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[bookmark: _Toc494222632]Summary of Thesis


The WASp family protein Las17 is the primary activator of the Arp2/3 complex in Saccharomyces cerevisiae and is essential for membrane invagination during endocytosis. Las17 has a similar domain structure to mammalian WASp/N-WASp with an N-terminal WH1 domain, a central proline rich region and a C-terminal WCA region. It was recently shown that the polyproline rich region of Las17 can bind to actin and promote actin filament formation in vitro. It has been hypothesised that at a site of endocytosis Las17 may provide the initial filaments necessary to allow the rapid burst of Arp2/3 mediated actin polymerisation required to achieve invagination. Proline tracts within the region were shown to influence this activity but the actin binding sites and mechanism of action were unclear. 

Over the course of this research we have identified the minimal component required for this Arp2/3-independent activity and characterised the key motifs involved. The effect of regions outside of this minimum component on actin polymerisation are probed and an exciting potential role in the direct regulation of filament elongation proposed. Mechanisms by which the Arp2/3 dependent and independent activities of Las17 may be regulated relative to each other are examined and the ability of the full-length protein to activate the Arp2/3 complex is found to be somewhat autoinhibited. This work provides further evidence for Las17 as a multifunctional regulator of the actin cytoskeleton in line with a growing body of work demonstrating that WASp family proteins are more than just direct activators of the Arp2/3 complex.
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Biological filaments provide a broad range of functions within a cell. They provide rigid but dynamic structure that can deform membranes define shapes and reinforce the cell against external stresses. Filaments can act as intracellular highways and drive some of the most amazing cellular rearrangements. Processive movement along filaments can facilitate long range intracellular transport as well as large tissue-wide movements. Directed polymerisation and depolymerisation of filaments allows delivery of force by the cell and the presentation of numerous repeated binding sites along filaments allow them to act as scaffolds, concentrating cellular responses and defining sites of activity.

[bookmark: _Toc494045756][bookmark: _Toc494222637]1.2 The Cytoskeleton

A number of different filaments make up the Cytoskeleton, literally the skeleton of the cell. That definition does not however go far enough however. Not only do these filaments form the skeleton of the cell but they are also the muscle, driving directed and forceful response to internal and external signals. The biological importance of fibres and filaments has been understood to some extent for hundreds of years (Frixione, 2000). The development of the microscope allowed a more sophisticated understanding of the roles played by biological fibres in muscle contraction. The concept of a cytoskeleton was first proposed in 1903 by the Russian biologist Nikolai Koltsov. The phrase was coined by the French embryologist Paul Wintrebert in 1931 who was interested in the mechanisms which allowed frogs eggs to maintain their internal organisation through numerous external pressures. It took the development of biological electron microscopy for the cytoskeleton to be reliably observed.

[bookmark: _Toc494045757][bookmark: _Toc494222638]1.3 Microtubules

Microtubules are intracellular filaments formed by the polymerisation of heterodimers of alpha and beta tubulin. They are polar filaments that extend preferentially from a ‘+’ end (Lawson and Carazo Salas, 2013). Microtubules alternate between periods of polymerisation and depolymerisation and this ‘dynamic instability’ mediates efficient search and capture of microtubule binding partners (Holy and Leibler, 1994). Microtubules are involved in cell division, intracellular transport and cellular motility. Recently a role for microtubules as ‘information carriers’ in neurons has been suggested (Dent and Baas, 2014).

[bookmark: _Toc494045758][bookmark: _Toc494222639]1.4 Actin

Actin is one of the most abundant proteins in many eukaryotic cells  and is highly conserved from unicellular eukaryotes, such as yeast, to mammals (Pollard, Blanchoin and Mullins, 2000; Gunning et al., 2015). It exists in two forms, globular (G-actin) or filamentous actin (F-actin) and the transition between these two forms drives many cellular processes. G-actin refers to a monomeric form of the protein. Most G-actin in the cell is kept in that state through interaction with G-actin binding proteins such as ß-thymosin or profilin (Xue and Robinson, 2013). This is necessary as above a certain concentration (the critical concentration), and in the presence of ATP and salt, G-actin spontaneously interacts with itself to form a filament. In the absence of other factors, this filament will then extend readily until the amount of free G-actin reaches a limiting level (Pollard, 1986; Carlier, 1991). 

Actin belongs to a structural superfamily of ATPases that contains such functionally diverse proteins as sugar kinases and HSP70 (Bork, Sander and Valencia, 1992). The actin monomer has two major domains which are connected in such a way as to form two grooves or clefts. The upper cleft forms a nucleotide binding site required for the ATPase activity of actin (fig.1.1). The connection between the two major domains acts as a hinge through which changes at the nucleotide binding site can be translated into structural changes throughout the monomer. The lower cleft at the base of the monomer is rich in hydrophobic residues required for polymerisation. It also the interacting site for a broad range of actin binding proteins (ABPs) (fig.1.1) (Dominguez and Holmes, 2011). 

Fig. 1.1 Structure of an actin monomer (PDB 3HBT). (A) Surface view of actin monomer, pointed and barbed-end labelled (B) Cartoon view of actin monomer, ATP and  shown and labelled (C) Cartoon view of actin monomer, coloured to show hydrophobicity (pymol plugin: Color h) red indicates hydrophobic. Hydrophobic groove/ target-binding cleft labelled.


The two major domains in the monomer are twisted slightly relative to reach other around this hinge. In a filament, the monomer undergoes a structural change to bring the two domains parallel to each other, making each monomer within a filament ‘flatter’ (fig 1.2.A) (Oda et al., 2009). An actin filament can be described as two proto-filaments which twist around each other. Each actin monomer within the filament therefore makes longitudinal contacts with monomers within the same protofilament but also latitudinal contacts with monomers in the second protofilament (fig 1.2) (Dominguez and Holmes, 2011).

A.
B.
C.
Fig. 1.2 Structure of an actin monomer in a filament. (A) Rotation of two major domains of monomer during G to F-actin transition (G-actin PDB 3HBT, F-actin monomer PDB 2ZWH) (B) Model of actin filament (PDB 4A7N) individual monomers highlighted. (C) Model of actin filament (PDB 4A7N) protofilaments highlighted.


[bookmark: _Toc494045759][bookmark: _Toc494222640]1.4.1 Polymerisation

Monomer addition to an actin filament causes the filament to grow. A critical feature of an actin filament is that it is polar, with the addition of a monomer being far more favourable at one end than the other. This means that the two ends of the filament grow at different rates (fig 1.3) (Pollard, 1986). The fast-growing end is called the plus or barbed end. Here the hydrophobic cleft of the two penultimate monomers are exposed to the solvent (Shekhar, Pernier and Carlier, 2016). This end of a filament can therefore interact with many proteins that bind at the hydrophobic cleft. The slow growing end is called the minus or pointed end. 

Fig. 1.3 Rough schematic of actin polymerisation. (A) Actin filament formation through initial formation of inherently unstable ‘seeds’ of dimers and trimers. (B) Actin polymerisation, highlighting preference of actin monomer for the barbed end of a filament.


[bookmark: _Toc494045760][bookmark: _Toc494222641]1.4.2 Treadmilling

ATP bound G-actin will be readily incorporated into a filament, a process that promotes the ATPase activity of the monomer. The hydrolysis of ATP within the filament means that monomers within a filament may be bound to ATP, ADP + inorganic phosphate, or ADP. The different equilibrium constants for ATP G-actin at the barbed and minus ends mean that at certain concentrations of G-actin, monomers associate at the barbed end and dissociate at the pointed end, appearing to slowly move through the filament in a process that has been termed treadmilling (Pollard and Borisy, 2003).

[bookmark: _Toc494045761][bookmark: _Toc494222642]1.4.3 Nucleation

Though a filament will extend readily in appropriate conditions, forming a filament de novo from individual monomers is a relatively energetically unfavourable process. This is because inherently unstable intermediates must first form. Individual actin monomers within dimers and trimers are unable to make all of the inter-filament connections that they would within a full filament. This causes these structures to rapidly dissociate before additional monomers can be supplied. The formation of an actin filament can be thought of as a quasi-tertiary or even quaternary process as it depends upon three or four monomers coming together before the innately unstable intermediates can fall apart. This means that nucleation is very sensitive to the concentration of actin monomers. This inhibits the spontaneous formation of filaments within the cell (fig 1.4.) (Carlier, 1991; Sept and McCammon, 2001; Oda, Aihara and Wakabayashi, 2016).

A.
B.
Fig. 1.4. Barrier to filament formation (PDB 4A7N) (A) Cartoon view of model of actin filament, individual monomer coloured red, the four monomers that it contacts coloured green. (B) Cartoon of model of an actin trimer, individual monomers highlighted.


[bookmark: _Toc494045762][bookmark: _Toc494222643]1.5 Prokaryotic actins

A prokaryotic cytoskeleton was not recognised until the 1990s (Margolin, 1998). The first prokaryotic cytoskeletal protein identified was the tubulin homologue FtsZ (Erickson, 1995). Several highly divergent bacterial actins have now been described. Bacterial actins generally share little sequence homology with the eukaryotic actins and instead it is their tertiary structures that are relatively well conserved. Bacteria express several divergent actin-like proteins each with a distinct cellular function, from segregation of genetic material to regulation of cell wall deposition and cell shape(Eun et al., 2015; Gunning et al., 2015). Though bacterial actins share general folds, the filaments formed by different actins exhibit markedly differing structures and dynamics, potentially providing insights into the filament dynamics of eukaryotic actins.

[bookmark: _Toc494045763][bookmark: _Toc494222644]1.5.1 MreB

MreB was the first bacterial actin described and is involved in the regulation of the deposition of cell wall in many rod-shaped bacteria (van den Ent et al., 2014; Errington, 2015). It was initially thought to form long, continuous, helical filaments that snaked around the internal face of the membrane, providing a scaffold for enzymes involved in cell wall deposition (Jones, Carballido-López and Errington, 2001). This lead to comparisons with the eukaryotic cytoskeleton with MreB being predicted to act in a similar manner to cortical actin. These long individual filaments however were later shown to be artefacts of the way in which the protein had been fluorescently labelled. It is now thought that MreB forms relatively short discontinuous filaments which move radially around the cell circumference (Defeu Soufo and Graumann, 2004; van Teeffelen et al., 2011). 

The movement of MreB is not dependent upon its polymerisation dynamics as initially predicted but instead depends upon the activity of enzymes involved in the deposition of the cell wall (van Teeffelen et al., 2011). MreB interacts with these enzymes across the membrane. Further investigation of MreB in vitro showed that MreB filaments are formed from a novel anti parallel arrangement of two protofilaments and therefore lack polarity (van den Ent et al., 2014). These filaments are stabilised by interaction with the membrane (Salje et al., 2011). The curvature of the membrane appears to be important with MreB having been shown to localise to areas of a particular curvature. This has led to the suggestion that MreB regulates cell shape indirectly, by providing feedback between the curvature of the membrane and cell wall enzymes in the periplasm. This leads to the correct deposition of cell wall and the maintenance of cell shape (Ursell et al., 2014). This is conceptually similar to the role of rotation-dependent extracellular matrix deposition in egg chamber elongation in Drosophila (Isabella and Horne-Badovinac, 2016).

[bookmark: _Toc494045764][bookmark: _Toc494222645]1.5.2 FtsA

FtsA is an actin like protein which interacts with the tubulin like protein FtsZ during the formation of the Z-ring. The Z-ring is a structure that forms during bacterial cell division and detects the middle of the cell, driving and directing the cellular rearrangements and the cell wall deposition necessary for division. Similarly to MreB, FtsA polymerises in association with membrane (Szwedziak et al., 2012). In this way, short discontinuous FtsA filaments may act as a linker between the membrane and FtsZ during cell division (Pichoff and Lutkenhaus, 2005; Szwedziak et al., 2014). It is unclear how exactly the Z-ring drives cell division. One hypothesis is that differences in the pitch of the filaments formed by FtsA and FtsZ induces bending when filaments form collaboratively (Ghosal and Lo we, 2015). This bent geometry is proposed to be transmitted to the membrane via FtsA, providing some of the energy needed for the large-scale membrane rearrangements required for cell division. FtsZ and FtsA have been shown to deform membranes when polymerised together in vitro (Szwedziak et al., 2014). 

[bookmark: _Toc494045765][bookmark: _Toc494222646]1.5.3 ParM

Plasmid segregation in bacteria can occur through a number of mechanisms. Type II plasmid segregation systems rely on a polymerisation event to drive plasmids apart, biasing their inheritance in both daughter cells following division. These systems consist of three elements, the plasmid, the polymerising motor and a linker protein that binds to them both (Campbell and Mullins, 2007; Eun et al., 2015). ParM is a well-studied example of the polymerisable element of a type II system and exhibits structural similarities to actin. ParM forms polar double helical filaments which bind to ParR, a DNA binding protein that both links the filaments to the plasmid and promotes ParM polymerisation (Møller-Jensen et al., 2003; Garner et al., 2010). Two ParM filaments can form anti-parallel doublets which stabilise each other and extend in opposite directions, driving apart two sister plasmids (Bharat et al., 2015). 

ParM filaments do not undergo treadmilling and instead collapse due to the dynamic instability of ADP bound ParM filaments not tipped by an ATP ParM cap. It is thought that this instability and resulting filament collapse promotes proper plasmid partitioning, severing the connection between the two sister plasmids (Garner, Campbell and Mullins, 2004). This instability is due to the loss of latitudinal inter-protofilament contacts as well as marked changes to the longitudinal binding surface within the individual protofilament resulting from changes in the helical pitch of the filament (Bharat et al., 2015).

[bookmark: _Toc494045766][bookmark: _Toc494222647]1.5.4 Crenactin

Crenactin is an-actin related protein of the organism Pyrobaculum calidifontis a hyperthermaphilic archaeon found in underwater thermal vents. It appears to be more closely related to eukaryotic actin than any of the bacterial proteins discussed above despite sharing little sequence homology. Surprisingly initial studies suggested that crenactin polymerises to form a single stranded filament(Braun et al., 2015). This was thought to be analogous to a single eukaryotic protofilament. This was particularly surprising as the extreme environments in which Pyrobaculum calidifontis thrive require crenactin filaments to be stable at above 90ºC. Recent studies however have shown that in different salt conditions, crenactin forms double stranded filaments with ‘unprecedented’ similarity to eukaryotic actin filaments (Izore et al., 2016). The similarity between crenactin filaments and eukaryotic actin filaments raise interesting questions about the evolutionary relationships between eukaryotic and archaeal actins.

[bookmark: _Toc494045767]A crenactin binding protein arcadin-2 has been shown to regulate crenactin activity by promoting its depolymerisation. It does this by binding monomeric crenactin very tightly (Kd 31±4nM) in a manner that is incompatible with stable filament formation (Izore et al., 2016). A 17-amino acid C-terminal domain of arcadin-2 was shown to be sufficient for this activity. The crystal structure of the complex has been solved and showed that this short domain formed an -helix which interacts with the monomer at the hydrophobic groove. This site constitutes an important longitudinal contact point between two monomers in a filament. This mode of binding appears analogous to that of many Eukaryotic actin binding proteins, including WH2 motifs and ß-thymosins.

[bookmark: _Toc494222648]1.5.5 ‘One filament one function’

These three actin-like bacterial proteins exhibit drastically divergent filament dynamics which contribute to their specific cellular function. This is in contrast to the highly conserved nature of eukaryotic actins which exhibit high levels of sequence conservation (91.2% between human γ-actin and fission yeast actin) as well as similar filament dynamics. Bacterial actin-like proteins are generally associated with a single function whereas single eukaryotic actin isoforms are incorporated into numerous structures and involved in a diverse range of cellular functions. The benefits of maintaining a single universal pool of polymerisable actin in eukaryotes must therefore outweigh the loss of innately distinct filament dynamics tuned to individual function. It must also necessitate the development of different methods of filament differentiation (Gunning et al., 2015).

[bookmark: _Toc494045768][bookmark: _Toc494222649]1.6 Actin Binding Proteins

The high concentration of actin within the cell as well as the numerous and varied functions for which it is required means that actin filament dynamics must be tightly regulated. A wide range of actin binding proteins interact with both G and F-actin to promote polymerisation when and where it is needed, inhibit it where it is not and define the filament architecture that ultimately forms (Winder and Ayscough, 2005). The hydrophobic cleft, an important binding site for many G-actin proteins is buried in F-actin, precluding the interaction of certain proteins with F-actin. Similarly, the transition to F-actin allows for the interaction with a number of F-actin binding proteins. As such actin binds different subclasses of interacting partners depending on whether it is G or F-actin (with some overlap) (Dominguez and Holmes, 2011).




[bookmark: _Toc494045769][bookmark: _Toc494222650]1.6.1 Nucleators

A class of proteins described as nucleators promote filament formation at the right time and place within the cell. Nucleators stabilise the otherwise unstable intermediates during de novo filament formation. The first nucleator discovered was the Arp2/3 complex, which promotes the formation of a new filament from the side of a pre-existing filament. This leads to the formation of a branch junction: a connection between two filaments important for many actin-dependent processes. Other nucleators include formins and tandem WH2 containing proteins, both of which generate linear, unbranched filaments (Campellone and Welch, 2010).

[bookmark: _Toc494045770][bookmark: _Toc494222651]1.6.2 Sequestering proteins

Physiological salt concentrations are such that it would be expected that almost all actin within a cell would spontaneously polymerise. This would limit the usefulness of the actin, inhibiting the potential rate of filament extension and therefore the dynamic nature of the actin cytoskeleton. Filament networks within a cell can be observed growing at rates that suggest that the levels of polymerisation competent actin monomers are much higher than might be expected. This is possible due to the action of monomer sequestering proteins such as profilin and B-thymosin which bind to and alter the polymerisation dynamics of G-actin (Xue and Robinson, 2013). 

[bookmark: _Toc494045771]1.6.3 Profilin

Profilin binds to the actin monomer at the hydrophobic cleft and inhibits nucleation whilst promoting nucleotide exchange within the monomer. The sequestration of G-actin by profilin creates a pool of polymerisation competent actin monomers that are unlikely to undergo a spontaneous nucleation event. This allows for tighter regulation of when and where a filament forms within the cell (Xue and Robinson, 2013). Profilin binds to long proline tracts and can act to deliver G-actin to binding partners (Petrella et al., 1996). It has been proposed that profilin regulates actin homeostasis further by favouring formin relative to Arp2/3 mediated filament networks (Rotty et al., 2015; Suarez and Kovar, 2016). Alternatively, at high concentrations profilin will bind to the barbed end of a filament and promote depolymerisation. This has been proposed as an alternative mechanism by which profilin regulates filament networks (Carlier and Shekhar, 2017).

[bookmark: _Toc494045772]1.6.4 β –Thymosins

β-Thymosins are small (~5KDa) intrinsically disordered actin binding proteins which bind to actin at the hydrophobic cleft. This interaction is mediated by a C-terminal amphiphatic helix which forms upon interaction with an actin monomer. They also share a C-terminal tail which makes variable contacts along the monomer towards the pointed end. β-Thymosin domains can have varying functions depending on the specific sequence including monomer sequestration and filament elongation. Generally, β-thymosins are considered to sequester actin monomers in a manner that is incompatible with filament nucleation or elongation (Husson et al., 2010; Xue and Robinson, 2013).


[bookmark: _Toc494045773][bookmark: _Toc494222652]1.6.5 Capping proteins

Proteins that have a high affinity for either the barbed or pointed end of a filament are described as filament cappers. These proteins regulate the availability of filament ends and therefore alter the dynamics of actin polymerisation. Barbed end capping can slow or block the addition of monomers to the barbed end of a filament, inhibiting filament growth (Shekhar, Pernier and Carlier, 2016). This not only limits unwanted polymerisation but is also necessary for the development of dense branched actin networks (Akin and Mullins, 2008). Pointed end capping can block the dissociation of monomers from the minus end of a filament, slowing depolymerisation (Winder and Ayscough, 2005). The Arp2/3 complex, in addition to its nucleation activity also acts as a pointed end capper and this activity is necessary for the formation of a branch junction (Mullins, Heuser and Pollard, 1998).

[bookmark: _Toc494045774]

[bookmark: _Toc494222653]1.6.6 Severing and network disassembly

Filament network disassembly can be promoted by the activity of severing proteins such as cofilin (Winder and Ayscough, 2005). These proteins destabilise an actin filament to induce severing events across the filament (Gressin et al., 2015). If these short resulting filaments are capped at the barbed end then this activity can promote filament depolymerisation. By definition severing also enhances the number of barbed ends and so in the absence of barbed end capping proteins can enhance total actin polymerisation (Condeelis, 2001). A homolog of cofilin, glia maturation factor (GMF), binds to the Arp2/3 complex instead of actin and inhibits Arp2/3 activation whilst promoting filament debranching, allowing the rearrangement of a branched actin network (Gandhi et al., 2010).

