PHla and Plexin-Bl PHla were used to investigate whether or not 

the Rac binding region within plexins is required for these interactions. Flag-Plexin-Al 

PHla-GGA contained the triple point mutation that prevented Plexin-Al from mediating 

Sema3A-Fc induced collapse and inhibited Rac binding to Plexin-Bl (Vikis et ah, 

2000). Flag-Plexin-Al PHlaARBD and flag-Plexin-Bl PHlaARBD lacked the C- 

terminal 28 and 24 amino acids respectively in comparison to the Plexin-Al PHla and 

Plexin-Bl PHla. These deletions encompassed the residues that are altered in the GGA 

mutants.

Myc-Plexin-Al PH2a showed a greatly reduced ability to interact with flag-Plexin-Al 

PHla-GGA in comparison to flag-Plexin-Al PH la (see Figure 5.10, a and c). In 

addition, myc-Plexin-Al PH2a was unable to associate with flag-Plexin-Al PHlaARBD 

(see Figure 5.10, b and c). This demonstrates that 20 residues (amino acids 1596-1616) 

in Plexin-Al are essential for the interaction. Similarly, myc-Plexin-Bl PH2a showed a 

greatly reduced ability to interact with flag-Plexin-Bl PHlaARBD compared with flag- 

Plexin-Bl PH la (see Figure 5.10, d and e). This demonstrates that 23 residues (amino 

acids 1847-1870) in Plexin-Bl are required for the interaction in this protein. In each 

case, these critical residues are also required for Rac binding the respective plexins.
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F IG U R E  5.8 An interaction occurs w ithin the cytop lasm ic ta il o j P lex in -A l an d  P lex in -B l. Cells w ere  

transfected  with the indicated  p lex in  fragm ents. Lysates w ere p repared  and  aliquots w ere saved  to assess 

to ta l p ro te in  levels. Im m unoprécip ita tions w ere p e r fo rm ed  using  m ouse an ti-m yc or m ouse an ti-flag  

antibodies as ind ica ted  and  p rec ip ita ted  p ro te in s w ere a ssessed  by w estern b lo t analysis. B lo ts w ere  

p ro b ed  with m ouse an ti-m yc and  m ouse anti-flag  antibodies, (a) M yc-P lex in -A l PH2 p recip ita tes fla g -  

P lex in -A l P H I. (b) f la g -P le x in -A l P H I p rec ip ita te s  m yc -P lex in -A l PH2. (c) M yc-P lex in -A l P H 2a  

precip ita tes fla g -P le x in -A l P H la  and m yc-P lexin -B l P H 2a p rec ip ita tes  fa g -P le x in -B  1 P H la . (d) F lag- 

P lexin -A l P H la  precip ita tes m yc-P lexin -A l PH2a and  flag -P lex in -B l P H la  precip ita tes m yc-P lex in -B l- 

PH2a.
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F IG U R E  5.9 L oca lisa tion  o f  fla g -P lex in -A l P H I an d  m yc-P lex in -A l PH 2 in C os-7 cells, (a) Cells 

expressing  fla g -P lex in -A l P H I. (b) Cells expressing  m yc-P lex in -A l PH2. (c-e) Cells expressing  f la g -  

P lex in -A l P H I an d  m yc-P lex in -A l PH2. (a and  c )  M ouse  anti-flag , (b and  d) R abb it anti-m yc. (e) 

R ed/green merge, (f) Graph show ing the percen tage o f  expressing  cells in which fla g -P lex in -A l is seen in

This suggests that the putative intra- or inter-moleeular interactions and the association 

between Rae and plexins may be mutually exclusive.
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F IG U R E  5.10 In teractions w ithin the cy top lasm ic  ta il o f  p lex in s  requ ire  am ino acids 1596-1628 o f  

P lex in -A l and  1847-1870 o f  P lexin-B  1. Im m unoprécipita tions w ere p erfo rm ed  as in F igure 5.8. (a) M yc- 

P lex in -A l PH 2a p recip ita tes fla g -P lex in -A l P H la -G G A  w eakly in com parison to fla g -P le x in -A l P H la . 

(h) M y c -P lex in -A l PH 2a is unable  to p rec ip ita te  fla g -P le x in -A l P H la A R B D . (c) F la g -P lex in -A l  

P H la A R B D  and  fla g -P lex in -A l P H la -G G A  are unable to p rec ip ita te  m yc-P lex in -A l PH2a. (d) M yc- 

P lex in -B l PH 2a precip ita tes fla g -P lex in -B l P H la A R B D  w eakly in com parison to fla g -P lex in -B  1 P H la .

(e) F lag-P lexin-B l P H laA R B D  is unable to precip ita te m yc-P lexin-B l PH2a.

To examine whether or not active Rac can influence interactions within the cytoplasmic 

tail o f Plexin-A l, cells were transfected with flag-Plexin-Al PH la, myc-Plexin-Al 

PH2a and a constitutively active Rac mutant. Immunoprécipitations were performed 

using a mouse anti-myc antibody and western blot analysis was used to compare the 

amount o f flag-Plexin-Al PH la precipitated in the presence and absence of the GTPase 

mutants. Figure 5.11 shows an example o f a blot obtained from these experiments. In 

this instance, the intramolecular interaction is reduced by the presence of constitutively 

active Racl and RhoA but not Cdc42.

flag A1 P H la

IP: myc
WB: flag

Total lysate 
WB: flag

Total lysate 
WB: flag

Total lysate 
WB: myc

myc A 1 PH2a

flag flag flag 
L61 L61 L63

Cdc42 R acl RhoA

flag A1 P H la  

flag A 1 P H la

flag L63RhoA 
flag L 61R acl 
flag L61Cdc42

myc A1 PH2a

F IG U R E  5.11 C o nstitu tive ly  ac tive  R a c l or RhoA bu t not C dc42 m ay reduce the in tram o lecu la r  

interaction in the cytop lasm ic ta il o f  P lex in -A l. C ells w ere transfected  with fla g -P le x in -A l P H la , m yc- 

P lex in -A l PH 2a and  e ither p R K 5 flag  or a constitu tively  active G TPase m utant. Lysates w ere p rep a red  

and  im m unoprecip ita ted  with a m ouse anti-m yc antibody. Western blots w ere p robed  with m ouse anti-flag  

and m ouse anti-m vc antibodies.
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This result is consistent with the idea that an intra- or intermolecular interaction and the 

association between Rac and plexins are mutually exclusive. Unfortunately these 

competitive immunoprécipitation experiments did not yield consistent results. 

FlagL61Racl reduced the amount of flag-Plexin-Al PHla precipitated by myc-Plexin- 

A l PH2a on 4 out of 7 occasions. On the other 3 attempts, no changes were detected in 

the amount of flag-Plexin-Al PHla that was precipitated. These inconsistencies may be 

due to difficulties in generating sufficient expression levels to set up this trimolecular 

reaction in transfected cells.

5.2.5 Plexin-Al Dimerises but Receptor Clustering is Not Sufficient to Induce 

Collapse of Cos-7 Cells

To test whether or not Plexin-Al receptors can dimerise through their intracellular 

domains, the cytoplasmic region of Plexin-Al was subcloned in pRK5flag and 

pRK5myc (see Figure 5.7). Immunoprécipitations were performed using an anti-flag 

antibody and precipitated proteins were assessed by western blot analysis. The results 

demonstrate that flag-Plexin-Al (cyt) precipitates myc-Plexin-Al (cyt) (see Figure 5.12). 

This suggests that an interaction between the cytoplasmic tails of neighbouring Plexin- 

Al receptors can potentially occur.

To consider whether clustering of Plexin-Al might be sufficient to induce collapse of 

Cos-7 cells, mouse anti-vsv and donkey anti-mouse antibodies were used to cluster vsv- 

Plexin-Al receptors on the cell surface. Three different antibody treatments were used. 