[bookmark: _Toc494045775][bookmark: _Toc494222654]1.6.7 Bundling

Actin filaments can be brought together to form an extended network. The branched network generated by the Arp2/3 complex is one example of this. Filaments can be brought together in the absence of branching to form linear arrays or bundles. These bundles can be formed of parallel or anti parallel filaments. Bundles of actin may be more stable than individual filaments and are likely to be able to exert a greater force over a narrower point than a branched array of actin filaments. Actin bundles need to bring two or more filaments together and different bundling proteins bring filaments together to different extents. Some, such as fascin, form very tight bundles whilst others, such as alpha actinin, form looser associations of filaments (Winder and Ayscough, 2005). 

[bookmark: _Toc494045776][bookmark: _Toc494222655]1.6.8 Processive elongators

Processive elongators interact with the barbed end of a filament and increase the rate of filament extension beyond the diffusion limited rate defined by the affinity of an actin monomer for the barbed end (Shekhar, Pernier and Carlier, 2016). This activity requires the protein to track the barbed end of a filament whilst interacting only transiently so as to not block monomer addition. Classic examples of processive elongators include many formins as well as ENA/VASP. An additional effect of this activity is that barbed ends are protected from capping and therefore continue to extend for longer than may otherwise be expected.
[bookmark: _Toc494045777]
[bookmark: _Toc494222656]1.6.9 Motor proteins

Myosins transiently associate to an actin filament in such a way as to allow processive movement along a filament. This activity depends on the hydrolysis of ATP and is the basis for muscle contraction. Myosins have many functions outside of muscle contraction, for example providing connections between actin filaments and a membrane, generating force along antiparallel actin bundles and driving active transport of vesicles and organelles along actin filaments (Winder and Ayscough, 2005). Myo3 and Myo5 in yeast are type I myosins that in addition to their actin binding motor domain also have motifs that allow binding and activation of the Arp2/3 complex.

[bookmark: _Toc494045778][bookmark: _Toc494222657]1.6.10 Side binding proteins and network differentiation

F-actin binding proteins can regulate the activity and the identity of actin filaments. Perhaps the best example of this are the F-actin binding tropomyosins. Multiple isoforms of tropomyosin exhibit a broad range of effects on filament dynamics. Tropomyosins bind as dimers along the side of a filament and promote certain interactions whilst inhibiting others. For example, some tropomyosins have been shown to compete with the Arp2/3 complex for filament binding and to inhibit complex activation (Schottler et al., 2001). Filaments decorated by tropomyosin can enhance the motor activities of type II and type V myosins. Tropomyosin binding therefore changes the identity of a filament and regulates interactions with other ABPs (Michelot and Drubin, 2011; Gunning et al., 2015). 

As discussed above, ABPs regulate filament dynamics in multiple ways. The differential localisation of actin binding proteins throughout different actin structures is therefore essential for the development of differentiated actin structures within the common cytoplasm. The ABPs present control the structure of the actin network formed, the rate at which it extends and the stability of the network over time. A complicated series of positive and negative interactions between different ABPs works to exclude certain proteins from specific networks. For example, tight filament bundling by fascin has been shown to be incompatible with the binding of tropomyosin to individual filaments within the bundle. In contrast tropomyosin can decorate filaments bundled by alpha actinin and so tropomyosin is found on these bundles but excluded from sites of fascin activity (Christensen et al., 2017).

[bookmark: _Toc494045779][bookmark: _Toc494222658]1.7 Filament architecture

Filaments can be linked together to form networks with diverse architectures and properties, suited for specific functions. Filaments can be stabilised, forming tracks for motor proteins and structural support for the cell or they can be more dynamic, generating force through polymerisation that can be directed towards the deformation of a membrane. The presence of F-actin can act as a signal itself, acting to localise F-actin binding proteins. Different actin structures are often defined and differentiated by the presence of different actin binding proteins (Michelot and Drubin, 2011; Blanchoin et al., 2014).

[bookmark: _Toc494045780][bookmark: _Toc494222659]1.7.1 Dendritic networks

Due to the formation of branch junctions, filaments nucleated by the Arp2/3 complex can form an interconnected mesh known as a dendritic network. This structure is well suited for pushing against a membrane across a relatively broad front as strain can be shared across the network (Blanchoin et al., 2014). It is thought that as multiple barbed ends push against a membrane thermal fluctuations provide the opportunity for new monomers to be added to individual filaments. This in turn increases the pressure on the membrane increasing the probability that addition will be possible at another point within the network. In this way polymerisation within the network works like a ratchet to exert force (Mogilner and Oster, 1996). Counterintuitively capping proteins, which bind to barbed ends and block filament elongation, promote the expansion of dendritic networks by increasing the number of branches per unit filament length (Akin and Mullins, 2008).
[bookmark: _Toc494045781]
1.7.1.1 Lamellipodia

At the leading edge of many motile cells a broad, flattened region of dense actin polymerisation, called the lamellipodia, pushes the membrane of the cell forward (Blanchoin et al., 2014). This branched actin network is generated by activation of the Arp2/3 complex and requires the activity of capping proteins (Akin and Mullins, 2008). 

[bookmark: _Toc494045783]1.7.1.2 Clathrin mediated endocytosis

During endocytosis, the membrane of the cell is deformed to pinch off and internalise a vesical. This is an essential process for the internalisation of extracellular material as well as the recycling of plasma membrane components. In yeast, high turgor pressure necessitates actin polymerisation to achieve endocytosis and the burst of actin polymerisation required to achieve internalisation is dependent upon the activation of the Arp2/3 complex (Kübler and Riezman, 1993; Ayscough et al., 1997; Ayscough, 2000; Aghamohammadazadeh and Ayscough, 2010). Saccharomyces cerevisiae has often been used as a model organism to study endocytosis due to the ease of observation of the endocytic patch as well as its genetic tractability. Many of the features CME in budding yeast are conserved in mammals (Goode, Eskin and Wendland, 2015). The involvement of actin in mammalian endocytosis has been a controversial topic. Actin appears to play a supporting role in mammalian endocytosis, for example supporting invagination under high turgor pressure (Boulant et al., 2011; Mooren, Galletta and Cooper, 2012; Daste et al., 2017).

[bookmark: _Toc494045784][bookmark: _Toc494222660]1.7.2 Actin bundles

Linear unbranched filaments can be brought together to form bundles. The barbed ends of filaments within a bundle may be orientated in the same direction or with a mixed polarity and these different organisations have different roles within the cell. Bundles with uniform polarity are called parallel bundles. These bundles can form tethers between organelles as well push against a membrane in a more localised manner than a dendritic network. Mixed polarity or antiparallel bundles can become contractile due to the activity of motor proteins. These proteins cause filaments to move relative to each other leading to a shortening or contraction of the bundle (Blanchoin et al., 2014).

[bookmark: _Toc494045785]1.7.2.1 Filopodia

Filopodia are narrow finger like projections that extend from the membrane. They are driven by polymerisation of parallel bundles of unbranched actin filaments (Skau and Waterman, 2015). These structures are involved in cellular motility and are thought to play a role in detecting extracellular signals. Filaments within a filopodia are held together by actin bundling proteins and continue to elongate due to the processive barbed end association of formins and Ena/VASP. This inhibits filament capping and promotes elongation. The source of the initial filaments required for filopodial extension has been unclear. It has been argued that branched filaments within a lamellipodia that are not capped can come together to form a filopodial extension (Vignjevic et al., 2003; Haviv et al., 2006). Cells lacking the Arp2/3 complex are however still capable of forming filopodia, suggesting that additional mechanisms must exist beyond the evolution from a lamellipodia derived actin network (Steffen et al., 2006).

[bookmark: _Toc494045786][bookmark: _Toc494222661]1.8 Actin Nucleators

[bookmark: _Toc494045787][bookmark: _Toc494222662]1.8.1 Formins

Formins nucleate linear unbranched actin filaments. They are important for a wide array of actin-dependent structures such as lamellipodia, filopodia, stress fibres and adherens junctions. They remain associated to the barbed ends of filaments, preventing capping and promoting polymerisation, leading to the rapid elongation of filaments. Formins are conserved across plants, animals and fungi and most plants and animals express a relatively large number of different members of the formin family. Different formins can exhibit a broad range of activities with markedly varying affinities for different interacting partners as well as varying levels of nucleation activity (Campellone and Welch, 2010; Chesarone, DuPage and Goode, 2010; Breitsprecher and Goode, 2013; Blanchoin et al., 2014). 

Formins are defined by the presence of formin homology domains (FH1 and FH2). Formin homology domain 2 is active as a homodimer and is sufficient in vitro for actin nucleation. Formin homology domain 1 is rich in prolines and allows G-actin binding via an interaction with profilin. FH1 promotes elongation rates in the presence of profilin but is insufficient to promote filament formation. The interaction with profilin is thought to be one way in which the cell regulates different F-actin networks. 

[bookmark: _Toc494045788][bookmark: _Toc494222663]1.8.2 Tandem-WH2 proteins

Tandem repeats of the actin binding WASp Homology 2 domain (WH2) motif are found in a number of proteins that promote filament formation (Qualmann and Kessels, 2009). The arrangement of multiple sequential actin binding sites allows for the interaction with several actin monomers at once and is proposed to stabilise unstable actin dimers and trimers. A number of pathogenic bacteria express tandem-WH2 proteins which to hijack the cytoskeleton of a host cell (Pernier et al., 2013; Zahm et al., 2013). Although tandem-WH2 nucleators share many similarities, important mechanistic differences have been observed, particularly with regards to the nature of the actin dimer/trimer that is thought to be formed by different nucleators (Rebowski et al., 2010).

[bookmark: _Toc494045789]1.8.2.1 The WH2 motif

The WH2 motif is an abundant and versatile G-actin binding sequence found in a wide array of actin binding proteins (Paunola, Mattila and Lappalainen, 2002; Dominguez, 2016). WH2 motifs are identified by an N-terminal amphipathic helix and a C terminal LKKV motif(Dominguez, 2016). The helix binds to actin at the hydrophobic cleft at the barbed end of a monomer whilst the LKKV motif extends along the monomer towards the pointed end (fig 1.5). The interaction with the barbed end blocks addition of the WH2 bound monomer to the pointed end of a filament, potentially enhancing directional polymerisation. Interactions with the pointed end of the monomer that would block addition to the barbed end of a filament are variable across a range of WH2 motifs (Xue and Robinson, 2013). This is highlighted by the demonstration that the strength of G-actin binding does not correlate with the ability of a range of WH2 motifs to sequester G-actin (Rasson et al., 2015).

Barbed-end
Pointed-end
A.
B.
C.
Fig 1.5. Structure of an actin monomer bound to WH2 motif (PDB 3MN5) orientation of monomer indicated. (A) Surface view of actin monomer (cyan) bound to WH2 motif (red) (B) Cartoon view of actin monomer (cyan) bound to WH2 motif (red) (C) Cartoon view of actin monomer (cyan) bound to WH2 motif (coloured to highlight amphiphatic helix of WH2 motif, red = hydrophobic).


WH2 motifs are intrinsically disordered regions (IDRs), which adopt multiple conformations in solution and only adopt a defined structure upon binding to actin(Renault, Deville and van Heijenoort, 2013). Like other IDRs the lower folding constraints allow for large variation in sequence. This, as well as the dynamic nature of the interaction between the WH2 motif and the monomer help to explain the broad array of divergent actin related processes that WH2 motifs are implicated in. These include: Nucleation, filament severing, monomer sequestration, monomer delivery and regulation of barbed-end dynamics (Paunola, Mattila and Lappalainen, 2002; Co et al., 2007; Breitsprecher et al., 2008; Qualmann and Kessels, 2009; Husson et al., 2010; Jiao et al., 2014). 

Multiple crystal structures show different WH2 motifs binding to actin in an almost identical manner. The source of the large variation in function is therefore somewhat unclear, however small changes in sequences have been shown to result in large changes in function. For example, mutation of residues within the amphipathic helix of the third WH2 motif of spire have been shown to markedly reduce nucleation, without having a large effect on the strength of G-actin binding (Rasson et al., 2015). Similarly, the polar nature of the C-terminus of this helix in the first WH2 motif of the tandem WH2 nucleator COBL has been shown to be important for its nucleation activity as well as the severing activity observed at higher molar ratios of COBL to actin (Jiao et al., 2014). This variability makes WH2 motifs interesting targets for post-translational modifications with the possibility of switching between different modes of G-actin binding.

[bookmark: _Toc494045790]1.8.2.2 Spire

Spire was the first tandem WH2 nucleator described (Quinlan et al., 2005). It contains four WH2 repeats connected by short linker regions that are thought to stabilise a linear, longitudinal array of actin monomers. Each of the four WH2 motifs is thought to interact with an actin monomer, bringing them into close association and promoting filament formation. Actin binding at multiple WH2 motifs has been shown to be collaborative, with the first binding event promoting a second (Rasson et al., 2015). Though each WH2 motif contributes to nucleation, the third and fourth WH2 motifs, as well as the linker region between them, have been shown to constitute a minimal component necessary to achieve nucleation (Quinlan et al., 2005).

Dimerization has been shown to markedly increase the nucleation activity of spire and an interaction of spire with certain formins can induces dimerization. The interaction with the formin cappuccino has been shown to promote nucleation by spire whilst inhibiting nucleation by the formin (Quinlan et al., 2007). Alternative model for Spire function has been suggested to be as a barbed end capper. In this model, association with the barbed end of a filament promotes formin binding to the filament. Spire and formin then sequentially disrupt the association of the other to the barbed end in what has been described as a ping-pong mechanism (Montaville et al., 2014).

[bookmark: _Toc494045791][bookmark: _Toc494222664]1.8.2.3 Cordon-Bleu (Cobl)
Cordon-Bleu (Cobl) is a tandem-WH2 containing protein that influences neuronal morphology, first identified as an actin nucleator downstream of syndapin and ABP1 (Ahuja et al., 2007). Cobl contains three WH2 motifs, one of which is separated from the other two by a long linker region that is important for the nucleation activity. The length of this linker region not its sequence has been shown to be the important factor in its effect on nucleation. This led to the hypothesis that COBL promoted filament formation by stabilizing a short pitch actin trimer (Ahuja et al., 2007). It was later shown that a lysine-rich region with no identifiable G-actin activity was important for nucleation and that this lysine rich region and the first WH2 motif alone were sufficient to achieve nucleation. At high molar ratios of COBL to actin diverging effects on actin polymerisation were identified, including monomer sequestration and filament severing (Husson et al., 2011). It is unclear whether these activities play a role in vivo (Dominguez, 2016). 

The N-terminal of Cobl contains four proline tracts of four proline residues that have been shown to interact with several SH3 domain containing proteins. It is hypothesized that rather than stabilizing a short pitch trimer, potent nucleation by COBL may depend upon dimerisation through interaction with SH3 domain containing proteins. COBL would therefore bind three actin monomers in a longitudinal manner and that dimerisation would be necessary for efficient seed formation (Dominguez, 2016).

One function identified for Cobl is in the transmission of Ca2+ signaling into the formation of filopodial structures required during early neuronal network formation. Calcium promotes the binding of calcium effector calmodulin to COBL, reducing its association with the plasma membrane whilst promoting its interaction with the F-BAR protein syndapin. This increases the concentration of COBL at sites of syndapin enrichment. Actin nucleation at these sites is the rate limiting step in protrusion formation and so COBL acts as a switch to link external signals with the formation of an actin dependent-structure (Hou et al., 2015).

[bookmark: _Toc494045792][bookmark: _Toc494222665]1.8.3 The Arp2/3 complex

The Arp2/3 complex was the first actin nucleator discovered (Mullins, Heuser and Pollard, 1998) and is involved in a wide array of actin-dependent processes such as lamellipodia formation and the development of invadapodia (Machesky and Gould, 1999). It is a seven-subunit protein complex that nucleates a new actin filament off the side of a pre-existing mother-filament. This leads to the formation of a branch point with a 70º angle where the old mother filament and the newly formed daughter filament meet. Activation of the Arp2/3 complex leads to rapid bursts of F-actin formation. Since it must bind to a mother filament to become activated the reaction can be considered somewhat self-catalytic.

Two of the subunits of the complex closely resemble actin monomers (Arp2 and Arp3) and the arrangement of these monomers in the correct conformation is thought to mimic an actin dimer, overcoming some of the barriers to de novo filament formation. Though potentially a very potent nucleator, the Arp2/3 complex has low intrinsic activity. It must first become activated by binding to both a pre-existing mother filament and to a nucleation promoting factor (NPF). In addition to the requirement for a mother filament and an NPF, activity of the complex also requires ATP (Rodnick-Smith, Liu, et al., 2016). Structures of the autoinhibited Arp2/3 complex show Arp2 and Arp3 arranged in a manner that is incompatible with filament nucleation (Robinson et al., 2001). This inactive or splayed conformation requires significant rearrangement to allow Arp2 and Arp3 to adopt the active, ‘short-pitch’ conformation. ATP and NPF binding is thought to disrupt this splayed conformation, promoting the stability of this short-pitch conformation (Rodnick-Smith, Liu, et al., 2016; Rodnick-Smith, Luan, et al., 2016).

Various isoforms of the different components of the complex exist, allowing for the formation of distinct complexes with different activities (Pizarro-Cerd et al., 2017). Several subunits that make up the complex have multiple isoforms and so each individual complex does not necessarily have the same properties as another. These isoforms can directly change the activity of the complex or can change the affinity of the complex to different F-actin binding proteins, therefore controlling what proteins decorate the daughter filament and defining the nature of the growing network. 


[bookmark: _Toc494045793]1.8.3.1 Requirement for a mother filament

The formation of a branched network of filaments necessitates the existence of an initial mother filament that cannot be generated by the classical model of Arp2/3 complex activation. This requirement is not thought to prevent filament formation in many contexts, such as during lamellopodial extension, as suitable potential mother filaments are expected to be available within the cell cortex. In other situations however, the source of the initial mother filament is less clear. One proposed source is short filaments created by cofilin induced severing of larger filaments and then capped, diffusing throughout the cytoplasm (Chen and Pollard, 2013).  

The defined order of events involved in the formation of certain actin-dependent processes such as endocytosis also brings into question the model of short filaments randomly diffusing through the cytoplasm as the only source for initial mother filaments in regions of the cell lacking more permanent F-actin structures. The processive series of events involved in the formation of an endocytic patch means that a series of proteins have a well-defined lifetime. The Arp2/3 complex arrives 10-15 seconds after Las17 and invagination is reliably observed within 20 seconds of the arrival of Las17. This suggests that these are not stochastic events driven by the random diffusion of short filaments but that initial filaments would have to be captured at an early stage of patch development and held in an inert manner until activation of the Arp2/3 complex.

Many cells express different isoforms of tropomyosin at relatively high levels. These F-actin binding proteins span multiple monomers within a filament and have been shown to inhibit the association of the Arp2/3 complex (Schottler et al., 2001; Michelot and Drubin, 2011). Tropomyosin is excluded from many Arp2/3-dependent actin structures but it has been hypothesised that levels of tropomyosin are sufficient to coat all filaments outside of these regions. Additionally, the ATP state a filament has been shown to affect the suitability of a filament as a subunit for the Arp2/3 complex (Mahaffy and Pollard, 2006).

An alternative mechanism for the provision of initial mother filaments would be to generate them at the site at which they are required at the correct time. This is appealing as the formation of an actin filament could conceivably drive subsequent stages in the development of an actin-structure, perhaps contributing to the localisation of certain F-actin binding proteins. A number of proteins have been identified that could potentially fulfil this role, such as Dip1/spin90, JMY and Las17 (Wagner et al., 2013; Tyler, Allwood and Ayscough, 2016).

[bookmark: _Toc494045794][bookmark: _Toc494222666]1.9 Nucleation promoting factors

As mentioned previously, the Arp2/3 complex is not constitutively active and must become activated by interaction with a suitable mother filament and one of a number of nucleation promoting factors. Nucleation promoting factors fit broadly into three categories although the lines between these categories sometimes blur. Class I NPFs bind to the Arp2/3 complex and G-actin, and are thought to provide the first actin monomer to the growing filament. Class II nucleators interact with F-actin rather than G-actin to promote the formation of a branch junction (Campellone and Welch, 2010; Siton-Mendelson and Bernheim-Groswasser, 2017). A third class of NPFs has recently been identified that do not bind to either G or F-actin and activates the Arp2/3 complex to generate linear, unbranched filaments (Wagner et al., 2013). The best studied NPFs to date are the class 1 Wiskott–Aldrich Syndrome protein (WASp) family proteins.

[bookmark: _Toc494045795][bookmark: _Toc494222667]1.9.1 WASp family proteins

The WASp family proteins interact with the Arp2/3 complex through conserved C-terminal WCA domains (fig.2.5). These consist of Central and Acidic motifs which bind to the Arp2/3 complex and a WH2 motif which binds to an actin monomer (Machesky and Insall, 1998; Higgs, Blanchoin and Pollard, 1999). The central or connecting motif was originally considered homologous to a region of cofilin, however this has been shown to not be the case. This motif binds to both actin and the Arp2/3 complex (Marchand, D. a Kaiser, et al., 2001; Kelly et al., 2006). Upon binding to the Arp2/3-complex this motif forms an amphipathic helix that is thought to interact with the barbed end of groove of Arp2 and Arp3 (Panchal et al., 2003; Rodnick-Smith, Luan, et al., 2016). This is reminiscent of the interaction of a WH2 motif with an actin monomer. The acidic motif consists of a variable number of acidic residues and a well conserved tryptophan and accounts for the majority of the affinity of the WCA region for the Arp2/3 complex (Marchand, D. A. Kaiser, et al., 2001; Veltman and Insall, 2010).

The interaction between the central and acidic motifs and the Arp2/3 complex is thought to disrupt auto-inhibitory contacts within the complex, stabilising an active conformation (Rodnick-Smith, Luan, et al., 2016). The WH2 motif is then postulated deliver the initial actin monomer to the nascent filament. Three colour single molecule experiments and crosslinking experiments suggest that dissociation of the WCA domain from the complex is an essential step in the formation of a branch junction (Smith et al., 2013; Rodnick-Smith, Luan, et al., 2016). The WASp proteins can be broken down into a number of subfamilies (Campellone and Welch, 2010; Veltman and Insall, 2010; Alekhina, Burstein and Billadeau, 2017) and the WCA domains of different subfamilies activate the Arp2/3 complex to varying degrees (Zalevsky et al., 2001; Yarar, Joseph A. D’Alessio, et al., 2002), despite appearing to stimulate the formation of the active splayed conformation of Arp2/3 complex to the same extent (Rodnick-Smith, Luan, et al., 2016).

As well as C-terminal WCA domains, WASp family proteins contain a central polyproline rich region of variable length and identity. Polyproline rich regions are found in many cytoskeletal proteins where they act as scaffolds bringing together multiple binding partners (Holt and Koffer, 2001). As the name suggests, these regions are rich in proline residues and often include stretches of consecutive proline residues termed proline tracts. The cyclic structure of the sidechain of a proline residue confers structural rigidity to the residue, limiting the secondary structural elements that can accommodate proline residues. Prolines disrupt certain secondary structural elements, often indicating the periphery of a helices or ß sheets, as well as being enriched in loops and turns. Tracts of consecutive prolines can induce the formation of a structural element termed a polyproline helix (Cubellis et al., 2005; Narwani et al., 2017). These structures are often relatively extended and have previously been thought to lack secondary structure altogether. 

These structural constraints influence the function of polyproline rich regions. The extended structure they induce means that sites within the region are available for protein-protein interactions as well as for posttranslational modification. The unique structures induced by proline tracts of different lengths and identities are recognised by a variety of binding partners, including SH3 and WW domain containing proteins as well as the actin binding protein profilin (Holt and Koffer, 2001; Zarrinpar, Bhattacharyya and Lim, 2003). As such, proline rich regions are often sites of multiple weak interactions with many competing binding partners. 

The polyproline regions of WASp family proteins are known to be involved in regulation of actin polymerisation. The yeast homolog of NWASp, Las17, has been proposed to be held inactive by interactions with the SH3 domain containing protein Sla1 (Feliciano and Di Pietro, 2012). Conversely, NWASp itself is thought to be activated by clustering induced by the binding of multiple molecules of NWASp binding to the SH3 domain containing protein Nck (Okrut et al., 2015). Interestingly, in vitro, in association with the adhesion receptor nephrin, the multiple weak interactions between the polyproline region of NWASp and the SH3 domains of Nck have been shown to drive clustering and phase separation of the three proteins (Li et al., 2012; Banjade and Rosen, 2014; Banjade et al., 2015). These clusters can activate the Arp2/3 complex, providing an additional mechanism by which WASp family protein activity may be regulated (Banjade and Rosen, 2014). Irrespective of other interacting partners, the polyproline regions of both WASp and SCAR/WAVE have been shown to influence actin polymerisation, even in the absence of profilin (Yarar, D et al., 2002). 

The wide array of binding partners and the diverse functions attributed to interactions within these regions highlights the importance of polyproline rich regions to the function of WASp family proteins. The extended structure that allows these regions to function as hubs for protein-protein interactions complicates their study. A chimeric WAVE lacking the polyproline rich region was used to allow the crystal structure of the WAVE complex (Chen et al., 2010, 2017). As the WCA domains of WASp family proteins constitutes a minimal component to activate the Arp2/3 complex, the polyproline region is often excluded from in vitro studies of WASp family protein function. However, the polyproline region of both WAVE and NWASp promotes Arp2/3 activation in a pyrene assay suggesting a more direct role for the region in WASp family protein activation. The importance of this region is highlighted by the recent discovery of actin binding activity within the polyproline region of Las17 (Urbanek et al., 2013).

Though WASp family proteins share similar domain structures (fig 1.6), differences influence the differential localisation and regulation of family members. Although polyproline regions and WCA domains differ amongst WASp proteins, subfamilies are often defined by variable N-terminal portions. These regions often define the localisation and regulation of the protein. The five WASp subfamilies are: WASp/Neuronal-WASp, WASp-family verprolin homologue (SCAR/WAVE), WASp and SCAR homolog (WASH), WASp homolog associated with actin, membranes and microtubules (WHAMM) and junction-mediating regulatory protein (JMY) (Campellone and Welch, 2010; Veltman and Insall, 2010).



Fig.1.6. Rough schematic of domain architecture of different WASp family proteins. Adapted from (Alekhina et al. 2017). Highlights conservation of C-terminal PPR and WCA domains and variable N-terminal.






[bookmark: _Toc494045796]1.9.1.1 Localisation

Different classes of WASp proteins localise to different locations in the cell and are involved in different Arp2/3 dependent cellular processes. SCAR/WAVE is often associated with the formation of lamelipodia, whilst N-WASp is involved in endocytosis and the formation of invadapodia (Burianek and Soderling, 2013; Alekhina, Burstein and Billadeau, 2017). WASH, WHAMM and JMY have roles at cytoplasmic membranes (Campellone and Welch, 2010). The role of many WASp subfamilies in vesicle trafficking highlights the importance of the Arp2/3 complex in the regulation of vesicle homeostasis (Veltman and Insall, 2010). Interestingly a surprising level of redundancy has been observed between N-WASp and SCAR demonstrating that the localisation of different WASp proteins is not necessarily as distinct as first expected (Veltman et al., 2012). 



[bookmark: _Toc494045797]1.9.1.2 Sequestration of the WCA domain

The WCA domains of inactive WASp family proteins are thought to be sequestered in a manner that is incompatible with Arp2/3 activation. This is achieved by two different mechanisms: inhibitory intramolecular interactions and complex formation (Campellone and Welch, 2010). WASp and N-WASp are not constitutively active due to an intramolecular interaction between the WCA domain and an N-terminal GTPase Binding Domain (GBD). This region consists of a Cdc42 and Rac interactive binding (CRIB) domain, as well as autoinhibitory motifs (Campellone and Welch, 2010).

Several binding partners activate WASp/N-WASp by interacting with the GBD or the polyproline rich region to block this intramolecular interaction. Activation of WASp/N-WASp can be promoted by several interactions which may be coincidental or independent. The classical model for activation of WASp involves concomitant binding of the Rho-GTPase Cdc42 to the CRIB domain and interaction of the basic region with negatively charged phospholipids (Higgs and Pollard, 2000; Kim et al., 2000). Rac1 and the SH2/SH3 adapter protein NCK1 can also activate N-WASp (Tomasevic et al., 2007).

In contrast, full length SCAR/WAVE proteins are constitutively active in vitro. This activity is controlled in the cell by the formation of a pentameric complex (SCAR/WAVE complex) which sequesters the WCA domain in an analogous manner to WASp/N-WASp autoinhibition (Eden et al., 2002). SCAR/WAVE activation is thought to be mediated largely through interaction with members of the complex rather than direct interaction with SCAR/WAVE (Campellone and Welch, 2010). Like activation of WASp/N-WASp, the release of the WCA from the complex requires the combination of coincidental signals to achieve potent activation of the Arp2/3 complex (Lebensohn and Kirschner, 2009). The best studied activator of SCAR/WAVE, the small GTPase Rac1, (which is also involved in the regulation of N-WASP) binds only very weakly to the SCAR/WAVE complex (Lebensohn and Kirschner, 2009). However, in the presence of the Ras-GTPase Arf1, this interaction is promoted and potent activation can be observed (Koronakis et al., 2011).

[bookmark: _Toc494045798]1.9.1.3 Oligomerisation

GST-WCA is a more potent activator of the Arp2/3 complex than an untagged WCA due to dimerization of the GST tag (Higgs and Pollard, 2000). This suggests that dimeric/ oligomeric WASp proteins may be the species involved in complex activation in vivo (Padrick et al., 2008). Additional CA binding sites have been identified within the Arp2/3 complex supporting this idea (Padrick et al., 2011; Ti et al., 2011). Therefore, another mechanism by which WASp/N-WASp activity can be promoted is by inducing oligomerisation. This is proposed to increase the affinity of the WCA domain for Arp2/3 complex. Several proteins have been shown to promote WASp/N-WASp dimerization many of which contain multiple SH3 domains and bind to WASP/N-WASp at the polyproline rich region (Padrick et al., 2008).

[bookmark: _Toc494045799]1.9.1.4 WASp/N-WASp

Wiskott-Aldrich Syndrome protein (WASp) (Derry et al., 1995; Symons et al., 1996) and the deceptively named, ubiquitously expressed, Neuronal-WASp (N-WASp) were the first NPFs identified (Miki, Miura and Takenawa, 1996; Rohatgi et al., 1999). Mammalian WASp is specifically expressed in hematopoietic cells and its mutation in humans leads to the severe X-linked immunodeficiency disorder Wiskott-Aldrich Syndrome (WAS). WAS is characterised by defective platelet formation which leads to a low platelet count and an increased risk of haemorrhages. Patients are also at increased risk of developing autoimmunity and lymphoma as well as often suffering from eczema (Bosticardo et al., 2009). N-WASp is far more ubiquitously expressed and its deletion causes embryonic lethality in mice (Lommel et al., 2001). The WCA domain of N-WASp contains two WH2 motifs in tandem (Miki, Miura and Takenawa, 1996).
WASp and N-WASp are defined by an N-terminal WASp-Homology 1 (WH1) and GTPase Binding (GBD) domains. The GBD domain is involved in the activation of the protein and can integrate numerous signals to insure actin polymerisation only occurs at the correct time and place within the cell. The GBD contains a basic and an autoinhibitory region as well as a Cdc42 and Rac1 Interactive Binding (CRIB) region (Campellone and Welch, 2010).
N-WASp is important in the formation of a broad range of actin structures such as filopodia and invadapodia. N-WASp also plays an important role during endocytosis and a role has been identified at the Golgi (Campellone and Welch, 2010; Alekhina, Burstein and Billadeau, 2017). Organisms that express a WASp /N-WASp also express WASp Interacting Protein (WIP) (Veltman and Insall, 2010).  The role of WIP is not well understood but it seems to be important for WASp stability. In vitro WIP binding promotes WASp inhibition but the interaction may be more complicated and different WIP isoforms have been shown to differentially regulate N-WASp during invadapodia formation (García et al., 2016). 

[bookmark: _Toc494045800]1.9.1.5 SCAR/WAVE

Shortly after the discovery of WASp, SCAR was first identified in Dictyostelium. SCAR/WAVE proteins are differentiated from WASp/N-WASp by N-terminal SCAR Homology Domains (SHD). SCAR/WAVE also lack the Autoinhibitory and CRIB domains and therefore recombinant full-length SCAR/WAVE proteins are not autoinhibited and can potently activate the Arp2/3 complex in vitro (Campellone and Welch, 2010). There are 3 SCAR paralogues expressed in the human genome and these have been shown to have varying effects on actin polymerisation in vitro (Sweeney et al., 2014). These paralogues are termed WAVE 1-3. In this text, they will be referred to as SCAR/WAVE proteins unless a specific paralogue is being discussed. SCAR/WAVE predominantly promotes actin polymerisation during plasma membrane protrusion and so is more directly associated with cell motility than N-WASp (Campellone and Welch, 2010; Alekhina, Burstein and Billadeau, 2017).

[bookmark: _Toc494045801]1.9.1.6 WASH

WASp and SCAR Homologue (WASH) was not identified until 2007, however it has been shown to be the most conserved of all WASp subfamilies (Linardopoulou et al., 2007; Veltman and Insall, 2010). Like SCAR/WAVE proteins it is associated with a regulatory complex, which inhibits NPF activity (Campellone and Welch, 2010). WASH plays an important role in the regulation of endosomal and lysosomal compartments. Arp2/3-mediated actin polymerisation is required to control shape and structural integrity of these compartments as well as for the correct trafficking of a range of cargos from endosomes to other internal membrane structures and the plasma membrane. WASH activates the complex on internal membranes, driving actin polymerisation and therefore trafficking/ recycling of certain cargoes (Campellone and Welch, 2010; Alekhina, Burstein and Billadeau, 2017). An example of this is during the recycling of receptor in micropinocytosis in the professional phagocyte Dictyostelium (Buckley et al., 2016).

The WCA domain of WASH is differentiated from that of other WASp family proteins by an additional linker region of up to 100 residues between the central and acidic domains (Veltman and Insall, 2010). This brings into question our current understanding of how WASp proteins activate the Arp2/3 complex. The increased distance between the WH2 motif and the acidic motif suggests that the WCA of WASH is not optimised for delivering an actin monomer to the Arp2/3 complex, as predicted in current models. The increased distance between the central and acidic motifs would also be predicted to be sub-optimal for binding to the complex (Veltman and Insall, 2010). 

[bookmark: _Toc494045802]1.9.1.7 WHAMM

WASp Homologue associated with Actin Membranes and Microtubules (WHAMM) was initially identified as a regulator of ER to Golgi transport (Campellone et al., 2008). Recently an additional role for WHAMM has been recognised in the formation of the autophagosome under starvation (Kast et al., 2015). Like N-WASP, the WCA of WHAMM contains tandem WH2 motifs (Campellone and Welch, 2010). WHAMM is constitutively active in vitro and the full-length protein activates the Arp2/3 complex to a greater extent than the WCA domain alone in a pyrene assay (Campellone et al., 2008). Interestingly, WHAMM has been shown to interact with microtubules and this interaction has been demonstrated to inhibit Arp2/3 activation, providing a novel mechanism by which NPF activity may be regulated (Campellone et al., 2008; Shen et al., 2012).

[bookmark: _Toc494045803]1.9.1.8 JMY

JMY is a WASp family protein that can both activate the Arp2/3 complex and nucleate actin filaments de novo. JMY was first identified as a transcriptional co-activator of p53 and it functions in the nucleus during DNA repair (Shikama et al., 1999). More recently JMY was shown to have a role in cytoskeletal rearrangements in the cytoplasm (Zuchero et al., 2009). Like other WASp-family proteins, JMY activates Arp2/3 via its C-terminal WCA domain. JMY was found to be able to nucleate actin filament formation in the absence of Arp2/3 via three tandem WH2 domains in a similar manner to Spire (Zuchero et al., 2009). Over-expression of JMY enhances motility in an Arp2/3 dependent manner. The de novo nucleation activity of JMY is proposed to promote activation of the Arp2/3 complex by providing initial mother filaments (Zuchero et al., 2009). A link between JMY and autophagy has recently been identified (Coutts and La Thangue, 2015; Kast et al., 2015).

[bookmark: _Toc494045804]1.9.1.9 WHAMY

WHAMY is a drosophila WASp-family protein, related to N-WASp, that has lost the ability to activate the Arp2/3 complex (Veltman and Insall, 2010). In the absence of profilin, WHAMY promotes the formation of actin filaments. In both the presence and absence of profilin WHAMY promotes rapid filament elongation, suggesting that it can interact with the barbed ends of a filament in a processive manner. WHAMY has two N-terminal GBDs which bind Rac1 but not Cdc42 and active Rac1 promotes WHAMY activity in vitro, suggesting that WHAMY is autoinhibited. Interaction with active Rac1 is sufficient to target WHAMY to lamellipodial and filopodial tips and overexpression in macrophages leads to the formation of numerous filopodial protrusions (Brinkmann et al., 2016). 

WHAMY works in tandem with WASp throughout various stages of Drosophila development. The interaction of WASP and WHAMY enhances both the Arp2/3 independent activity of WHAMY and the Arp2/3 dependent activity of WASp. This WASp-WHAMY complex can therefore both promote actin filament formation and activate the Arp2/3 complex (Brinkmann et al., 2016). This is reminiscent of JMY and provides another example of these two activities being linked in vivo (Tyler, Allwood and Ayscough, 2016). Independently of its interaction with WASp, WHAMY also plays a role in the formation of membrane protrusions and motility in macrophages. It is unclear how WHAMY affects cellular protrusions but it will be interesting to see whether these activities depend on a so far unidentified interaction with another NPF or whether WHAMY has a truly Arp2/3 independent function (Brinkmann et al., 2016). 

[bookmark: _Toc494045805][bookmark: _Toc494222668]1.9.2 Other NPFs

There are other proteins outside of the WASp family that can activate the Arp2/3 complex. For example, budding yeast express several proteins that can activate the complex including the type 1 myosins Myo3 and Myo5 and Pan1 (Winter, Lechler and Li, 1999; Lechler et al., 2000; Engqvist-Goldstein and Drubin, 2003). This leads to a surprising level of redundancy between the NPF activities at a site of endocytosis in yeast (Sun, Martin and Drubin, 2006). In mammalian cells cortactin is an example of a class II NPF that activates the Arp2/3 complex without binding G-actin. Cortactin also promotes the NPF activity of N-WASp and stabilises Arp2/3-branch junctions (Campellone and Welch, 2010).

[bookmark: _Toc494045806]1.9.2.1 Verprolin and Myo5

The Yeast homologue of the mammalian WASp Interacting Protein (WIP), verprolin promotes the NPF activity of type 1 myosins (Sirotkin et al., 2005). Interestingly, even in the absence of the Arp2/3 complex, Myo5 and verprolin together have a positive effect on actin polymerisation in a pyrene assay (Sun, Martin and Drubin, 2006). It is unclear whether this Arp2/3 independent activity further promotes the activation of the Arp2/3 complex as predicted for JMY and the WASp/WHAMY complex.

[bookmark: _Toc494045807]1.9.2.2 Dip1/WISH/Spin90

Dip1 is the fission yeast member of a newly identified class of NPFs which activate the Arp2/3 complex to generate linear, unbranched filaments. In this way, it potentially circumvents the requirement for a mother filament altogether (Wagner et al., 2013). Dip1 is thought to be an important regulator of the timing of actin polymerisation during endocytosis (Basu and Chang, 2011). Dip1 does not interact with either G or F-actin but does interact directly with the Arp2/3 complex and stimulates the formation of the short pitch conformation necessary for Arp2/3 complex activation (Wagner et al., 2013). It is therefore an additional potential source of mother filaments during the development of an endocytic patch. Human Spin90 is thought to activate the complex via the same mechanism (Wagner et al., 2013).

[bookmark: _Toc494045808][bookmark: _Toc494222669]1.9.3 Tandem WH2 nucleators, formins and nucleation promoting factors

Tandem WH2 nucleators have been demonstrated to work alongside formins to promote initial filament formation followed by filament elongation (Quinlan et al., 2007; Breitsprecher et al., 2012). In this regard, they can be thought of as nucleation promoting factors, working upstream of and promoting the activity of formin driven reorganisation of the actin cytoskeleton (Chesarone, DuPage and Goode, 2010). An analogous role has been suggested for tropomyosin in conjunction with the fission yeast formin (Alioto et al., 2016). Similarly, both formins expressed in Saccharomyces cerevisiae depend upon interaction with the protein Bud6 to function in vivo. Bud6 is not well characterised but is known to bind to G-actin and is postulated to do so through a putative WH2 motif (Graziano et al., 2011). In this way activation of formins is sometimes somewhat analogous to that of the Arp2/3 complex, requiring the presence of additional factors. 