In each case, the mouse anti-vsv and donkey-anti mouse antibodies were used at final 

concentrations of 10 pg/ml and 2 |xg/ml respectively. In treatment one, cells were fixed, 

permeabilised and stained with a mouse anti-vsv and then a donkey anti-mouse antibody 

(see Figure 5.13, a). These cells remained fully spread and staining revealed a reticular 

pattern of intracellular vsv-Plexin-Al and some vsv-Plexin-Al at the cell surface. In 

treatment two, live cells were incubated in a mouse anti-vsv antibody at 37°C for 30 

min. The cells were then fixed and stained using a donkey anti-mouse antibody (see 

Figure 5.13, b). Once again, the cells remained fully spread and the staining pattern in 

these unpermeabilised cells revealed unclustered vsv-Plexin-Al on the cell surface. In 

treatment three, live cells were incubated in a mouse anti-vsv antibody at 37°C for 30
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min. The cells were then incubated for a further 30 min at 37°C in a donkey anti-mouse 

antibody prior to fixation (see Figure 5.13, c). These cells also remained fully spread. In 

this instance, staining revealed that the vsv-Plexin-Al receptors were clustered on the 

cell surface. This demonstrates that clustering of Plexin-Al is not sufficient to induce 

collapse of Cos-7 cells.

IP: flag
WB: myc

Total lysate 
WB: myc

Total lysate 
WB: flag

m yc-A l(cy t)

flag-A l
(cyt)

low er
IgG

F IG U R E  5.12 P le x in -A l d im erises through its cy top la sm ic  tail. Lysa tes w ere p re p a re d  fr o m  cells  

transfec ted  with m yc-P lex in -A l (cyt) and  fla g -P lex in -A l (cyt) and  a liquo ts w ere sa ved  to assess to ta l 

p ro te in  levels. Im m unopréc ip ita tions w ere p e r fo rm ed  using  an a n ti-flag  an tibody  an d  p rec ip ita ted  

pro teins w ere assessed by western blot analysis. B lots w ere p ro b ed  with m ouse anti-m yc and  m ouse an ti

flag  antibodies.

5.3 DISCUSSION

5.3.1 Semaphorins and Redox Reactions

A yeast-2-hybrid screen identified a 1.1 kb fragment o f a Plexin-Al interacting protein 

that shares homology with subunit 1 of NADH dehydrogenase. The gene for this subunit 

is encoded by the mitochondrial genome and the enzyme is an integral membrane 

protein that participates in redox reactions. This finding was intriguing in the light of 

reports that redox mechanisms may be involved in semaphorin signalling. Both MICAL, 

a putative flavoprotein monooxygenase that associates directly with dPlex-A, and the 

eicosanoid 12/15-lipoxygenase have been reported to be involved in Sema3A induced 

growth cone collapse (Mikule et al., 2002; Terman et al., 2002). Though the failure of 

rotenone to inhibit Sema3A induced collapse demonstrates that NADH dehydrogenase
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itself is not required during semaphorin induced collapse, this association may represent 

a third connection between redox reactions and Sema3A induced signalling.

F IG U R E  5.13 C lustering  o f  P lex in -A l is no t su ffic ien t to induce co llapse o f  C os-7 cells. Cells w ere  

transfected  with P lex in -A l and NP-1. In each case, the m ouse an ti-vsv and  donkey-anti m ouse antibodies  

w ere u sed  a t f in a l  co n cen tra tio n s  o f  10 u g /m l an d  2 p g /m l respective ly , (a ) C ells w ere fix e d , 

perm eab ilised  and  sta ined  with a m ouse anti-vsv  and  then a donkey anti-m ouse antibody, (b) L ive cells  

were incubated  in a m ouse an ti-vsv  an tibody a t ST ’C  fo r  30 min. The cells w ere then f ix e d  and  sta ined  

using a donkey an ti-m ouse antibody, (c) L ive cells w ere incubated  in a m ouse anti-vsv  an tibody at 37”C  

fo r  30 min. The cells w ere then incubated  in a donkey anti-m ouse antibody fo r  30 min a t 37” C p r io r  to 

fixation .