[bookmark: _Toc494045809][bookmark: _Toc494222670]1.10 Alternative model of Arp2/3 activation?
The observation of functional antagonism between capping proteins and the Arp2/3 complex led to the suggestion of the alternative barbed-end branching model of Arp2/3 complex activation (Pantaloni et al., 2000; Millard, Sharp and Machesky, 2004; Carlier and Shekhar, 2017). This model accounts for the polarity of a growing dendritic network and avoids complications of the more widely accepted side branching model resulting from the apparent incompatibility of simultaneous filament and NPF binding by the Arp2/3 complex (Xu et al., 2012). In this model, the WH2 motif of a WASp family protein mediates association to the barbed end of an actin filament. In agreement WH2 motifs have been shown to interact with and influence polymerisation dynamics at barbed ends (Co et al., 2007; Ito et al., 2011; Khanduja and Kuhn, 2014; Sweeney et al., 2014; Shekhar, Pernier and Carlier, 2016). It has been proposed that insertion of the WH2 motif into an actin filament may allow for side branching via this mechanism (Carlier and Shekhar, 2017).   

[bookmark: _Toc494045810][bookmark: _Toc494222671]1.11 Role for WH2 motifs of WASp proteins at the barbed end

Binding of the WCA domain of N-WASp to the barbed end of an actin filament has been shown to mediate the attachment of a filament network to a membrane (Co et al., 2007), as well as to promote filament bundling (Hu and Kuhn, 2012) and elongation rates of individual filaments (Khanduja and Kuhn, 2014). The WH2 motif of WAVE1, which binds actin monomers with a high affinity relative to other WH2 motifs, has been shown to inhibit filament elongation, both in the presence and absence of the Arp2/3 complex (Sweeney et al., 2014). This is reminiscent of the role of WH2 motifs in formin and ENA/VASP mediated enhancement of filament elongation (Dominguez, 2016). The polymerase activity of the atypical WASp family protein WHAMY is likely to involve the two WH2 motifs of its truncated WCA domain. This differential tuning of filament dynamics by different WCA domains may explain some of the non-redundancy of WASp family proteins during certain processes and to allow the tuning of branch-density within an actin network. 

The identification of these activities highlights our incomplete understanding of the potential effects of actin binding proteins in vivo. It is becoming increasingly clear that WASp family proteins influence the development of a branched actin network in more diverse ways than previously appreciated. 

[bookmark: _Toc494045811][bookmark: _Toc494222672]1.12 Las17

This study will focus on the budding yeast homolog of WASp/N-WASp, Las17. Las17 is considered the primary activator of the Arp2/3 complex in budding yeast and is necessary for endocytosis, which in yeast is an actin dependent process (Li, 1997; Winter, Lechler and Li, 1999; Millard, Sharp and Machesky, 2004). Las17 is identified as a WASp/N-WASp homolog by an N-terminal WH1 motif as well as its role in endocytosis (Li, 1997). Despite an evolutionarily link to WASp/N-WASp, it is not thought to be auto-inhibited and no has no readily identifiable CRIB domain (Li, 1997; Rodal et al., 2003). Instead it is thought to be regulated as part of a complex with Sla1 and other SH3 domain containing proteins (Rodal et al., 2003; Feliciano and Di Pietro, 2012; Spiess et al., 2013). In this respect Las17 may be functionally more similar to SCAR/WAVE, however the mechanism by which the inhibition is released is unclear. The N-terminal WH1 domain of Las17 has been shown to interact with lipid and to be sufficient to localise the protein to an endocytic patch (Allwood et al., 2016).

[bookmark: _Toc494045812][bookmark: _Toc494222673]1.12.1 Role in endocytosis

In the first stage of endocytosis a clathrin coat is assembled at the plasma membrane. This stage is variable in length and can last from 40-90 seconds (Kaksonen, Toret and Drubin, 2006). As the patch matures a number of later coat proteins associate with the developing patch, including Las17. Invagination is observed within 20 seconds of the arrival of Las17. 

Las17 is proposed to be part of a ‘module’ of proteins which do not move into the cell with the internalised vesicle but rather stay at the neck of the invagination. These proteins include the class1 myosins, myo3 and myo5, bzz1 and verprolin. It has been shown that, once localised to the patch, this complex has three essential functions: activation of the Arp2/3 complex, anchorage to the plasma membrane and transient F-actin binding (Lewellyn et al., 2015). Actin polymerisation at a developing patch occurs at the plasma membrane, in a ring at the base of the invagination. The branched actin network produced is thought to be pushed back into the body of the cell by retrograde flow and to be connected via sla2 to the clathrin coat.

Despite the importance of activating the Arp2/3 complex during endocytosis, cells expressing truncated fragments of Las17 that lack either the acidic motif or the whole WCA domain display only mild endocytic defects (Sun, Martin and Drubin, 2006; Galletta, Chuang and Cooper, 2008). Indeed, there is a high degree of redundancy between the acidic motif of Las17 and of other NPFs at the patch. This is surprising as Las17 null cells have major endocytic defects as well as dramatic miss localisation of actin in large aberrant structures. This suggests that Las17 plays a role in the organisation of actin beyond the ability to activate the Arp2/3 complex. This is highlighted by the early arrival of Las17 at an endocytic patch, 10-15 seconds before that of the Arp2/3 complex (Sun, Martin and Drubin, 2006; Picco et al., 2015). During this time, it is thought to be held inactive, raising questions about why it is recruited so early.

[bookmark: _Toc494045813][bookmark: _Toc494222674]1.12.2 Arp2/3 independent activity

In 2013 a novel, Arp2/3 independent effect of Las17 on actin polymerisation was identified (Urbanek et al., 2013). Urbanek and colleagues demonstrated that the polyproline region of Las17 could promote the formation of actin filaments in the absence of the Arp2/3 complex. Electron microscopy showed that the filaments that formed were linear and unbranched. The Polyproline region of Las17 contains nine proline tracts and yeast two-hybrid analysis identified the two most C-terminal proline tracts as important for this activity. A peptide containing just these two proline tracts and a short linker was sufficient to influence actin polymerisation, although to a lesser extent than a larger fragment of the polyproline region. Disruption of these two proline tracts by mutation reduced the effect on polymerisation in vitro and led to an endocytic defect in vivo. Further yeast two-hybrid analysis using a mutant actin screen identified a potential binding site on the actin monomer. It was suggested that that an additional function for Las17 may be to generate the initial filaments required for later activation of the Arp2/3 complex.


[bookmark: _Toc494045814][bookmark: _Toc494222675]1.13 Characterising Las17

The recent recognition of a number of actin binding proteins with unexpected activities, as well as the questions that remain regarding the mechanism of Arp2/3 activation, highlight the importance of increasing our understanding of the underlying mechanisms by which proteins interact with actin and actin filaments. Urbanek et al 2013 demonstrated that the polyproline region of Las17 can promote filament formation, but questions remain about the motifs involved in this activity. The recognition that proline tracts can directly influence actin polymerisation may have far reaching implications for our understanding of additional roles of numerous actin binding proteins, within which such tracts are enriched.

[bookmark: _Toc494045815][bookmark: _Toc494222676]1.14 Key Aims:

· Identify the minimal component and key motifs involved in the Arp2/3-independent activity of Las17.
· Investigate any additional effect of the WCA domain on the Arp2/3-independent activity of Las17.
· Further examine the direct interaction between proline tracts and actin.
· Investigate mechanisms by which the Arp2/3-dependent and independent activities of Las17 may be differentially regulated.




[bookmark: _Toc494222677]2. Materials and methods

[bookmark: _Toc494222678]2.1 Molecular biology techniques

[bookmark: _Toc494222679]2.1.1 Plasmid purification

Plasmids were purified using a commercial kit (Qiagen) following manufacturer’s instructions. Briefly: 5 ml overnight culture was pelleted by centrifugation, cells were lysed and cellular debris precipitated and discarded. Plasmid DNA was bound to resin in a spin column, washed and then eluted in 30 µl sterile ddH20. DNA concentration was determined on a nanodrop.

[bookmark: _Toc494222680]2.1.2 Production of truncations

Region of interest was amplified from template DNA in a Polymerase Chain Reaction. Briefly: 1 µl template DNA, 1 µM forward primer, 1 µM reverse primer, 1 mM dNTP’s, 3 mM MgCl2, 1 x PCR Reaction Buffer, 1 µM BioTaq Polymerase (5U/µl) and dH2O to 50 µL. The thermal cycler was set to denature at 94 °C, primers were annealed at 55 °C and extension occurred at 70-72 °C, allowing 30 seconds extension per kb, as per manufacturers instruction (Bioline). Fragment was cleaned, ran on a 1% agarose gel as described below and purified using a gel extraction kit (Invitrogen). Purified sequence as well as chosen vector were digested with appropriate restriction enzymes (New England Biolabs) as per manufacturers instruction. Ligation was carried out using ligation master mix (New England BioLabs) as per manufacturers instruction and the resulting plasmid transformed into E. coli as described below. Plasmid was purified and sent for sequencing (MRC PPU DNA Sequencing and Services, Dundee).

[bookmark: _Toc494222681]2.1.3 Point mutations

Point mutations were introduced using lightning quick change site directed mutagenisis kit (Agilent) according to manufacturer’s instructions. Briefly, two complimentary oligonucleotide primers were synthesized (eurofins) including the required point mutation. These were used to amplify a template plasmid in a Polymerase Chain Reaction, introducing the mutation to the newly synthesized DNA. The template DNA was then removed by Dpn1 digestion and the mutant plasmid transformed into E. coli as described below. Mutant plasmid was purified and sent for sequencing (MRC PPU DNA Sequencing and Services, Dundee).

[bookmark: _Toc494222682]2.1.4 Production of calcium competent E. coli

Overnight culture used to inoculate 100 ml of 2xYT and cells grown in a shaking incubator at 37 °C to log phase (OD600 = 0.4-0.6). Cells were pelleted by centrifugation (6000 g for 10 min at 4 °C) and supernatant discarded. Pellet was resuspended in 10 ml chilled 100 mM CaCl2 and left on ice for 2 hours. Cells were pelleted as above and resuspended in 2 ml chilled CaCl2/15% glycerol (600 µl 50% glycerol l+ 1400 µl 100 mM CaCl2). Cells were aliquoted, flash frozen in liquid nitrogen and stored at -80 °C for up to 6 months.

[bookmark: _Toc494222683]2.1.5 Production of glycerol stocks

Stocks of transformed bacteria were stored in glycerol at -80 °C for the maintenance of the plasmid database. 500 µl of an overnight culture was mixed with 500 µl 25% sterile glycerol and stored at -80 °C.

[bookmark: _Toc494222684]2.1.6 Electrophoresis of DNA on agarose gel 

DNA fragments were separated by electrophoresis and visualised on a UV transilluminator or on a gel documentation system (Bio Rad). Agarose gels (1% agarose in TAE) were poured with 2 µl of 10 mg/ml Ethidium Bromide per 40 ml of solution. DNA was mixed with 6 x gel loading buffer (0.25% Bromophenol Blue, 0.25% xylene Cyanol FF (Sigma), 30% Glycerol) and loaded into wells. Gels were run at 100 V until the dye front had travelled far enough down the gel. 


[bookmark: _Toc494222685]2.1.7 E. coli transformation

Aliquot of competent cells thawed on ice. 1 µl of plasmid miniprep was mixed with 30 µl of competent cells and left on ice for 30 minutes. Cells were then heat shocked at 42 °C for 30 seconds and placed back on ice for 2 minutes. 400 µl 2 x YT media was added and the cells placed in a 37 °C shaking incubator for 1 h. Cells were then pelleted by centrifugation (2,500 g 2 min) and 300 µl supernatant removed, before resuspension in remaining supernatant. This concentrated suspension of cells was then plated on a 2 x YT agarose plate containing the relevant antibiotic and incubated overnight at 37 °C.

[bookmark: _Toc494222686]2.1.8 Yeast transformation

250 µl of an overnight culture of cells was placed into 5 ml of fresh media and grown until late mid log phase (OD600=0.5-0.6) and then pelleted by centrifugation (800 g for 3 min). Pellet was washed once in 100 μl TE buffer, once in 100 μl TE buffer + 100 mM LiAcetate and then resuspended in 100 μl TE + LiAc. To this 100 μl, 15 μl of single strand herring sperm, 1 μl of plasmid DNA and 700 μl 40 % PEG 4000 (in TE LiAc buffer) was added and were agitated at room temperature overnight. Cells were pelleted by centrifugation at 800 g for 3 minutes, the supernatant removed. The pellet was resuspended in the appropriate drop out media, spread on the appropriate drop out media agar plates and left at 25°C for two days.

[bookmark: _Toc494222687]2.2 Protein production

[bookmark: _Toc494222688]2.2.1 Protein expression in E. coli

2 x YT liquid media with relevant antibiotic was inoculated with transformed cells scraped from an agar plate using a cell scraper. These cells were grown at 37 °C shaking at 180 rpm in a shaking incubator for 5 h. Protein expression was then induced by the addition of IPTG overnight (final concentration 1 mM). Cells were harvested by centrifugation (5,000 g 15 min) and pellets used immediately or stored at -20 °C.

[bookmark: _Toc494222689]2.2.2 Purification of GST tagged protein from E.coli

Pellets were resuspended by vortexing in 10 ml resuspension buffer (PBS pH 7.4, 1 mM MgCl2, 1 mM MnCl2, 0.05 mg/ml lysozyme and protease inhibitor cocktail (Roche). Cells were broken by sonication (10 microns amplitude, 3 x 30 s with 30 s breaks) and lysate centrifuged (20,000 g, 40 min). The supernatant was then incubated with 400 µl glutathione sepharose beads (washed in PBS with 300 mM NaCl) on a roller (30 min at 4°C).

The beads were washed three times high salt PBS (PBS + 1% Tween and 300 mM NaCl) and then three times in PBS. Each wash step involved resuspension of beads in 10 ml of ice cold buffer before centrifugation (3,000 g 1 min). Proteins that did not require precision protease cleavage were eluted in elution buffer (10 mM reduced glutathione 50 mM tris pH 8). Proteins to be cleaved were washed twice in high salt cleavage buffer (50 mM Tris-HCL pH 7.0, 300 mM NaCl, 1 mM EDTA, 1 mM DTT) and then twice in low salt cleavage buffer (50 mM Tris-HCL pH 7.0, 150 mM NaCl, 1 mM EDTA, 1 mM DTT) and then incubated with precision protease with gentle agitation (8 h at 4 °C). Beads were then pelleted by centrifugation (1,500g 1 min) and supernatant was removed and stored at -20 °C.

[bookmark: _Toc494222690]2.2.3 Precision protease production

Precision protease was produced using plasmid obtained from following the above methods. Instead of cleaving the GST tag however, the protein was eluted from glutathione sepharose beads in elution buffer (10 mM reduced glutathione 50 mM tris pH 8). Protein was aliquoted and stored at -20 °C.

[bookmark: _Toc494222691]2.2.4 Protein expression in yeast

Full length Las17 was expressed in S. cerevisiae as a Myc fusion protein. 20 ml of overnight culture was used to inoculate 1 L SD-Ura raffinose to 0.1 OD 600 and grown with agitation (30 °C 8 h). The media was supplemented with 20 grams bacto-peptone, 10 grams yeast extract and 2% (v/v) galactose and agitation continued at 30 °C overnight. Cells were harvested by centrifugation (5,000 g 15 min) and pellets used immediately or stored at -20 °C.





[bookmark: _Toc494222692]2.2.5 Purification of Myc tagged protein from yeast 

Full length Las17 was purified using a modified version of the method described in (Rodal et al., 2003). The thawed pellet was resuspended in 10 ml extraction buffer (100 mM HEPES pH 7.5, 1 mM EDTA, protease inhibitor cocktail, 1mM PMSF). Cells were broken by passing twice through a French press at 9000–10000 psi. 0.5% Triton x-100 was added and the extract left on ice for 10 min before centrifugation (21,000 g for 20 min 4°C). The supernatant was decanted into a fresh tube and the spin repeated. The supernatant was added to 400 μl anti-Myc agarose beads (25% slurry, washed in PBS then pre-equilibrated in extraction buffer + 0.5% Triton X-100), and rolled at 4 °C for 1.5 hrs. Beads were harvested by centrifugation (2,500 g) and washed with 10 ml 20 mM HEPES (pH 7.5), 1 mM EDTA, 0.5% Triton X-100, then with 10 ml 20 mM HEPES (pH 7.5), 1 mM EDTA, 500 mM KCl, and finally with 10 ml 20mM HEPES (pH7.5),1mM EDTA, 50mM KCl. Beads were resuspended in 200 μl of the final wash buffer and transferred to a microcentrifuge column. 7 units of TEV protease was added and incubated at room temperature with agitation for 1.5 h. A further 7 units TEV protease was added and beads were left for a further 1 h. 

[bookmark: _Toc494222693]2.2.6 Rabbit muscle acetone powder preparation

(all steps at 4 ºC unless stated otherwise) The muscle from the rear legs of 2 freshly killed rabbits were stripped of fat and connective tissue before being thoroughly minced. Minced muscle was suspended in 3 L Guba Straub buffer (300 mM NaCL, 100 mM NaH2PO4, 50 mM Na2HPO4, 1 mM NaN3, 1 mM MgCl2, 1 mM Na4P2O7, 0.05 mM PMSF, 2 mM ATP, pH 6.5) with constant manual agitation for 15 min. This muscle slurry was then centrifuged (3,000 g 20 min). The pellet was resuspended in 10 L ‘solution i’ (50 mM NaHCO3, 0.1 mM CaCl2) and manually agitated for 15 min.

10 L suspension was filtered through two layers of cheese cloth and the residue resuspended in 1 L ‘solution ii’ (10 mM NaHCO3, 10 mM Na2CO3, 0.1 mM CaCl2). This was again manually agitated for 15 min before being filtered through 2 layers of cheese cloth. Residue was then resuspended in 10 L dH2O and quickly filtered through 2 layers of cheese cloth. Residue was then resuspended in 2.5 L acetone and once again filtered through cheesecloth. This step was repeated until the filtrate ran clear (usually three acetone washes). Powdery residue was the spread on filter paper in a fume cupboard and left overnight to allow residual acetone to evaporate. Powder was then stored at -80 ºC in 5 gram aliquots and used over 12 months.

[bookmark: _Toc494222694]2.2.7 Rabbit muscle actin purification from acetone powder

5g aliquot of acetone powder resuspended in 100 ml chilled (4 °C) G-buffer (20 ml G-buffer per gram acetone powder) with stirring in an ice bath for 30 min. Suspension centrifuged (20,000 g 35 min) and insoluble fraction removed. Supernatant filtered through glass wool and then 0.45 µM and 0.22 µM filters (Sartorius Stedim Biotech). Actin was then induced to polymerise by the addition of 800 mM KCl, and 2 mM MgCl2, with gentle and consistent stirring, at room temperature 30 min then at 4 °C for 30 min. F-actin was then sediment by centrifugation at (Beckman Coulter Optima L-90K, 45 Ti rotor) (35,000 g, 2 h, 4 °C). The supernatant was discarded and the ‘glassy’ pellet of F-actin resuspended in at least 10 ml G-buffer in a glass-teflon homogeniser. This suspension was transferred to dialysis tubing pre-equilibrated with G-buffer and dialysed against G-buffer at 4 °C for 48-72 h, with at least nine buffer changes. The depolymerised actin was then centrifuged (35,000 g, 2 h, 4 °C) (Beckman Coulter OptimaMax 130K, MLA80 rotor) and loaded on a Sephacryl S300 gel filtration column (Amersham XK26) that was pre-equilibrated with G-Buffer. 7 ml factions were collected and those containing protein identified using bradford reagent (Bio-Rad). The concentration of actin across these factions was calculated spectroscopically at 290 nm to account for the presence of ATP. The peak faction of actin and those factions that eluted post-peak faction were then stored at 4 °C for up to 3 weeks.