5.3.2 Plexin-Al Interacts Directly With Racl

Slot blot and yeast two hybrid assays using Plexin-Al fragments demonstrate that 

Rac.GTP associates directly with Plexin-Al. This contradicts the findings of a number 

of other groups who claim that Rac and Plexin-Al do not interact (Rohm et al, 2000b; 

Vikis et a i, 2000; Zanata et a i, 2002). Discrepancies between these results may be 

explained by differences in the experimental approaches taken. Zanata et al and Rohm et 

al use full length Plexin-Al and attempt to pull-down GTPyS loaded Rac in the absence 

of Sema3A-Fc. Under these unstimulated conditions, Plexin-Al may be in an inactive 

conformation that cannot interact with Rac. If this explanation is true, the association 

between Plexin-Al and Rac may be ligand dependent. This would fit well with the 

models proposed in Figure 5.14 that outline possible roles for Rac in Sema3A mediated 

collapse. In the future it will be interesting to examine whether or not the association 

between Rac and Plexin-Al is ligand dependent. Attempts were made during this
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research to investigate this by precipitating Sema3A-Fc and Sema4D-Fc on stimulated 

cells using protein-A. Unfortunately, Rac was not recruited to either Plexin-Al or 

Plexin-B 1 receptors using this approach. This may be due to weak binding affinities 

between proteins within these receptor complexes. Finally, Vikis et al also carry out 

similar pull-down assays. Though Sema3A is included in their experiments, it is co

transfected with Plexin-Al and L61Rac. Cells therefore receive continual stimulation 

over extended time periods. As desensitisation to semaphorin signalling is an accepted 

phenomenon, any interaction resulting from semaphorin stimulation may be lost.

The interaction between Plexin-Al and Rac may be conserved throughout the plexin 

family as the association of Plexin-Bl with Rac.GTP but not Rac.GDP is well 

documented (Rohm et al., 2000b; Vikis et al., 2000; Driessens et al., 2001). In addition, 

the recent identification of the full length cDNA for Plexin-D 1 shows that this protein 

also contains a putative Rac binding site (Van Der Zwaag et al., 2002). The ability of 

Plexin-Al and Plexin-Bl to interact with Rac.GTP suggests that these receptors may be 

Rac effectors.

5.3.3 Plexin-Al-GGA Cannot Mediate Sema3A-Fc Induced Collapse

Sequence analysis demonstrates that unlike Plexin-Bl, Plexin-Al does not contain an 

obvious CRIB motif. Despite this, three critical amino acids (LVP) within the CRIB 

containing region of Plexin-Bl are conserved in Plexin-Al. These residues have 

previously been shown to be required for the association between Plexin-B 1 and Rac 

(Vikis et a l, 2002).

Mutation of these residues in Plexin-Al (Plexin-A 1 -GGA) produces a receptor that is 

unable to mediate Sema3A-Fc induced collapse in Cos-7 cells. Unlike Plexin-Bl-GGA, 

this is not the result of inefficient trafficking to the cell membrane. Since this mutant is 

unlikely to interact with Racl, this suggests that the interaction between Rac and Plexin- 

Al may be required for Sema3A-Fc induced collapse. In the future it will clearly be 

important to determine whether or not Plexin-Al-GGA can interact with Rac.
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Zanata et al have since shown that mutating the single proline residue in the LVP 

sequence has no effect on the ability of Plexin-Al to mediate Sema3A-Fc induced 

collapse (Zanata et a l, 2002). Interestingly, a single point mutation of this proline 

residue fails to alter the association between Rac and Plexin-B 1, adding further support 

to the idea that Rac.GTP must interact with plexins to promote collapse.

Unfortunately the picture is complicated by observations from Oinuma et al who report 

that Plexin-B 1-GGA also fails to interact with Rndl (Oinuma et ah, 2003). In addition, 

Zanata et a l, show that Plexin-Al-GGA cannot associate with Rndl or RhoD. This 

therefore raises the possibility that the interaction with Rndl, RhoD or Racl may be 

important. Finally, whether or not Rac, RhoD, and Rndl all associate with Plexin-Al 

and mediate Sema3A induced responses is unclear. As Plexin-Al and NP-1 are 

promiscuous, interacting with Sema3A, 3B, 3C, 3D and 3E, it is possible that different 

semaphorins may recruit different GTPases to Plexin-Al. A better understanding of the 

relationships between individual semaphorins and specific GTPases may shed light on 

the mechanisms behind the Plexin-Al-GGA phenotype.

With respect to the GGA mutation, it will be important to test whether or not the GGA 

mutation affects collapse induced by the constitutively active plexins, i.e. Plexin- 

Al AECT-GGA or Plexin-Al ASEM-GGA. If Rac does act upstream of Plexin-A1 and if 

Plexin-Al-GGA cannot associate with Rac, it might expected that these mutants would 

still induce collapse.

5.3.4 An Interaction Between the Two Halves of the Plexin Cytoplasmic Tail

Immunoprécipitation experiments demonstrate that molecular interactions can occur 

within the cytoplasmic tails of both Plexin-Al and Plexin-Bl. Though no interaction 

within the intracellular portion of individual plexin receptors has previously been 

observed, Usui et al recently reported an association between the cytoplasmic tails of 

Plexin-Al and Plexin-Bl (Usui et a l, 2002). Interestingly this association occurred 

between fragments of Plexin-Al and Plexin-Bl that closely approximated the PH2a and
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PHla regions respectively. Whether heterodimers exist physiologically however, is not 

clear.

Amino acids 1596-1616 of Plexin-Al and 1847-1870 of Plexin-Bl are required for the 

molecular interaction and these residues encompass the Rac binding domains of the 

respective receptors. This suggests that the interactions and the associations with Rac 

may be mutually exclusive. The situation with plexin receptors is, however, further 

complicated by previous reports describing an autoinhibitory interaction in the 

extracellular region of Plexin-Al. This would then make plexin cytoplasmic tails 

analogous to other GTPase effectors such as WASP and p65PAK. An intra- or 

intermolecular interaction would maintain the receptor tail in an inactive state, which 

would be relieved upon binding of Rac.GTP.

A simple model to account for these observations is shown in Fig. 5.14, a. In its inactive 

state, Plexin-Al may be folded such that intramolecular interactions occur in both the 

intra and extracellular regions of the receptor (see Figure 5.14, a). Sema3A binding 

might relieve the autoinhibitory interaction in the extracellular domain leading to Rac 

activation (Takahashi and Strittmatter, 2001). Subsequent recruitment of Rac.GTP might 

then induce dissociation of the intramolecular interaction in the cytoplasmic tail. This 

could expose previously hidden amino acid residues to the cytoplasm and allow 

signalling to occur. This model implies that the folded conformation of the cytoplasmic 

chain of plexins represents an inactive state of the receptor. Support for this hypothesis 

is provided by evidence that the intramolecular interaction still occurs between Plexin- 

Al PHla-GGA and Plexin-Al PH2a. As Plexin-Al-GGA is unable to mediate Sema3A 

induced collapse, this receptor presumably exists in an inactive conformation. This 

interaction also makes sense if Plexin-Al-GGA is believed to be unable to interact with 

Rac. If Rac is responsible for forcing apart the intramolecular interaction, a mutant that 

cannot bind Rac would be expected to exist in a folded conformation. The decreased 

affinity of the interaction between Plexin-Al PHla-GGA and Plexin-Al PH2a in 

comparison to Plexin-Al PHla and Plexin-Al PH2a may imply that the LVP residues
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are important for the intramolecular interaction as well as the associations between 

plexins and GTPases.

(a)

i
collapse

(b)

□ □

>

□

i
co llapse collapse

F IG U R E  5.14 M odels dep ic ting  m ethods by w hich R ac m ight regu la te  the activ ity  o f  P lex in -A l. (a) 

Sem aSA d issociates an autoinhibitory’ intram olecular interaction in the extracellu lar region o f  F lex in -A l. 