[bookmark: _Toc494222695]2.2.8 Labelling muscle actin with N-(1-pyrene)iodoacetamide

Pre-peak factions from a fresh G-actin prep were combined, diluted to 1 mg/ml with G-buffer and then dialysed against G-buffer (-DTT) for 48 h at 4 °C with at least 6 buffer changes. This was induced to polymerise by the addition of 100 mM KCl, and 2 mM MgCl2 with stirring at room temperature for at least 20 min. Pyrene was diluted in DMF and added to F-actin mix while stirring at a 10:1 molar ratio pyrene:actin. Stirring continued overnight at 4 °C in the dark. This was then dialysed against G-buffer (+DTT) at least three buffer changes over a few hours at 4 °C before excess pyrene aggregation was removed by low speed centrifugation (3,000 g, 5 min). Actin was then induced to polymerise by addition of 100 mM KCl, and 2 mM MgCl2 with stirring at room temperature for at least 20 min. F-actin was pelleted by centrifugation at 40,000 g for 1 h at 4 °C (Beckman Coulter OptimaMax 130K, MLA80 rotor). The supernatant was discarded and the pellet of F-actin resuspended in G-buffer (+DTT) to approximately 5 mg/ml with a glass-teflon homogeniser. This suspension was transferred to dialysis tubing pre-equilibrated with G-buffer and dialysed against G-buffer at 4 °C for 48 h, with at least six buffer changes. The depolymerised actin was then centrifuged at 40,000 g (Beckman Coulter OptimaMax 130K, MLA80 rotor) for 2 h at 4 °C and loaded on a foil wrapped Sephacryl S300 gel filtration column (Amersham XK26) that was pre-equilibrated with G-Buffer. 1 ml factions were collected and those containing protein identified using bradford reagent (Bio-Rad). Pyrene assays were then performed using pyrene actin from the different post-peak fractions. Those that gave good signal were combined and aliquoted into 30 µl aliquots, flash frozen in liquid nitrogen and stored at -80 °C. Concentration was determined by gel electrophoresis as discussed previously.

[bookmark: _Toc494222696]2.2.9 Buffer exchange:

The protein to be buffer exchanged was thawed on ice. Meanwhile a PD Minitrap G-25 column (GE Healthcare) was equilibrated with 3 x 3 ml of Gbuffer. up to 500 µl of sample was then allowed to flow into the column and eluted by addition of 600 µl of Gbuffer. Buffer exchanged protein was aliquoted and stored at -20 °C. 
[bookmark: _Toc494222697]2.2.10 SDS PAGE protein separation:

SDS PAGE was carried out in Bio Rad mini protean tetra system. Depending on the molecular weight of the protein of interest, 10 ml resolving gels of 10 or 15% were prepared to the following recipe:



	
	10%
	15%
	Stacking gel (5 ml)

	30% Acrylamide 0.8% Bis-acrylamide (37.5:1)
	3.35 ml
	5 ml
	0.8 ml

	Resolving Buffer (1.5 M Tris-HCL pH8.8, 0.4% SDS)
	3.75 ml
	3.75 ml
	0.6 ml (stacking buffer)

	Sterile dH20
	2.85 ml
	1.2 ml
	3.5 ml

	10% Ammonium persulphate (APS)
	100 µl
	100 µl
	50 µl

	TEMED
	5 µl
	5 µl
	15 µl



TEMED and APS were added last to induce polymerisation and roughly 5 ml resolving mix was poured into plates. Water saturated butanol was added and resolving gel left to set (~30 min). After the setting water-saturated butanol was poured of and stacking buffer was added to set around a 15 well 1 mm comb.

Samples were incubated in 1x SDS page buffer before being loaded into the appropriate well, alongside a protein ladder (Thermo Scientific) and run at 100 V through stacking layer. Voltage was then increased to 150 V as the sample ran into the resolving layer. Gel was run until the dye front reached the bottom of the gel.

[bookmark: _Toc494222698]2.2.11 Visualising proteins on polyacrylamide gel

Gels were incubated for 20 min on a rocker with Coumassie stain (80 mg/L coumassie brilliant blue 30% methylated spirit 10% ascetic acid). Gels were rinsed twice in distilled water before being incubated in destain (30% methanol, 10% ascetic acid) with buffer changes until the gel was clear. Gels were imaged on a Gel documentation system (Bio Rad).

[bookmark: _Toc494222699]2.2.12 Protein concentration calculation

2.2.12.1 Calculation of protein concentration by spectroscopy

Absorbance of a sample was taken at 280 nM in a spectrophotometer (Jenway 7315) and used to calculate the concentration of protein in a sample using the following equation:

A = ε c l

Where,
A – the absorbance of the sample at 280 nm
ε -   the extinction coefficient for the protein of interest
c -   the concentration of protein (moles/litre)
l -    length of the path of light (in cm)
The concentration of Actin was calculated at 290 nm due to the presence of ATP which absorbs at 280 nm, but not 290 nm.

2.2.12.2 Calculation of protein concentration by densitometry

Concentrations were estimated from SDS page gels by comparing band of interest to a calibration curve made from known concentrations of actin loaded on the same gel. This was performed on the software provided with the gel documentation system (Bio Rad).


[bookmark: _Toc494222700]2.2.13 Peptides

Peptides were synthesised to >98% purity by Peptide Synthetics. Sequence of peptides used in this study shown below.

AAPPPPPAFLTQQPQSGGAPAPPPPPQM Las17 PP aa501-528
AAPPPAAAFLTQQPQSGGAPAPPPAAQM Las17 PP aa501-528 PPPP 506,507,525,526AAAA
ETTGDAGRDALLASIRGAGGIGALRKVDK Las17 aa541-569
ETTGDAGRDALLAS*IRGAGGIGALRKVDK Las17 aa541-569 Phosphogroup at S554
ETT*GDAGRDALLASIRGAGGIGALRKVDK Las17 aa541-569 Phosphogroup at T543
ETTGDAGRDALLAAIRGAGGIGALRKVDK Las17 aa541-569 S554A
PSGGWATLLESIRQAGGIGKAKLRSMKER WASH aa358-387 
PSGGWATLLES*IRQAGGIGKAKLRSMKER WASH aa358-387 Phosphogroup at S368

[bookmark: _Toc494222701]2.3 Biochemical assays

[bookmark: _Toc494222702]2.3.1 Pyrene polymerisation assay


The fluorescence of a pyrene labelled actin monomer increases 7-10-fold upon inclusion into a filament. By introducing a certain concentration of pyrene labelled actin monomers, the polymerisation of a sample of G-actin can be followed by the change in the fluorescence of the sample over time. This technique has been used for many years to study the effects of different polymerisation conditions, and different actin binding proteins, on actin polymerisation (Cooper, Walker and Pollard, 1983).

As discussed in section 1.4, in the presence of a sufficient concentration of actin monomers and in the absence of filament capping, a preformed actin filament will extend readily. To generate a filament de novo however requires the formation of unstable and short-lived intermediates. This is observed in a pyrene assay as a ‘lag phase’ before polymerisation can be observed (fig 2.1.B). An actin nucleator that promotes the formation of or stabilises these short-lived intermediates would be expected to reduce the length of this lag phase. The relative length of the lag phase has therefore been used throughout this work as an indicator of filament nucleation activity.

As the concentration of barbed ends increases, filament elongation accounts for an increasing proportion of the total polymerisation in the assay. The lag phase is followed by linear increase in fluorescence over time known as the ‘extension phase’ (fig2.1). During this phase of the assay the increase in fluorescence can be assumed to be due to a constant concentration of barbed ends extending at a rate defined by the affinity of an actin monomer for a barbed end. The gradient of the curve during this extension phase has been used throughout this work as a measure of the bulk actin polymerisation rate. A change in this rate may be due to the presence of a higher concentration of barbed ends (due to either filament nucleation/ severing activity) or a direct effect on the rate of elongation of individual filaments. Therefore, in the right conditions the Arp2/3 complex (a filament nucleator), cofilin (a filament severer) and formins (filament elongators) can all increase this rate by very different mechanisms.

Assays were performed in 370 µl in 96 well plates (Greiner Bio One). Unless stated otherwise 3 µM rabbit muscle actin with 5% was pyrene labeled actin was induced to polymerise by the addition of salt (0.5 x KME: 25 mM KCL, 0.5 mM MgCl2, 0.5 mM EGTA, 5 mM Tris-HCl [pH 8.0]). Additional proteins (las17/ Arp2/3) were added at the same time as polymerisation was induced. Unless stated otherwise las17 was added to a final concentration of 0.3 µM and Arp2/3 (cytoskeleton inc.) to 5 nM. Polymerisation was observed in a Cary Eclipse fluorimeter (emission 364 nm, slit 10 nm round; excitation 385 nm, slit 20 nm). Fluorescence intensity is presented in arbitrary units.

2.3.1.1 Quantification

Rates were calculated by taking the gradient of the line during the linear portion of the trace (fig 2.1). These were then normalised relative to an actin only control from the same experiment and the relative rates of at least three (unless otherwise stated) repeats compared to give a mean average relative rate. Fold decrease in lag was calculated by dividing the time taken for the actin only control to leave the baseline by the time taken at a different condition (fig 2.1). The fold decrease in the lag phase of at least three (unless otherwise stated) repeats were then compared. Error bars for both methods represent standard deviation. 

The time taken to reach maximum fluorescence was occasionally used to quantify pyrene traces. Maximum fluorescence was defined as the largest fluorescence value in the data set. To distinguish between small fluctuations after a general maximum was reached, this value was rounded down to the closest whole integer. The first time that this value was reached in an assay was taken as the time to reach maximum fluorescence. These times were then normalised relative to an actin only control from the same experiment.

Significant difference was determined using a One-way Anova followed by a Tukey multiple comparison test in Graphpad prism. 

Significance indicated as follows:
* P value <0.0332
** P value <0.0021
*** P value <0.0002
**** P value <0.0001


Length of lag phase determined 
by time taken to leave baseline.
Fig 2.1 Diagrams to illustrate quantification of pyrene traces. (A) Illustrating the region of the trace within which the rate of polymerisation was calculated. (B) Demonstrating how the lag phase was determined. Fold decrease in the lag calculated by dividing length of lag phase (in minutes) of actin only trace (black) by length of lag phase (in minutes) in the presence of Las17 (red).
B.
A.


In a pyrene assay, actin polymerisation is induced by the addition of salt. For a given concentration of actin it is possible to calculate the fraction of actin that will be incorporated into a filament at steady state. Since the rate of extension of a single filament depends upon the concentration of actin and the affinity of an actin monomer for a filament, it is possible to calculate an estimation of the concentration of barbed ends in a pyrene assay from the slope of the curve during the ‘elongation phase’ of the assay (Fig 2.1). This can be used to quantify the effect of different filament nucleators/ severers on actin polymerisation (Doolittle, Rosen and Padrick, 2013). However, this quantification assumes that all of the filaments grow at the diffusion limited rate defined by the affinity of an actin monomer for a barbed end. Since it was considered possible that Las17 may alter this rate one way or another, and that different fragments may have different effects on the rate of filament elongation, this analysis was not employed in this study.


[bookmark: _Toc494222703]2.3.2 Microscale Thermophoresis

Microscale thermophoresis (MST) has been used throughout this study to investigate the interaction of actin and Las17. MST follows the movement of a fluorescently labelled molecule away from a site of heating. In a typical MST experiment, the fluorescence of the labelled molecule of interest is followed at a point within a glass capillary. A laser then induces rapid heating at this site leading to the formation of a temperature gradient within the capillary. The concentration of the labelled molecule changes at this point, usually due to diffusion away from the point of heating (Duhr and Braun, 2006). Fluorescence is followed throughout the establishment this new equilibrium. The movement of the fluorescently labelled protein is dependent upon the hydration shell of the molecule and is sensitive to a change in size, shape or charge. The movement of the labelled molecule therefore changes upon interaction with a ligand. 

By keeping the concentration of labelled molecule constant across a series of capillaries, but titrating in an increasing concentration of a proposed ligand, the strength of an interaction can be investigated. The ratio of the initial fluorescence and the fluorescence after heating gives the term ‘Fnorm’. This relates to the movement of the labelled molecule away from the site of heating. By plotting Fnorm against concentration of ligand a Kd for the interaction can be determined (fig 2.2).

[image: ]Fig 2.2   Diagram demonstrating the interpretation of the results of a microscale thermophoresis binding assay. (A) Fluorescence read out over time from a typical MST experiment. Each trace represents one capillary of 16, each containing the same concentration of labelled actin and a varying concentration of ligand. The ratio of fluorescence before and fluorescence after heating gives the term ‘Fnorm’. (B) By plotting ‘Fnorm’ against ligand concentration, the 100% bound and unbound values of ‘Fnorm’ can be estimated and used to calculate a Kd.



Rabbit muscle actin in (G-buffer minus DTT) was labelled using Monolith NTTM Protein Labelling Kit RED-Malemide (NanoTemper Technologies, Munich, Germany) according to manufacturers instruction. Las17 was prepared as a two-fold serial dilution and an equal volume of labelled actin was added to each reaction (Final buffer conditions: G-buffer + 0.05% Tween). Each reaction was then loaded into Monolith NT.115 Premium Treated Capillaries (NanoTemper Technologies) and thermophoresis was measured in a Monolith NT.115 Microscale Thermophoresis device (NanoTemper Technologies). Thermophoresis was measured at 20% red LED power and 40% IR laser power at 22 ºC. Fnorm was calculated from the ratio of fluorescence before heating and after the new equilibrium had been reached. Fnorm was then plotted against Las17 concentration to give the Las17 dependent change in thermophoresis. This was described by the ‘Kd fit’ model on the provided software to give Kds for actin binding to various Las17 fragments unless otherwise stated.


[bookmark: _Toc494222704]2.3.3 Total Internal Reflection Fluorescence Microscopy

Total Internal Reflection Fluorescence Microscopy (TIRFm) was performed using a method modified from (Amann and Pollard, 2001). Cover slips (Deckgläser) were cleaned in 1 M HCl for at least 4 hours at 60C. Cleaned coverslips were then coated with mPEG-silane MW 2000 (Layssan Bio) in a 1 mg/ml solution in 80% ETOH pH 2 at 60 C for at least 12 h. Coated coverslips were rinsed with ddH2O and dried gently before flow chamber assembly. Flow chambers were assembled by mounting cleaned, coated and dried coverslips on a microscope slide using two thin strips of double sided sticky tape. This created a small chamber through which sample could be flowed. These chambers were preincubated with 20% fish gelatin for 20 min before being washed through with 10 mg/ml BSA. 

The reaction was initiated by adding G-actin (final concentration 1 µM, 20% Alexa 488 labelled (Thermo Fischer)) in 2x G-buffer to an equal volume of 1 x TIRF buffer (final concentration 1/2 KME) (20 mM imidazole pH 7.4, 50 mM KCl, 1 mM MgCl, 1 mM EGTA, 50 mM DTT, 0.2 mM ATP 15 mM glucose, 2.5 mg/ml methylcellulose (Sigma), 20 µg/ml catalase (Calbiochem), 100 mg/ml glucose-oxidase (sigma)). Once the reaction was initiated the sample was flushed into the flow chamber and polymerisation observed on a Nikon eclipse Ti inverted microscope, set up for TIRF illumination. Images were captured on a iXon ultra EMCCD camera (Andor). Experiments to determine the number or length of filaments after a certain amount of time were initiated at T=0 added to flow chamber and then visualised at the appropriate time (T=5, T=10 etc). Number of pictures taken in quick succession at random points across the coverslip.

Thanks to the help and support from the team at the Wolfson Light Microscopy Facility, particularly Darren Robinson.

2.3.3.1 Quantification

Number and length of filaments at an individual condition were determined by drawing along each filament within an image using the draw free hand line tool in Fiji. The mean length of filaments as well as the average number of filaments per image were then made relative to the results of an actin only control performed in the same session. At least three repeats were compared to give an average.

[bookmark: _Toc494222705]

2.3.4 Fluorescence microscopy

Fluorescence microscopy was performed on an Olympus IX-81 inverted microscope with an 100x oil objective. Filaments were visualised as previously described (Urbanek et al., 2013). Briefly, a reaction mix of 3 μM rabbit muscle actin with 0.4 μM Alexa 488 labelled actin (Thermo Fischer) (± 0.3 μM of Las17) was induced to polymerise by the addition of salt (final concentration = 1 x KME). 30 minutes after the reaction was started a 30 X dilution was performed in F-buffer plus 10% glycerol and filaments were immediately visualized. Filaments were measured and counted using ImageJ as described above.



[bookmark: _Toc494222706]2.4 Buffers
PBS 0.8% NaCl, 0.02% KCl, 0.144% Na2HPO4 pH 7.4 using HCl
G-buffer 0.2 mM CaCl2, 2 mM Tris/HCl, 0.5 mM DTT 0.2 mM ATP pH 8.0
10 x KME 500 mM KCL, 10 mM MgCl2, 10 mM EGTA, 100mM Tris-HCl pH 8.0
2 x YT 1% Yeast Extract (Difco), 1.6% Bacto Tryptone (Difco), 0.5% NaCl
High salt cleavage buffer 50mM Tris-HCL pH7.0, 300mM NaCl, 1 mM EDTA, 1mM DTT
Low salt cleavage buffer 50mM Tris-HCL pH 7.0, 150mM NaCl, 1 mM EDTA, 1mM DTT
Elution buffer 10mM reduced glutathione 50mM tris pH8
Stacking Gel Buffer 0.5M Tris-HCL pH 6.8, 0.4% SDS
Resolving Gel Buffer 1.5 M Tris-HCL pH8.8, 0.4% SDS
1 x SDS page buffer 25 mM Tris-HCL, 250 mM Glycine, 0.1% SDS pH 8.6
1 x Loading buffer 50 mM Tris-HCl; pH 6.8, 2% SDS, 10% Glycerol, 1% b-Mercaptoethanol, 12.5 mM EDTA, 0.02 % Bromophenol Blue
TAE buffer 40 mM Tris, 20 mM acetic acid, and 1 mM EDTA pH 8.3
TE buffer 10 mM Tris HCl pH 8, 1 mM EDTA
1 x DNA gel loading buffer (New England BioLabs) 2.5% Ficoll®-400, 11 mM EDTA, 3.3 mM Tris-HCl, 0.017% SDS, 0.15% Orange G, pH 8.0
TIRF buffer 20 mM imidazole pH 7.4, 25 mM KCl, 0.5 mM MgCl, 0.5 mM EGTA, 50 mM DTT, 0.2 mM ATP 15 mM glucose, 2.5 mg/ml methylcellulose (Sigma), 20 µg/ml catalase (Calbiochem), 100 mg/ml glucose-oxidase (sigma)



[bookmark: _Toc494222707]2.5 Plasmid list
	Plasmid
	pKA Reference
	Origin

	pGEX6P-1
	417
	

	pGEX6P-1 Las17 aa180-633aa
	1061
	AU

	pGEX6P-1 Las17 aa300-422
	566
	RC

	pGEX6P-1 Las17 aa300-422 RR349,350AA
	1189
	JT

	pGEX6P-1 Las17 aa300-422 RR382,383AA
	1190
	JT

	pGEX6P-1 Las17 aa300-422 RRRR349,350,382,383AAAA
	1191
	JT

	pGEX6P-1 Las17 aa300-536
	670
	RC

	pGEX6P-1 Las17 aa300-633
	671
	JT

	pGEX6P-1 Las17 aa300-633 RR349,350AA
	1045
	SH

	pGEX6P-1 Las17 aa300-633 RR382,383AA
	1173
	JT

	pGEX6P-1 Las17 aa300-633 RRRR349,350,382,383AAAA
	1174
	JT

	pGEX6P-1 Las17 aa300-633 I555D
	831
	AS

	pGEX6P-1 Las17 aa300-633 S554D
	1098
	LA

	pGEX6P-1 Las17 aa300-633 S554A
	1097
	LA

	pGEX6P-1 Las17 aa300-633 T543D
	
	JT

	pGEX6P-1 Las17 aa414-633 
	1186
	JT

	pGEX6P-1 Las17 aa460-633 
	1080
	JT

	pGEX6P-1 Las17 aa490-633 
	1079
	JT

	pGEX6P-1 Las17 aa529-633
	1013
	LA

	pGEX6P-1 Las17 aa529-633 I555D
	1138
	EGA

	Full length
	1035
	Santiago

	pGEX6p1 + WASp aa300-430
	684
	RC

	pGEX6P-1 Las17 aa300-633 HR359,360AA
	1198
	JT

	pGEX6P-1 Las17 aa300-633 PPPP506,507,526,527AAAA
	1188
	JT

	pGEX6P-1 Precision protease
	672
	

	SLA1 SH31
	928
	Cesareni








[bookmark: _Toc494222708]3. The minimal region and essential motifs required for the Arp2/3-independent nucleation activity of Las17.
[bookmark: _Toc494222709]3.1 Introduction

Previous work in the lab demonstrated that the polyproline region of Las17 can promote actin filament formation in the absence of the Arp2/3 complex (Urbanek et al., 2013). The sequence elements required for this activity as well as the mechanism by which Las17 promotes actin polymerisation however, remain unclear. A better understanding of the underlying mechanism could improve our interpretation of potential functions in vivo and may highlight routes by which Las17 is regulated. The identification of novel actin binding motifs may have important implications for our understanding of the activities of a broad range of actin-binding proteins both in yeast and more generally.

The fragment of Las17 studied in Urbanek et al 2013 does not contain any previously defined actin binding motifs. In a pyrene assay it both increased the rate of total polymerisation and reduced the time taken before polymerisation was observed. A reduction in the ‘lag’ phase of polymerisation has been interpreted as a sign of filament nucleation (e.g. (Wagner et al., 2013)). Yeast two-hybrid experiments identified actin-binding activity throughout the fragment including within the C-terminal of the polyproline region. A short peptide containing the two most C-terminal proline tracts from this region was shown to promote actin polymerisation. This fragment had no effect on the lag phase however, suggesting that other regions within the polyproline fragment are important for this activity. 

Regions outside of the polyproline fragment used by Urbanek et al 2013 may also contribute to this Arp2/3 independent activity of Las17. The WCA domain of Las17 is immediately C-terminal to the polyproline fragment used and contains a WH2 motif. WH2 motifs are well characterized G actin binding sites important for the activity of many actin nucleators (Dominguez, 2016). It is an important outstanding question as to whether the WCA domain can promote filament formation in the absence of the Arp2/3 complex. Additionally, the polyproline region of Las17 extends beyond the fragment used in the Urbanek study. By identifying the different regions involved it was hoped that key motifs required for this activity would be identified.


[image: ]


[bookmark: _Toc494222710]3.2 Results

[bookmark: _Toc494222711]3.2.1 Does the WCA domain influence Las17 mediated, Arp2/3 independent, actin polymerisation?

To test whether the WCA domain can contribute to the Arp2/3-independent effect of Las17, a construct was generated which contained both the polyproline region and the WCA domain, termed the PPWCA. The PPWCA peptide was expressed in E. coli, purified and its effect on actin polymerisation determined in a pyrene assay. For comparison, the polyproline region (PP) and the WCA domain (WCA) alone were also tested. 

[image: ]
Fig 3.2. The WCA domain contributes positively to the Arp2/3 independent activity of Las17. (A) 3 µM actin induced to polymerise alone (black) or in the presence of 0.3 µM truncations of Las17: PP aa300-536 (yellow) PPWCA aa300-633 (orange) WCA aa536-633 (green) Representative trace of n=>3 repeats (B) First 30 minutes of pyrene assay from (A). (C) Fold decrease in the lag phase before polymerisation can be observed.


Actin alone (black) polymerised slowly and the WCA domain alone (green) had no effect on this. As previously reported (Urbanek et al., 2013), the polyproline region (yellow) of Las17 reduced the time taken before polymerisation was observed and promoted polymerisation. The PPWCA fragment (orange) had a greater effect on polymerisation than the PP fragment at later time points but did not decrease the lag-phase to the same extent (fig. 3.2.C). The WCA domain can therefore promote actin polymerisation, but not appear to contribute to filament nucleation.

[bookmark: _Toc494222712]3.2.2 The effect of Full Length Las17 on Actin Polymerisation

In order to examine the effect of full-length Las17 on actin polymerisation in the presence and absence of the Arp2/3 complex, attempts were made to purify full length Las17 from E. coli. Other fragments of Las17 used in this study had been expressed recombinantly in E. coli and purified but this was not possible for the full-length protein. Instead a myc-tagged construct was expressed in yeast and purified. This construct was tested for activity in a pyrene assay.

[image: ]
Fig 3.3. Full-length Las17 has a greater effect in a pyrene assay than the shorter PPWCA fragment (A) 3 µM actin induced to polymerise alone (black) or in the presence of 0.3 µM truncations of Las17: PPWCA aa300-633 (orange) and the full-length protein (blue). Representative trace of n=3 repeats (B) Relative initial rate of actin polymerisation. (C) Fold decrease in the lag phase before polymerisation can be observed.


Actin only, and actin in the presence of the PPWCA fragment, polymerised as expected. Full-length Las17 reduced the time taken before polymerisation was observed to the same extent as the PPWCA control. Additionally, it promoted rapid actin polymerisation relative to the positive control. This demonstrates that regions outside of the PPWCA can contribute to the Arp2/3-independent activity of Las17 but they do not further reduce the time taken before polymerisation is observed, suggesting they do not influence de novo filament nucleation. 

[bookmark: _Toc494222713]3.2.3 Does the N-terminal of the polyproline region contribute to this additional activity?

The full polyproline region of Las17 starts 120 residues before the PP fragment tested in Urbanek et al 2013. To determine whether this extended polyproline region could be responsible for the extra activity observed in fig 3.3, a new fragment (180-633) was expressed in E. coli, purified and tested for activity in a pyrene assay. It was hypothesised that the additional proline motifs in this region may account for the additional effect of the full-length protein on actin polymerisation.
[image: ]
Fig 3.4. Residues 180-300 do not contribute to the Arp2/3-independent activity of Las17(A) 3 µM actin induced to polymerise alone (black) or in the presence of with 0.3 µM truncations of Las17: PPWCA aa300-633 (orange) and 180-633 (red). Representative trace of n=>3 repeats (B) Relative initial rate of actin polymerisation. (C) Fold decrease in the lag phase before polymerisation can be observed.


Actin only, and actin in the presence of the PPWCA positive control, polymerised as expected. The 180-633 fragment reduced the time before polymerisation was observed and increased the rate of polymerisation relative to the actin only control to the same extent as the shorter PPWCA fragment. This shows that the additional activity of the full-length protein is not due to the N-terminal portion of the polyproline region. The region aa1-180 must therefore be responsible for this additional activity.

[bookmark: _Toc494222714]3.2.4 Are the C-terminal proline tracts together with the WCA domain sufficient for Arp2/3 independent activity of Las17?

Since the polyproline fragment used previously (Urbanek et al., 2013) was sufficient to explain all of the effect of Las17 on the lag phase in a pyrene assay (fig.3.2), it must contain the key motifs necessary for this activity. To determine the essential element within the polyproline region for the Arp2/3 independent activity of Las17, truncations were generated which included increasing numbers of the C terminal proline tracts. These constructs were expressed in E. coli, purified and the effect of these fragments on actin polymerisation was tested in a pyrene assay. These fragments were compared to a longer length of Las17 which contained both the polyproline region and the WCA domain, the PPWCA.

[image: ]
Fig 3.5. The C-terminal proline tracts are insufficient for the Arp2/3-independent activity of Las17. (A) 3 µM actin induced to polymerise alone (black) or in the presence of 0.3 µM truncations of Las17: PPWCA aa300-633 (orange) aa490-633 (blue) aa460-633 (green) aa414-633 (yellow). Representative trace of n=>3 repeats. (B Relative initial rate of actin polymerisation. (C) Fold decrease in the lag phase before polymerisation can be observed. 


As shown in fig 3.5, actin alone (black line) polymerised as expected. In the presence of the PPWCA fragment the rate of total polymerisation was increased and lag decreased. In contrast, none of the shorter fragments had a positiveany clear effect relative to the actin only control. These results show that residues within the N terminal half of the polyproline region are necessary for the Arp2/3-independent activity of Las17.

[bookmark: _Toc494222715]3.2.5 What effect does the region 300-422 have on actin polymerisation?

Since the C terminal (aa414-633, fig 3.5) of the polyproline region of Las17 was insufficient to promote actin polymerisation in the absence of the Arp2/3 complex, it was clear that the region aa300-414 must be necessary for this Las17 activity. To test whether the region was sufficient to promote actin nucleation on its own, a short fragment of Las17 (aa300-422) was generated and tested for activity in a pyrene assay. The activity of this fragment was compared to that of the longer polyproline fragments tested in Urbanek et al 2013.

[image: ]
 Fig 3.6. The N-terminal of the polyproline region is sufficient for the Arp2/3 independent reduction of the lag phase in the presence of Las17. (A) 3 µM actin induced to polymerise alone (black) or in the presence of 0.3 µM truncations of Las17: PP aa300-536 (orange) aa300-422 (red). Representative trace of n=>3 repeats. (B) First 30 minutes of pyrene assay from fig 3.4.A. (C) Fold decrease in the lag phase before polymerisation can be observed. 


As shown in fig 3.6, the actin only control (black line) polymerised as expected. The PP fragment (orange line) reduced the time taken before polymerisation was observed and increased the rate of total polymerisation. The short aa300-422 fragment reduced the time taken before polymerisation was observed to a similar extent. This region is therefore sufficient to explain the effect of Las17 on the lag phase of a pyrene assay in the absence of the Arp2/3 complex. 

The aa300-422 fragment has a complicated effect in a pyrene assay. After reducing the lag period, the initial increase in total polymerisation is slow relative even to the actin only control. After roughly 50 minutes this rate changes markedly and very rapid polymerisation is observed. This not easy to explain using a bulk assay alone and was described and further investigated in chapter 5. 

[bookmark: _Toc494222716]3.2.6 Does the N-terminal of the polyproline region promote de novo filament formation?

To confirm that the reduction in the lag phase observed in a pyrene assay really does correlate with an increase in filament formation, TIRF microscopy was used to allow for the direct visualisation of individual filaments. Rabbit muscle actin spiked with fluorescently labeled monomer was induced to polymerise by the addition of salt in the presence or absence of different fragments of Las17. 

[image: ]
Fig 3.7. The aa300-422 fragment is sufficient to promote filament nucleation. Number of filaments observed after 10 minutes, relative to actin only control (black), in the presence of aa300-422 (1.63 ± 0.25, red) or 300-536 (1.43 ± 0.39, orange) n=3.





In the presence of the aa300-422 fragment, 1.6-fold more filaments are observed than when actin polymerised on its own. As expected this fragment is sufficient to explain all of the additional filaments that form in the presence of the larger polyproline fragment, confirming that this is the minimal region required for the Arp2/3-independent filament nucleation activity of Las17. It is clear that this region of the protein is of fundamental importance in the activity of Las17 and it was therefore decided to look more closely within this region to determine the key sequence elements.

[bookmark: _Toc494222717]3.2.7 What sequence elements within the region 300-422 are important for the nucleation activity of Las17?

To promote actin filament formation this fragment must be able to bind to actin. The region aa300-422 contains four proline tracts, each of which is flanked by arginine residues. In earlier studies into the effect of SH3-domain binding it was noticed that disrupting an SH3 binding site by mutating a pair of arginine residues (PWCA RR349,350AA) next to two of these proline tracts disrupted the Arp2/3-independent activity of Las17, even in the absence of SH3 domains (EGA, KRA lab, unpublished). It was therefore proposed that these proline tracts, and the residues that flank them, may be important for the Arp2/3 independent activity of Las17. As this work was being performed, Feliciano et al published a paper showing that two pairs of arginines were important for Arp2/3 activation by Las17 (Feliciano et al., 2015). As these sites were included in our fragment, and included the arginine already mutated, we decided to investigate the effect of these mutations further in our system.


aa338 GVRLPAPPPPPRRGPAPPPPPHRHV (Site A RR:349,350)
aa371 GGNSLLPQATGRRGPAPPPPPRASR (Site B RR:382,383)
Fig 3.8 Schematic of position of aa300-422 within full-length Las17, with arginine pairs highlighted. Sequence adjacent to each pair highlighted below. 

                                 

To determine whether these arginine pairs contribute to the Arp2/3 independent activity of Las17 each pair was disrupted by mutation to alanines, either separately or together. The pairs can also be referred to as site A (RR349,350) and site B (RR382,283). These constructs were expressed in E. coli, purified and then tested for activity in a pyrene polymerisation assay.
[image: ]
Fig 3.9. The arginine pairs RR349,350 and RR382,383 contribute to the Arp2/3 independent activity of Las17 (A) 3 µM actin induced to polymerise alone (black) or in the presence of 0.3 µM fargments of Las17: PPWCA aa300-633 (orange) PPWCA aa300-633 RR349,350AA (yellow) PPWCA aa300-633 RR382,383AA (green) PPWCA aa300-633 RRRR349,350,382,383AAAA (blue) Representative trace of n=>3 repeats. (B) Relative initial rate of actin polymerisation. (C) Fold decrease in the lag phase before polymerisation can be observed. 


The actin only control (black line) polymerised as expected. The wildtype PPWCA fragment (orange line) increased the rate of total actin polymerisation and decreased the time before polymerisation was observed. The quadruple mutant (blue line) had a smaller effect on the rate of total polymerisation relative to the wildtype and did not reduce the time before polymerisation was observed. The two double mutants (yellow line, green line) had intermediate effects, increasing the lag phase and reducing the rate of total polymerisation relative to the wildtype control but to a lesser extent than the quadruple mutant. The arginine pairs are therefore important for the Arp2/3-independent activity of Las17 as well as for the Arp2/3-dependent activity shown by Feliciano and colleagues (Feliciano et al., 2015). 

[bookmark: _Toc494222718]3.2.8 G-actin binding in the N-terminal of the polyproline region

3.2.8.1 To what extent do the two pairs of arginines contribute to binding?

Feliciano et al confirmed that this region of Las17 can bind to actin and that mutating both arginine pairs ablates this interaction. Wildtype binding was demonstrated in a fluorescence anisotropy binding assay whereas the effect of mutation was investigated in a potentially less sensitive pull-down experiment. To further investigate G-actin binding in this region a microscale thermophoresis binding assay was performed. Purified rabbit muscle actin was covalently labelled using a labelling kit from nanotemper technologies. The concentration of this labelled actin was kept constant across a series of capillaries whilst the concentration of Las17 aa300-422 wild type and RRRR349,350,382,383AAAA was varied. 

 Fig 3.10. Binding of the aa300-422 fragment of Las17 to actin is weakened but not ablated by the RRRR349,350,382,383AAAA mutation. Actin (150 nM) incubated with a varying concentration of Las17 aa300-422 fragment: wt (response amplitude= 23.3, orange), or RRRR349,350,382,383AAAA (response amplitude=12.1, blue).


The wildtype aa300-422 fragment showed tight G-actin binding that was reduced by the quadruple mutation. Though binding was reduced, it was not abolished suggesting that, although the two arginine pairs contribute to G actin binding, residual binding remains in the fragment. Interestingly there was a greater (almost double) amplitude of response for the wild-type than for the mutant. This suggests that other factors than just the strength of G actin binding change when the four arginines are mutated.

3.2.8.2 What causes the differences in the amplitude of response?

To determine whether the change in the amplitude of response may be linked to actin polymerisation, the previous MST experiment was repeated at a three-fold lower actin concentration (50 nM). Since nucleation is heavily dependent upon monomer concentration, this concentration of actin should be too low to support filament formation. 

Fig 3.11. Binding of the aa300-422 fragment of Las17 to actin is weakened but not ablated by the RRRR349,350,382,383AAAA mutation, lower actin concentration removes large variation in amplitude of response. Actin (50 nM) incubated with a varying concentration of Las17 aa300-422 fragment: wt (Kd=9.6 nM ± 4.5 nM, response amplitude=13.6, orange), or RRRR349,350,382,383AAAA (Kd=95 nM ± 13.5 nM response amplitude=12.1, blue).


At these lower actin concentrations, the two-fold increase in the amplitude of response was no longer observed for the wild-type fragment of Las17. Both fragments produce the same amplitude of response and we can assume that the same process is being observed and that the Kds calculated will be comparable. The wildtype aa300-422 fragment bound to actin with a Kd of 9.6 nM ± 4.5 nM, a far tighter interaction than binding detected by Feliciano and colleagues (Feliciano et al., 2015). The aa300-422 fragment with the quadruple mutation bound to actin with a Kd of 95 nM ± 13.5 nM, a 10-fold weaker interaction than that observed for the wildtype fragment.

To test more directly whether this response was polymerisation dependent, MST experiments were repeated at the relatively high actin concentration of 150 nM in the presence of an excess of latrunculin A. Latrunculin A is a natural toxin which binds to G-actin and blocks polymerisation (Coue et al., 1987). 


Fig 3.12. Binding of the aa300-422 fragment of Las17 to actin is weakened but not ablated by the RRRR349,350,382,383AAAA mutation, latrunculin A removes large variation in amplitude of response. Actin (150 nM) incubated with a varying concentration of Las17 aa300-422 fragment: wt (EC50=29.2 nM ± 4.3 nM, response amplitude=16.7, orange), or RRRR349,350,382,383AAAA (EC50=102.6 nM ± 14 nM response amplitude=14, blue).

Again, the large variation in the amplitude of response is no longer observed. This strongly suggests that it is dependent upon actin polymerisation. 

3.2.8.3 To what extent do the individual pairs of arginines contribute to binding?

The two arginine pairs are both adjacent to proline tracts, they are not however equivalent. RR349,350 (site A) is flanked on each side by a proline tract whereas RR382,383 (site B) is flanked by only a single tract (fig 3.8). To investigate whether each site made an equivalent contribution to G-actin binding we repeated MST experiments at the low actin concentration (50 nM) using fragments of Las17 in which each arginine pair had been mutated separately. The strength of binding observed with these double mutants was then compared to that seen for the wild-type or the quadruple mutant fragments. 

Fig 3.13. The two separate RR pairs contribute differently to G-actin binding activity of the aa300-422 fragment. Actin (50 nM) incubated with a varying concentration of Las17 aa300-422 fragment: wt (wt (Kd=9.6 nM ± 4.5 nM, response amplitude=13.6, orange), RRRR349,350,382,383AAAA (Kd=95 nM ± 13.5 nM response amplitude=12.1, blue), RR382,383AA (Kd=7 nM ± 2.8 nM response amplitude=12.8, green), RR349,350AA (Kd=60.1 nM ± 6.1 nM response amplitude=13.3, yellow) .


As expected the wildtype fragment binds actin tightly. Disrupting both site A and site B together (RRRR mutant) weakens this binding this. The RR349,350AA mutation has a similar effect on G-actin binding as disrupting both sites together. The RR382,383AA mutation appears to have no effect on the strength of binding relative to wild-type. This demonstrates that the two arginine pairs are not equivalent to each other and do not contribute to the same extent to G-actin binding.

 Interestingly, when this experiment was repeated at the higher actin concentration of 150 nM, the increased amplitude of response observed for the wildtype was not seen for either double mutant (fig 3.14). This further suggests that, although both arginine pairs contribute differently to the actin binding activity of the fragment, both are necessary for efficient filament formation.

Fig 3.14. wt aa300-422 fragment leads to large increase in amplitude of response relative to all three mutant fragments. Actin (150 nM) incubated with a varying concentration of Las17 aa300-422 fragment: wt (response amplitude= 23.3, orange), or RRRR349,350,382,383AAAA (response amplitude=12.1, blue) RR382,383AA (response amplitude=14.6, green), RR349,350AA (response amplitude=12.9, yellow).






[bookmark: _Toc494222719]3.3 Discussion

This chapter has focussed on the minimal region of Las17 necessary for the Arp2/3-independent actin filament nucleation activity identified by Urbanek et al 2013. The N-terminal region of the polyproline fragment used in that study has been identified as the minimal component for the reduction in the lag-phase observed in a pyrene assay. Actin-binding activity within this region has been further characterised and a mechanism by which it may be directly regulated in vivo suggested. The contribution of the C-terminal proline tracts to this activity was explored whilst the WCA domain and the N-terminal WH1 domain have been shown to further influence actin polymerisation dynamics in vitro.

[bookmark: _Toc494222720]3.3.1 The WCA domain promotes polymerisation, but not nucleation.

The WCA domain of Las17 contains a WH2 motif and is required for the activation of the Arp2/3 complex. WH2 motifs are abundant actin binding sequences found in a wide array of actin binding proteins many of which promote filament formation. It was therefore predicted that the WCA domain may contribute to filament nucleation by Las17. In contrast however, the WCA domain was shown to inhibit the effect of the polyproline region on the lag phase of a pyrene assay (fig3.2).

The PPWCA fragment had a smaller effect on the lag phase before polymerisation was observed relative to the PP fragment, suggesting that the presence of the WCA domain inhibits filament nucleation by Las17. At later time-points, the PPWCA fragment led to a rapid increase in total actin polymerisation, relative to the PP fragment alone. Together these activities lead to an unusually shaped pyrene trace that may indicate that this fragment has additional effects on actin polymerisation beyond promoting initial filament formation. This idea is investigated further in chapter 4. 





[bookmark: _Toc494222721]3.3.2 The WH1 domain promotes polymerisation, but not nucleation.

The PP and PPWCA fragments used in this study contain 8 of the 9 proline tracts of Las17. These 8 tracts are relatively evenly spaced within the region aa300-536, except for P3 and P4 which are immediately adjacent to one another. It is hypothesised that this even spacing may be important for allowing Las17 to bind to equivalent sites along the length of a filament. Amino acid 300 therefore seemed an appropriate N-terminal limit for studying this portion of the polyproline region. The polyproline region does however extend outside of this region and the first proline tract (P1 aa185-190) is not present in these shorter constructs. The spacing between this tract and the next is much greater than between any of the other 8 tracts. This tract also varies from P2-9 in that consists of 6 rather than 5 consecutive prolines

To examine whether the N-terminal region could contribute to the Arp2/3-independent activity of Las17, a full-length protein was purified from yeast and tested in a pyrene assay (fig3.3). Full length Las17 promoted actin polymerisation to a greater extent than the shorter PPWCA fragment but had no additional effect on the lag phase. Therefore, the N-terminal of Las17 can influence actin polymerisation but does not appear to promote de novo filament formation.