This fa c ili ta te s  R ac recru itm ent, w hich subsequen tly  d issocia tes an in tram olecu lar in teraction  in the  

cytop lasm ic ta il o f  P lex in -A l. (b) Sem aSA d issoc ia tes  an au to in h ib ito ry  in term o lecu la r in teraction  

between hom odim erised  P lex in -A l receptors. This fac ilita te s  R ac recruitm ent, which subsequently  inhibits 

the fo rm ation  o f  an intram olecular interaction in the cytoplasm ic tail o f  P lex in -A l.

Attempts were made to test whether or not the intramolecular interaction was inactive. 

Cells co-expressing vsv-Plexin-Al and NP-1 were transfected with either flag-Plexin-Al
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PHI or myc-Plexin-Al PH2 but neither construct had any effect either in the presence or 

absence of Sema3A-Fc.

5.3.5 The Cytoplasmic Tail of Plexin-Al May Mediate Receptor Dimérisation

A second possible model is that the plexin cytoplasmic tail is involved in an 

intermolecular interaction to create Plexin-Al dimers. Dimerised Plexin-Al receptors 

would exist in an inactive state. In this conformation, dimérisation could be mediated by 

interactions between both the intra and extracellular regions of the molecules (see Figure 

5.14, b). SemaSA binding might relieve an intermolecular autoinhibitory interaction 

between the extracellular domains of neighbouring plexin receptors that leads to Rac 

activation. Following this, the recruitment of Rac would disrupt the intramolecular 

interactions of the cytoplasmic tails and allow further signalling to occur. This model is 

supported by evidence from immunoprécipitation experiments that demonstrate that the 

cytoplasmic tail of Plexin-Al can dimerise. In addition, the lack of collapse following 

the clustering of Plexin-Al receptors on Cos-7 cells implies that receptor aggregation 

may not represent an active signalling state. Finally, if dimerised Plexin-Al receptors 

are inactive, then dimérisation must at least in part require an interaction between the 

sema domains of adjacent receptors. If this is not the case, constitutively active Plexin- 

Al receptors could dimerise, contradicting this model.
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CHAPTER 6

FINAL DISCUSSION
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Evidence presented in this thesis suggests that Rac may act upstream of plexins during 

semaphorin induced collapse, perhaps inducing conformational changes that regulate 

receptor activity. As first reported by Jin and Strittmatter these results confirm that Rac 

is required in the Sema3A induced signal transduction pathway leading to a repulsive 

response (Jin and Strittmatter, 1997). This contradicts many current models of growth 

cone guidance that almost exclusively propose roles for Rac/Cdc42 in protrusive 

processes and Rho in repulsive responses (Luo, 2000; Dickson, 2001; Patel and Van 

Vactor, 2002). They also suggest that Rac binding may directly regulate the activity of 

plexin receptors. Though GTPase induced conformational changes in cytosolic proteins 

are common, no precedent exists for GTPases modulating receptor conformation states 

and only one example (RhoA binding p75^^^) shows GTPases interacting directly with 

transmembrane receptors (Yamashita and Tohyama, 2003).

Two papers published recently support the hypothesis that Rac may be required in 

signalling pathways induced by other repulsive guidance factors. Using genetic and 

biochemical studies Fan et al demonstrate that both Rac and Rho, though not Cdc42, are 

required in slit mediated midline repulsion in Drosophila (Fan et al., 2003). In this 

instance, Rac is recruited to Robo through a complex containing PAK and the adapter 

protein Dock and addition of slit induces a moderate activation of Rac. This has been 

previously observed using vertebrate slit proteins and is dependent upon the formation 

of the Dock/PAK/Robo complex (Wong et al., 2001). Interestingly, a DOCK/Rac/PAK 

pathway has also been implicated in netrin mediated axon attraction via the DCC 

receptor (Li et a l, 2002). It appears that an ever more complicated picture is emerging in 

which similar pathways and components are being implicated in both attractive and 

repulsive guidance responses.

Marston et al provide a second example of the involvement of Rac in a repulsive process 

(Marston et a l, 2003). They report that co-expression of N17Rac with EphB4 in Swiss 

3T3 fibroblasts blocks contact dependent ephrin-B2 induced cell separation. During this 

process, membrane ruffles characteristic of Rac activity are initially apparent in EphB4 

expressing cells. This is followed by Rac dependent trans-endocytosis of the ephrin-B2
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ligand and cell:cell repulsion. Similar results are obtained in primary human endothelial 

cells (HUVECs). In contrast to Sema3A however, no Rac activation is observed in 

response to ephrin-B2 stimulation. In addition to demonstrating the requirement for Rac 

in a repulsive process, these results reveal the ability of Rac to modulate processes other 

than cytoskeletal dynamics. Together with evidence presented in this thesis, it seems that 

less conventional roles for GTPases may be important during repulsive growth cone 

guidance. This is accentuated further by reports that Rac is required for endocytosis, but 

not actin polymerisation in response to ephrin-Al (Jumey et aL, 2002).

In chapter 4, the effects of V14RhoA on Sema3A induced collapse are striking as this 

GTPase mutant caused a greater inhibition of morphological collapse than any other 

used in these studies. This result implies that Sema3A may downregulate Rho activity or 

directly inhibit a Rho-dependent target protein to enable collapse to occur. As Rho is 

best known for stimulating the contractile actinimyosin machinery within a cell this 

conclusion is initially counterintuitive. Interestingly though, it has been known for over 

ten years that microinjection of the Rho inhibitor C3 transferase into fibroblasts induces 

cell rounding and this is not due simply a loss of contractile actin:myosin activity 

(Paterson et aL, 1990). Based on this observation is has been suggested that in addition 

to modulating actin:myosin contractility, Rho may regulate an adhesive process within 

cells. If this is true, it may be that Sema3A downregulates Rho or a Rho target to 

facilitate morphological collapse. Finally, the V14RhoA effect again challenges existing 

models implicating Rac and Rho in attractive and repulsive processes respectively. 

Interestingly, despite challenging the specific involvement of these GTPases in response 

to attractive and repulsive stimuli, these results support the idea that Rac and Rho may 

act in opposition to regulate growth cone guidance.

Together with previous reports, the evidence presented in this thesis enhances the view 

that Rho GTPases are key mediators of growth cone guidance. Despite this, our 

understanding of the mechanism by which Sema3A induced collapse occurs is far from 

clear. Though the involvement of GTPases is clear, the effector pathways targeted by 

these GTPases during collapse remain largely unknown. Identifying these effectors and
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determining how Rho GTPases integrate concurrent guidance signals to mechanistically 

regulate growth cone turning remains a challenge for the future.

During the writing of this thesis, Antipenko et al reported the crystal structure of a 

65kDa region of Sema3A containing the sema domain and the first PSI repeat 

(Antipenko et aL, 2003). The seven-bladed (3 propeller topology obtained is also found 

in some integrins and the (3 subunit of the trimeric G protein transducin. This paper 

observes that the conformational change predicted to release an autoinhibitory 

interaction in the extracellular domain of plexins is reminiscent of integrin activation 

where the extracellular domain is also rearranged. Following receptor activation, the 

intracellular domain of integrins spatially separates. This interesting parallel between 

plexin and integrin signalling supports the models proposed in chapter 5 whereby Rac 

may activate plexins by spatially separating two regions within the cytoplasmic tail of 

these receptors.

Over the past century a huge number of axon guidance cues have been identified. In 

recent times the focus has turned from discovering new guidance factors to elucidating 

the downstream signalling pathways induced by these molecules. Some trends such as 

the requirement for Rho GTPases have emerged, but no overriding model for growth 

cone guidance has yet transpired. Furthermore, current research predominantly focuses 

on investigating the collapse of an entire growth cone. In reality, collapse in vivo is a 

highly polarised event that occurs within a localised portion of a growth cone. Though 

present studies concentrate on trying to understand the mechanisms of action of isolated 

guidance cues, to fully understand the intricate developmental patterns of the nervous 

system, we must attempt to comprehend how multiple guidance cues can be 

simultaneously recognised and integrated within a single growth cone.
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