It was initially hypothesised that the extended N-terminal polyproline region may be responsible for this increase in activity. To test this an extended PPWCA construct (aa180-633) was generated and tested for activity in a pyrene assay (fig3.4). No additional activity was observed relative to the PPWCA control, indicating the first proline tract does not positively contribute. Unfortunately attempts to purify PPWCA from yeast to control for potential post-translational modification were unsuccessful. It was therefore concluded that either amino acids 1-180 or post-translational modification of the protein purified from yeast promoted the additional Arp2/3-independent activity of Las17. 

Analysis of the Las17 sequence identified a potential WH2 motif (aa105-120) within the N-terminal region that might be a candidate for the source of the additional activity (fig 3.15). It will be interesting in the future to determine whether the site is able to bind to an actin monomer and to determine whether this activity influences actin polymerisation. If this site is an N-terminal WH2 motif, we would predict that mutating isoleucine 110 to an aspartate would disrupt any binding activity at this site (reasoning discussed in chapter 6). Potential N-terminal WH2 motifs can also be identified in human WAVE 1,2 and 3 although these are more speculative.
Fig 3.15 Alignment of WH2 motifs of a number of WASp family proteins. Potential WH2 motifs from Las17 and WAVE3 included for comparison. 


[bookmark: _Toc494222722]3.3.3 Minimal component and key motifs for Arp2/3 independent activity
Regions outside the polyproline fragment 300-536 have no additional positive effect on the reduction in the lag phase observed in a pyrene assay. Additionally, the C-terminal half of the polyproline region was shown to be insufficient to promote filament formation indicating that the region 300-414 was essential for this activity. A short fragment of Las17 containing this region (aa300-422) was shown to be sufficient to explain this reduction (fig 3.6). This region must therefore be able to interact directly with actin and must contain the key motifs involved in actin filament nucleation. It has been known for some time that the N-terminal of the polyproline region of Las17 is capable of binding to actin (Robertson et al., 2009) and so we set out to identify the key motifs involved in this interaction as well as the mechanism by which this may promote filament formation.
The region of Las17 aa300-422 contains the two arginine pairs identified by Feliciano et al 2015 as being important for G-actin binding and Arp2/3 complex activation by Las17. We were able to show that the same arginine pairs are involved in the Arp2/3-independent activity of Las17 (fig 3.9), highlighting a potential mechanistic link between these two functions that will be examined further in chapter 4. The quadruple mutant does not reduce the lag phase relative to the actin only control supporting the conclusion that this region is the essential component for the Arp2/3-independent activity of Las17. In keeping with the hypothesis that the PPWCA fragment influences actin polymerisation beyond promoting de novo filament formation, the curve shape observed for the wildtype PPWCA fragment in fig 3.2. is still observed in the presence of the RR mutations.

[bookmark: _Toc494222723]3.3.4 Actin binding in the region 300-422
The pairs of arginines identified as necessary for the Arp2/3 dependent and independent activity of Las17 are both adjacent to at least one proline tract. In pull-down experiments, Feliciano and colleagues had demonstrated that mutating both pairs of arginines to glycines completely abolished actin binding at this site. Tracts of prolines form discrete secondary structures which can extend beyond the tract itself. Feliciano et al 2015 demonstrated that disrupting these tracts also reduced G-actin binding in the region. Alanine residues are more readily incorporated into a proline helix than glycine residues (Brown and Zondlo, 2012). By mutating the arginine pairs to glycines it is possible that Feliciano and colleagues may have disrupted a conformation dependent upon the adjacent proline tracts. 
By microscale thermophoresis, we could show that mutating both arginine pairs to alanines weakened G-actin binding but did not abolish it entirely (fig3.13). The difference between the results here and those of Feliciano et al may be explained by the different mutations made and the different conditions used. However, it is unusual that Feliciano and colleagues demonstrated wild-type G-actin binding by fluorescence anisotropy but examined the effect of mutation by pull-down. It is possible that residual binding was not observed in the potentially less sensitive pull-down experiment. Residual binding demonstrates that additional residues in the 300-422 fragment contribute to the interaction with G-actin

[bookmark: _Toc494222724]3.3.5 Do the arginine pairs function as one or as distinct actin binding sites?
MST binding assays showed that the two pairs of arginines make markedly different contributions towards the strength of G-actin binding. The RR382,383AA mutation led to a very small decrease in actin binding relative to the quadruple mutant. In contrast, Mutation of RR349,350 reduced binding to almost the same extent as the quadruple mutant. RR349,350 therefore contributes most of the G-actin binding activity that is lost when both sites are mutated. 

This is interesting considering the pyrene polymerisation assays previously described in which both mutants had relatively similar effects on polymerisation. In fact, though the mutation RR382,383AA had no effect on G actin binding, it appears to have a slightly larger effect than the RR349,350AA mutation on the ability of Las17 to promote actin polymerisation (fig 3.9). RR349,350 is responsible for tight G actin binding with mutation of RR382,283 having little to no effect. Both however are clearly important for Las17 activity. 

It is possible that RR349,350 is responsible for tight G actin binding whilst RR382,383 is important to correctly orientate the monomer to allow nucleation to occur. However, since both sites are similar in sequence it is perhaps hard to imagine both binding a single actin monomer at separate sites. Since we have shown that the wild-type aa300-422 fragment is sufficient to promote actin nucleation on its own it seems likely that it can bind to at least two actin monomers at once. It is tempting therefore to suggest that RR349,359 and RR382,383 contribute to two separate binding sites with different affinities for G actin.



[bookmark: _Toc494222725]3.3.6 Model of Nucleation

Combining the data presented in this chapter, we propose a model in which Las17 binds an actin monomer tightly at site A (fig 3.13). Weak G actin binding at site B then stabilizes the formation of an actin dimer. Tight G actin binding at site A may even promote binding at RR382,383, by increasing the area a second actin monomer could interact with. Investigation of the stoichiometry of this interaction will be important to further test this model. In the future, it will be important to further characterise the binding site to identify fully the contribution of different flanking residues and of the proline tracts themselves. There is an additional proline tract in the aa300-422 fragment (‘C?’ fig 3.16) that is flanked on each side by a single arginine. It will be interesting to determine whether this site also contributes to G-actin binding in the region.
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Fig. 3.16 Schematic of model of filament formation in the presence of Las17 aa300-422. Initial tight binding at RR349,350 is followed by (and potentially promotes) binding at RR382,383 (site B), allowing the formation and stabilisation of an actin dimer or trimer. This can then elongate to form a filament proper. The first proline tract in the region (P2) could potentially contribute to G-actin binding in a similar manner, although this has not yet been tested.


[bookmark: _Toc494222726]3.3.7 Change in the amplitude of response
MST measures the ability of a fluorescently labelled molecule to move away from a site of heating. One Las17 molecule binding to one labelled actin at the same site and in the same way should produce the same amplitude of response. However, a two-fold larger response is observed in the presence of wild-type Las17 relative to the mutant fragments. This larger amplitude of response must be due to a different process being observed. Although the amplitude of response does not necessarily scale linearly with the size of the fluorescent molecule observed, it is interesting that the change in response almost double for the wildtype than for the mutant fragments. The smaller amplitude observed for the three mutants can be assumed to represent one Las17 molecule binding to one actin molecule whereas the larger response observed for the wildtype likely derives from an additional effect. 

Since the increase in amplitude is only observed for the wild-type fragment it was hypothesized that it may be due to the nucleation activity of Las17. In agreement with this it was no longer observed in the presence of latrunculin A or when the concentration of actin was reduced three-fold. An obvious explanation therefore is that it is due to polymerisation. An alternative possibility is that it derives from the association of Las17 with more than one actin monomer, in a polymerisation dependent manner. This would fit with the proposal made in section 3.3.6., that tight binding at one site may promote the association of an actin monomer at a second site. Further study into this effect may reveal stoichiometric information about the interaction between Las17 and actin. Since it is possible to follow a single capillary over time, it should be possible to determine between polymerisation or a binding event between Las17 and two actin monomers. 




[bookmark: _Toc494222727]4. The minimal region and essential motifs required for the Arp2/3-dependent nucleation activity of Las17.

[bookmark: _Toc494222728]4.1 Introduction

WASp family proteins bind to and activate the Arp2/3 complex via C-terminal WCA domains. Much of the functional diversity within this family derives from the differential localization and regulation of the various family members (Campellone and Welch, 2010). For example, different WASp family members localize to and activate the Arp2/3 complex at different locations within the cell. There is a growing body of work however demonstrating that different WASp proteins can directly influence the identity of the actin-network generated. 

The WCA domains of WASp/N-WASp are sufficient to achieve potent activation of the Arp2/3 complex in a pyrene assay. The polyproline region of WASp/N-WASp was shown to make only a minimal contribution to this activity. In the same experiments, the WCA domain of SCAR/WAVE was shown to be a relatively weak activator of the Arp2/3 complex and the polyproline region is required to promote actin polymerisation to the same extent as WASp/N-WASp(Yarar, Joseph A. D’Alessio, et al., 2002). Similarly, full-length Las17 has been shown to promote polymerisation to a much greater extent than the WCA domain alone (Rodal et al., 2003). The additional sequence elements that contribute to the activation of the Arp2/3 complex are however unknown as is the way in which this variation in the minimal component amongst WASp-family proteins is incorporated into a common mechanism of complex activation.

Full length WASp and N-WASp are auto-inhibited due to an intramolecular interaction between the N-terminal of the protein and the WCA domain. This binding blocks association with the Arp2/3 complex meaning that these proteins are not constitutively active (Padrick and Rosen, 2010). Inhibition must be released to allow the activation of the Arp2/3 complex, providing an additional level of control over when and where the complex becomes activated. This autoinhibition has not been observed for Las17 but by better characterising the contribution of the N-terminal of the protein to the NPF activity of Las17 it was hoped that additional mechanisms of regulation would become clear.

 
Fig4.1. Schematic of Las17 and constructs referenced in chapter 4. 

[bookmark: _Toc494222729]4.2 Results

[bookmark: _Toc494222730]4.2.1 Contribution of the polyproline region to Arp2/3 activation

To investigate whether polyproline region of Las17 can contribute to the activation of the Arp2/3 complex, the PPWCA fragment used in chapter 3 was tested in a pyrene assay with the Arp2/3 complex. Additionally, the WCA domain and the polyproline region alone were tested for comparison.

[image: ]
Fig 4.2. The polyproline region of Las17 promotes activation of the Arp2/3 complex in the presence of the WCA domain (A) 3 µM actin induced to polymerise alone (black) or in the presence of 5 nM Arp2/3 (grey) with 0.3 µM truncations of Las17: PPWCA aa300-633 (orange) PP aa300-536 (yellow) WCA aa536-633 (green) Representative trace of n=>3 repeats. (B) Fold decrease in the lag phase before polymerisation can be observed. 



Actin alone (black) and actin with just the Arp2/3 complex (grey) polymerised slowly. The WCA domain alone did activate the complex but only after a lag period similar to actin polymerising alone. As expected the polyproline fragment (yellow) was unable to activate the Arp2/3 complex but did reduce the lag phase. In contrast, the PPWCA of Las17 (orange) led to the immediate and rapid accumulation of F-actin indicating that the Arp2/3 complex was potently activated. The polyproline region of Las17 therefore contributes to the NPF activity of the WCA domain of Las17.

[bookmark: _Toc494222731]4.2.2 Effect of N-terminal of Las17 on the Activation of the Arp2/3 Complex

To investigate whether regions N-terminal to the PPWCA fragment contribute to the NPF activity of Las17, the full-length protein as well as the extended PP fragment (180-633) used in fig 3.3/3.4 were tested in a pyrene assay in the presence of the Arp2/3 complex.

[image: ]
Fig 4.3. Residues aa180-300 inhibit the NPF activity of Las17 (A) 3 µM actin induced to polymerise alone (black) or in the presence of with 5 nM Arp2/3 (grey) with 0.3 µM truncations of Las17: PPWCA aa300-633 (orange), the full-length protein (blue) or aa180-633 (red). Representative trace of n=3 repeats. (B) Fold decrease in the lag phase before polymerisation can be observed. 


Actin polymerising alone (black) or in the presence of just the Arp2/3 complex (grey) polymerised slowly. The presence of the PPWCA of Las17 (orange) led to rapid polymerisation indicating that the Arp2/3 complex had been potently activated. Both full length Las17 (blue) and the 180-633 fragment (red) reduced the time before polymerisation was observed and led to rapid actin polymerisation. However, neither protein activated the complex to the same extent as the PPWCA. This suggests that the Arp2/3-dependent activity of Las17 is inhibited by an N-terminal portion of the protein within the region aa180-300. 

[bookmark: _Toc494222732]4.2.3 What is the effect of increasing numbers of proline tracts on the Arp2/3 dependent activity of Las17?

To investigate the contribution of the polyproline region to the NPF activity of Las17 further, the truncated fragment used in fig 3.5 which contained all four of the C-terminal proline tracts, aa414-633, was tested in a pyrene polymerisation assay in the presence of the Arp2/3 complex.

[image: ]
Fig 4.4 The C-terminal proline tracts are insufficient for the Arp2/3 dependent activity of Las17. (A) 3 µM actin induced to polymerise alone (black) or in the presence of 5nM Arp2/3 (grey) with 0.3 µM truncations of Las17: PPWCA aa300-633 (orange) and aa414-633 (yellow). Representative trace of n=3 repeats. (B) Fold decrease in the lag phase before polymerisation can be observed.


Both actin only (black line) and actin polymerising in the presence of just Arp2/3 (grey line) polymerised as expected. In the presence of the PPWCA (orange line) polymerisation occurs very rapidly showing that the complex has been activated. The shorter aa414-633 fragment increased the rate of polymerisation suggesting that the complex was activated. This activity is similar to that of the WCA domain alone (fig 4.1). This fragment did not promote polymerisation to the same extent as the PPWCA fragment, demonstrating that the region aa300-414 contributes to Arp2/3 complex activation. 

[bookmark: _Toc494222733]4.2.4 What effect do the arginine pairs have on Arp2/3 activation?

At this time Feliciano and colleagues (Feliciano et al., 2015) demonstrated that two pairs of arginines within this region are essential for the NPF activity of Las17. Since they only investigated the effect of the quadruple mutant in which both pairs of arginines have been disrupted by mutation, we wanted to investigate the effect of disrupting the two sites separately. The mutant fragments from chapter 3 were therefore tested in a pyrene assay in the presence of the Arp2/3 complex.
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Fig 4.5 The arginine pairs RR349,350 and RR382,383 contribute to the Arp2/3 dependent activity of Las17 (A) 3 µM actin induced to polymerise alone (black) or in the presence of 5 nM Arp2/3 (grey) with 0.3 µM truncations of Las17: PPWCA aa300-633 (orange) PPWCA aa300-633 RR349,350AA (yellow) PPWCA aa300-633 RR382,383AA (green) PPWCA aa300-633 RRRR349,350,382,383AAAA (blue). Representative trace of n=3 repeats.


Actin polymerising on its own (black line) and in the presence of Arp2/3 (grey line) polymerised as expected. In the presence of the wildtype PPWCA fragment (orange line) rapid actin polymerisation was observed, demonstrating that the Arp2/3 complex was activated as expected. Mutating both pairs of arginines (blue line) markedly reduced the ability of Las17 to activate the Arp2/3 complex. The amount of time taken before polymerisation was observed was increased and the rate of polymerisation was decreased. Disrupting the two sites separately (Green and yellow lines) also reduced activation of the Arp2/3 complex, increasing the amount of time taken until polymerisation was observed. Both pairs of arginines contribute to this activity. 

Interestingly all fragments still activated the Arp2/3 complex. This residual activity appeared to be greater than that observed for the WCA domain alone or for the 414-633 fragment. Additionally, in chapter 3 it was shown that mutating both pairs of arginines was not sufficient to disrupt all actin binding activity in this region. We therefore concluded that other residues within this region may contribute to this effect.

[bookmark: _Toc494222734]4.2.5 Other potential sites contributing to 300-422 activity.

In fig 3.13 it was demonstrated that the arginine pair at site A contributes greatly to the G-actin binding activity of the aa300-422 region of Las17 (fig 3.8 for schematic and sequence). This pair of arginines is interesting as it is flanked on both sides by a proline tract, both of which are flanked on either side by either a single arginine or an arginine between two histidines. It was hypothesised that these flanking residues may also contribute to the G-actin binding observed in the region and may therefore contribute to the ability of Las17 to activate the Arp2/3 complex. To test this, point mutations were introduced to change both histidine 359 and arginine 360 to alanines. This construct was expressed in E. coli, purified and tested for its ability to activate the Arp2/3 complex in a pyrene assay.
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Fig 4.6 The residues HR359,360 contributes to the Arp2/3 dependent activity of Las17 (A) 3 µM actin induced to polymerise alone (black) or in the presence of 5nM Arp2/3 (grey) with 0.3 µM truncations of Las17: PPWCA aa300-633 (orange) PPWCA aa300-633 HR359,360AA (blue) Representative trace of n=2 repeats.


Actin polymerising on its own (black line) and in the presence of Arp2/3 (grey line) polymerised as expected. The wild-type PPWCA fragment activated the Arp2/3 complex leading to rapid increase in total F-actin. In the presence of the H359A R360A mutant PPWCA, rapid polymerisation was still observed, suggesting that the Arp2/3 complex was still activated. However, this activation was delayed and the polymerisation rate once it became activated appears slightly slower. More repeats would be needed to confirm this however as, due to time constraints, it was only repeated twice. 

[bookmark: _Toc494222735]4.2.6 SH3 competitive binding.

Proline tracts (especially when flanked by arginines) are well known binding sites for SH3 domain containing proteins. Several such proteins are known to bind to Las17 and to be important in the regulation of its activity (Rodal et al., 2003; Feliciano and Di Pietro, 2012). One such protein is Sla1 which is proposed to bind to Las17 and hold it in an inactive conformation. We now know that the sites at which Sla1 interacts with Las17 are vitally important for both its Arp2/3-dependent and independent effects on actin polymerisation. This allows us to propose a new model in which binding of Sla1 regulates Las17 activity by directly blocking G actin binding in the region aa300-422. To test this, MST experiments were repeated in the presence of a constant concentration of Sla1 SH3-1. 


Fig 4.7. Sh3 1 of Sla1 can disrupt G-actin binding of the region aa300-422 of Las17. Actin (50 nM) incubated with a varying concentration of Las17 aa300-422 fragment wildtype (Kd=76.9 nM ± 37 nM, response amplitude= 16.7, green) or wildtype in the presence of 10 10 µM SH3 1 Sla1 (Kd=743.2 nM ± 182 nM, response amplitude=28.7, red)


Las17 alone binds tightly to G-actin. In the presence of Sla1 (red line) this interaction is reduced. Sla1 SH3-1 can therefore disrupt G-actin binding in this region in Las17. A control was performed to investigate whether Sla1 SH3-1 could bind G actin and no interaction was detected. The increase in response amplitude makes it impossible to directly compare Kds in the presence or absence of Sla1, however there is a clear inhibition of G-actin binding. The change in the amplitude suggests that, in this assay, Las17 may bind both actin and Sla1 SH31 simultaneously.


[bookmark: _Toc494222736]4.2.7 Activation of the Arp2/3 complex in TIRFm

To better understand how the N-terminal part of the polyproline region contributes to the activation of the Arp2/3 complex, Arp2/3 complex activation was observed directly in a TIRFm single filament assay. It was the intention that the observation of branch junction formation would allow determination of differences in branching efficiencies directly. Therefore, 1µM actin rabbit muscle actin was spiked with alexa 488 labelled monomer and induced to polymerise by the addition of salt in the presence of the Arp2/3 complex and the PPWCA of Las17 or mammalian WASp.

 As a positive control, the activation of the Arp2/3 complex by a PPWCA fragment of WASp was first observed. In the presence of WASp, the formation of branch junctions was readily observed (movie 1). Additionally, at later time points, large clusters of F-actin could be observed forming. These clusters have been observed previously and are thought to form due to the requirement for a mother filament (Haviv et al., 2006).

Fig 4.8 WASp activates the Arp2/3 complex leading to the formation of star shaped clusters of F-actin. Actin (20% labelled) induced to polymerise by the addition of salt in the presence of the Arp2/3 complex and aa300-430 (‘ppWCA’) of WASp. Visualised by TIRFm.


In the presence of the PPWCA of Las17 however, branch junctions were observed much less frequently. This was extremely unexpected as both fragments led to a similar activation of the complex in a pyrene assay (AH, KA lab, unpublished). Although branches could be observed forming, far fewer branches than expected were seen. Large clusters of F-actin were still observed, however they appeared different in structure, potentially due to constraints deriving from the Arp2/3-independent activities of Las17.

B.
A.
Fig 4.9 Las17 activates the Arp2/3 complex leading to the formation of clusters of F-actin, individual branching was observed only infrequently. Actin (20% labelled) induced to polymerise by the addition of salt in the presence of the Arp2/3 complex and aa300-633. Visualised by TIRFm. (A.) Representative image of F-actin cluster. (B) Representative images of branch junction.

Analysis of a movie (movie 2) of one of these Las17+Arp2/3 clusters forming suggested that filaments associated with the cluster were elongating at a faster rate than would be expected for the concentration of actin present in the assay. To confirm this, estimations were made for the rates of elongation of filaments associated to the cluster. As a control rates of elongation were also calculated for filaments polymerising adjacent but not connected to the cluster.

Fig 4.10 rough estimation of filament growth rate from movie 2. Calculated by measuring growth of at least 10 individual filaments per condition over time. Meant only as a rough demonstration of rapid elongation. Actin only = filaments adjacent to but not touching cluster. Cluster = rapidly extending filaments in contact with the cluster.


Filaments adjacent to but not in contact with the cluster (actin only) polymerised at an average rate consistent with the concentration of actin in the assay (12 subunits/s) as expected. Filaments growing directly out of the cluster however (cluster) grew 10-fold faster than would otherwise be expected. This suggests that Las17 is directly influencing the rate of elongation of individual filaments.

[bookmark: _Toc494222737]4.2.8 Clusters in the absence of the Arp2/3 complex

We therefore wanted to investigate the effect of the PPWCA fragment of Las17 in the absence of the Arp2/3 complex, to see whether an effect on the rate of filament elongation would be observed.

A.
B.
Fig 4.11 In the absence of the Arp2/3 complex, the ppWCA of Las17 promotes the formation of dense F-actin structures. Actin (20% labelled) induced to polymerise by the addition of salt in the presence or absence of Las17 aa300-633. Visualised by TIRFm. (A) Representative images of clusters that form in the presence of Las17 ppWCA. (B) Representative image of actin polymerised in the absence of Las17, at 30mins.

Actin polymerising on its own eventually led to the formation of a dense, homogenous actin meshwork across the slide. In the presence of PPWCA but the absence of Arp2/3, clusters were observed. Intriguingly, the clusters that formed had a different structure to those that formed in the presence of the Arp2/3 complex, many containing tight loops or rings of actin. Unfortunately, a movie of one of these structures forming was not recorded. 

The formation of clusters was surprising as they had not been seen in the presence of either of the shorter fragments of Las17 used in a similar assay (fig3.7). In fig3.2 the addition of the WCA domain was shown to change the effect of Las17 in a pyrene assay. This led to the hypothesis that the PPWCA may influence actin polymerisation beyond promoting filament formation. The formation of these clusters, and the potential effect on filament elongation, may explain the unusual effect of the PPWCA in a pyrene assay.

[bookmark: _Toc494222738]4.2.9 To what extent does actin binding at the WH2 motif contribute to the effect of the WCA domain?

It was hypothesised that the additional effect of the WCA domain on actin polymerisation was due to the actin binding activity in this region. To investigate this further, we disrupted actin binding at the WH2 motif by mutation. Changing residue isoleucine to an aspartate has previously been shown by pull down to ablate G-actin binding by the WCA domain (Adam Smith thesis KA lab). The I555D mutation was therefore introduced into the PPWCA construct. This construct was expressed and purified and its ability to promote polymerisation was tested in a pyrene assay. It was expected that the loss of a G-actin binding motif would reduce the effect of Las17 on actin polymerisation.
[image: ]
Fig 4.12 G-actin binding explains some, but not all, of the additional effect of the WCA on the Arp2/3 independent activity of Las17 (A) 3 µM actin induced to polymerise alone (black) or in the presence of 0.3 µM truncations of Las17: PPWCA aa300-633 (orange) PPWCA I555D aa300-633 (green). Representative trace of n=>3 repeats. (B) Relative initial rate of actin polymerisation. (C) Fold decrease in the lag phase before polymerisation can be observed. 

Actin alone polymerised slowly. In the presence of wildtype PPWCA (orange line) the rate of polymerisation was increased and the time taken until polymerisation could be observed was reduced as expected. Unexpectedly, at early time points the PPWCA I555D fragment (green) led to rapid actin polymerisation relative to even the wildtype control. The curve shape is altered when actin binding is disrupted. This further suggests that the curve shape depends upon the actin binding activity of the WCA domain.

We then tested this PPWCA I555D fragment in a TIRFm assay.

Fig 4.13 In the absence of the Arp2/3 complex, the ppWCA I555D fragment of Las17 does not promote the formation of dense F-actin structures. Actin (20% labelled) induced to polymerise by the addition of salt in the presence of Las17 aa300-633 I555D. Visualised by TIRFm. Representative images after polymerising for 30 minutes (n=2).


The introduction of this single point mutation appeared to completely abolish the formation of clusters (n=2). In the presence of PPWCA I555D actin polymerises to form a homogenous arrangement of filament like those seen in the presence of different lengths of Las17 polyproline region or actin polymerising alone. This strongly suggests that actin binding within the WH2 motif is necessary for the formation of clusters in the absence of the Arp2/3 complex. 



[bookmark: _Toc494222739]4.3 Discussion

Full-length Las17 is a more potent activator of the Arp2/3 complex than the WCA domain alone (Rodal et al., 2003). This has previously led to the assumption that the protein is not autoinhibited. In this chapter, we demonstrate that compared to the PPWCA fragment, the Arp2/3-dependent activity of the full-length protein is somewhat inhibited. This inhibition is mapped to residues aa180-300. In addition, the contribution of the polyproline region to the Arp2/3-dependent activity of Las17 is mapped and the role of key residues is explored. This corroborates and expands upon work by Feliciano et al 2015. An unexpected potential effect of Las17 on the elongation rate of individual filaments was identified and the role of actin binding in the WCA domain probed.

[bookmark: _Toc494222740]4.3.1 Autoinhibition

As discussed in 1.9, there are two mechanisms by which the WCA domains of WASp family proteins are sequestered in an inactive state. This inhibition is essential to control when and where the Arp2/3 complex is activated. SCAR/WAVE and WASH proteins form multimeric complexes that inhibit the association of the WCA domain with the Arp2/3 complex (Jia et al., 2010). Therefore, when these proteins are purified in the absence of other members of the complex they are constitutively active. In contrast, mammalian WASp and N-WASp proteins are inhibited by intramolecular interactions between the WCA domain and an N-terminal regulatory GTPase Binding Domain (GBD) (Padrick and Rosen, 2010). Therefore, when full-length mammalian WASp/N-WASp is purified the protein is not expected to be constitutively active.

Las17 does not contain an obvious GBD domain (Li, 1997). Instead it is thought to be held inactive through interactions with multiple proteins mediated through the polyproline region in an analogous mechanism to SCAR/WAVE and WASH (Rodal et al., 2003; Feliciano and Di Pietro, 2012). The demonstration that full length Las17 is in fact inhibited relative to the shorter PPWCA fragment was therefore surprising and raises questions about the full mechanism by which Las17 may be regulated in vivo. Interestingly, residues aa180-300 have been shown to be sufficient for this inhibition raising the possibility of the existence of a previously unidentified regulatory domain within this region. 

The region of Las17 that aa180-300 interacts with is so far unclear. Autoinhibition in WASp/N-WASp depends upon an intramolecular interaction between the GBD and the WCA domain. However, both the WCA domain and the N-terminal of the polyproline region of Las17 are necessary for potent Arp2/3 activation suggesting that an interaction with either of these two sites may explain the inhibition. It will be important in future to identify mechanisms by which this inhibition may be released in vivo. 

[bookmark: _Toc494222741]4.3.2 Contribution of the arginine residues to Arp2/3 complex activation and implications for regulation.

In agreement with Feliciano et al 2015 the two pairs of arginines discussed in chapter 3 are shown to be important for the NPF activity. As seen in the absence of the Arp2/3 complex, disrupting the arginine pairs individually gives an intermediate response highlighting the separate importance of each site. In addition, we were able to show that histidine 359 and arginine 360 also contribute to the NPF activity. This is in agreement with the prediction made in chapter 3 that other acidic residues within the N-terminal of the polyproline region may contribute to actin binding in the region.

[bookmark: _Toc494222742]4.3.3 Implication for regulation of the NPF activity of Las17

It has been previously thought that binding of SH3 domain containing proteins inhibits the NPF activity of Las17 by sequestering the WCA domain, blocking the activation of the Arp2/3 complex. The demonstration that G-actin binding in the polyproline region directly contributes to Arp2/3 complex activation by Las17 led an alternative model to be suggested. In this model SH3 domain binding inhibits the activation of the Arp2/3 complex by Las17 by directly blocking G-actin binding within the N-terminal of the polyproline region. In agreement with this we were able to show that an SH3 domain from Sla1 can directly inhibit actin binding in this region. It is still unclear whether sequestration of the WCA domain contributes to the inhibition of Las17 in vivo. It is possible that a combination of mechanisms is involved in the inhibition of Las17, perhaps allowing for the levels of Las17 NPF activity to be controlled.

[bookmark: _Toc494222743]4.3.4 Contribution of the polyproline region to Arp2/3 activation
The polyproline region of Las17 is necessary to efficiently activate the Arp2/3 complex. This is also true for SCAR/WAVE proteins but not for WASp/N-WASp (Yarar, Joseph A. D’Alessio, et al., 2002). WASp family proteins are thought to activate the Arp2/3 complex in the same way and the WCA domains of different WASp proteins promote the adoption of the active conformation of the complex to the same extent (Rodnick-Smith, Luan, et al., 2016). The variable dependency upon the polyproline region therefore raises questions about our understanding of this mechanism. Concurrent to this study, Feliciano and colleagues demonstrated that two pairs of arginines within the N-terminal of the polyproline region are required for the Arp2/3 dependent activity of Las17. Since these residues are important for G-actin binding, they suggested this region may feed actin monomers to the WH2 motif, promoting the activation of the Arp2/3 complex (fig4.12). 
Arp2/3
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Fig. 4.14. Rough schematic of model suggested in Feliciano et al 2015, G-actin binding in the N-terminal of the polyproline region feeds actin monomers to the Arp2/3 complex, either directly or via the WH2 motif, promoting the activation of the complex. Adapted from (Feliciano et al., 2015).


There are a number of questions raised by this model (fig4.12). The Wh2 domain of Las17 (and of SCAR/WAVE (Sweeney et al., 2014)) binds actin monomers with a high affinity relative to that of WASp/N-WASp. It is therefore unclear why delivery of monomers by the polyproline region would be necessary for Las17 or SCAR/WAVE but not for WASp. In fact, the presence of an additional G-actin binding motif in the WCA domain of N-WASp has been shown to have an inhibitory effect on NPF activity (Zalevsky et al., 2001). The WCA domain of WAVE1 can be turned into a potent NPF by the insertion of just three residues found in the acidic motif of WASp /N-WASp but not of WAVE1 (Zalevsky et al., 2001) suggesting that, for WAVE1 at least, the requirement for the polyproline region goes beyond the delivery of actin monomers to the Arp2/3 complex. 

The discovery that the same motifs are important for the Arp2/3 dependent and independent activity of Las17 suggests that the two activities may be linked. An alternative mechanism by which the polyproline region of Las17 may contribute to Arp2/3 activation is by nucleating mother filaments which allow subsequent activation of the Arp2/3 complex. Indeed, the presence of a lag period before Arp2/3 activation by the WCA domain of Wsp1 (Pombe Las17) has previously been argued to be due to the lack of mother filaments (Wagner et al., 2013).

This raises further questions however as to why a similar lag phase is not observed for WASp or N-WASp (Yarar, Joseph A. D’Alessio, et al., 2002). The WCA domains of these fragments do not generate mother filaments de novo and so a lag period as initial filaments form would still be expected. Additionally, if the effect of the polyproline region on the activation of the Arp2/3 complex was due exclusively to de novo nucleation then the positive effect in a pyrene assay should be evident when the polyproline region and the WCA domain are present separately, which is not the case (EGA, KA lab, unpublished). In fig4.2, the WCA domain of Las17 is shown to be able to activate the complex and drive actin polymerisation after a significant lag period. At the point at which the WCA + Arp2/3 trace and the actin only control diverge however polymerisation has already been observed for some time. This suggests that suitable mother filaments would have been present without the complex becoming activated. 

We propose that the eventual activation in these assays is triggered not by the formation of the first few actin filaments but by an accumulation of F-actin to a sufficient concentration and that this concentration is much higher for the WCA domain of Las17 than WASp or N-WASp. This could be due to a lower affinity for F-actin or for the Arp2/3 complex itself. In this model, the polyproline region of a WASp protein may contribute to the activation of the Arp2/3 complex by promoting association to either F-actin or to the Arp2/3 complex.

The region 300-422 of Las17 could therefore promote Arp2/3 complex activation by promoting the association of Las17 to F-actin (fig4.13). Since this region has not been shown to bind F-actin we hypothesise that the formation and then transient association of a mother filament in close proximity to the WCA domain allows for potent activation of the Arp2/3 complex. It will be interesting to investigate this further, perhaps with the generation of a chimeric protein in which the polyproline region of Las17 is replaced with the F-actin binding region of a different protein. 

Fig. 4.15. Rough schematic of alternative model to describe the contribution of the N-terminal of the polyproline region to the activation of the Arp2/3 complex. The region aa300-422 promotes the formation of the Las17:Arp2/3:actin-filament complex, potentially by increasing the association of Las17 to F-actin generated in close proximity by the Arp2/3 independent activity of the region.
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[bookmark: _Toc494222744]4.3.5 Visualising the activation of the Arp2/3 complex

Despite branch formation being readily observable in the presence of the Arp2/3 complex activated by the PPWCA of WASp, in the presence of the wildtype Las17 PPWCA only very occasional branching was observed. This was surprising as this fragment leads to very rapid F-actin formation in a pyrene assay, similar to the WASp fragment. It is possible that these clusters are denser or more frequent in the presence of Las17 relative to mammalian WASp or that the conditions present in the TIRFm assay may be inhibiting the activation of the Arp2/3 complex by Las17 but not mammalian WASp. Alternatively, the sequestration of the PPWCA of Las17 at sites of dense F-actin may inhibit branch formation in solution, favouring polymerisation within Las17-mediated clusters.

[bookmark: _Toc494222745]4.3.6 Cluster formation in the presence of the Arp2/3 complex

Clusters of F-actin have been observed by TIRFm in the presence of the Arp2/3 complex before(Haviv et al., 2006; Ideses et al., 2008). These clusters form due to the requirement for mother-filaments and the stability of branch-junctions in the assay. This leads to the rapid formation of a dense F-actin structure which it has been argued mimics the lamellipodia. The addition of F-actin binding proteins such as the protein fascin can modify the development of these structures (Haviv et al., 2006). Similar structures have been observed in vivo (Fritzsche et al., 2017). The number and size of clusters formed by dimerized WCA domains of different WASp family proteins have previously been used to characterise the activity of different NPFs (Sweeney et al., 2014). 

In the presence of the PPWCA of mammalian WASp, symmetrical and apparently ordered structures form, presumably due to constraints imposed due to the 70-degree angle of filament nucleation by Arp2/3. The resulting star shape suggests that the pointed-ends of a majority of the filaments face into the cluster whilst the barbed-ends extend outwards. These filaments fan out before eventually reaching a sufficient length that the energy gained by forming a loose bundle with other filaments is greater than the energy lost in the necessary deformation. In the presence of the PPWCA of Las17, clusters still form but they no-longer exhibit a symmetrical star-like shape. This is presumably due to the Arp2/3-independent activities of Las17 imposing different constraints on the structure.

[bookmark: _Toc494222746]4.3.7 The effect of the PPWCA fragment of Las17 on filament elongation

The rapid rate of elongation of filaments in contact with a Las17+Arp2/3 mediated cluster was initially very surprising. However, other WASp family proteins have previously been shown to be able to directly influence the rate of filament elongation. N-WASp has been observed to promote processive barbed end elongation when immobilised on a functionalised nanofiber (Khanduja and Kuhn, 2014). In contrast, the WCA domain of WAVE1 has been shown to inhibit filament elongation both in the presence and absence of the Arp2/3 complex (Sweeney et al., 2014). We propose that the rapid elongation observed in these experiments provides further evidence for a role of WASp family proteins in the regulation of filament elongation.

In Brinkmann et al 2016 the atypical WASp family protein WHAMY is shown to promote filament elongation to a similar extent observed in movie 2. Interestingly, filaments elongate from a central point. Filaments which move away from this point no longer elongate at the enhanced rate and instead extend at a rate consistent with typical barbed end growth. These structures appear some-what like the early stage of a cluster formed by Las17 however, only the first 10 minutes of the formation of a single cluster is shown and it would be interesting to see how they appear at a later time-point.

[bookmark: _Toc494222747]4.3.8 Cluster formation in the absence of the Arp2/3 complex

In the absence of the Arp2/3 complex, clusters were still observed in the presence of the PPWCA of Las17. These clusters have very interesting structure containing numerous loops of F-actin. Such loops can be observed in the presence of barbed end elongators and may be due to filament buckling as barbed end elongation pushes back the pointed end of a filament (Kovar, 2006; Winkelman et al., 2014). This leads to the prediction that the barbed ends of the rapidly growing filaments point towards the centre of the cluster. The cluster forming movie 2 is in the presence of the Arp2/3 complex and so structural constraints from the complex appear to change the structure that ultimately forms. However, buckling of filaments can still be observed.

It is possible that the clusters observed in the presence of Las17 are due to an oligomerisation or aggregation of the protein. Oligomerisation of WHAMY is thought to be important for its effect on filament elongation (Brinkmann et al., 2016). There are differences between polymerisation observed in the presence of WHAMY or Las17 however. The Las17 dependent clusters lack an obvious central focal-point. Instead the core of the cluster appears to be a region of dense F-actin. The lack of cluster formation in the presence of the I555D mutation which is expected to disrupt actin binding but not any Las17 self-association also suggests a different cause.

An alternative mechanism for cluster formation is the association of Las17 to areas of high levels of F-actin. This would lead to a concentration of Las17 at a cluster and drive further actin polymerisation at this site. Future studies could determine between these two potential explanations. The very rapid filament elongation rates seen in movie 1 as well as the importance of the actin binding at the WH2 motif are however suggestive of a potential additional activity of Las17 regulating the rate of filament extension.


[bookmark: _Toc494222748]5. Role of the C-terminal proline tracts of the polyproline region

[bookmark: _Toc494222749]5.1. Introduction

Urbanek et al 2013 demonstrated that disrupting the penultimate proline tract in Las17 by mutation of two prolines to alanines had a marked effect on actin organisation and the formation and invagination of endocytic pits in vivo. In vitro in the context of the polyproline region alone, the same mutation reduced the effect of Las17 on actin polymerisation. A short peptide containing only the two most C-terminal proline tracts was shown to promote polymerisation and this effect was lost when the proline tracts were disrupted with proline to alanine mutations (Urbanek et al., 2013). This demonstrates a direct interaction between these C-terminal proline-tracts and actin.

In chapter 3 the region aa300-422 was identified as essential for the Arp2/3-independent actin nucleation activity of Las17. This region binds to G-actin and is sufficient to explain all of the reduction in the lag phase before polymerisation is observed in a pyrene assay. Additionally, in fig3.5, short fragments of Las17 containing only the C-terminal of the polyproline region and the WCA domain were shown to have no effect on actin polymerisation in a pyrene assay. This raises a question about the function of any interaction between the C-terminal of the polyproline region and actin.

The C-terminal portion of the polyproline region contains four proline tracts, none of which have an acidic residue on either side (fig 5.1) and none have been shown to bind SH3 domains (Tonikian et al., 2009). This pattern of N-terminal tracts of the polyproline region being flanked by arginine residues and C-terminal tracts not is also seen in both WASp and N-WASp. In WASp/N-WASp some of these C-terminal tracts are long enough to interact with profilin but this is not the case in Las17. A question remains whether these shorter unflanked proline tracts found in Las17 and many other actin binding proteins can influence actin dynamics.

Fig 5.1. (A) Schematic of Las17 and constructs referenced in chapter 3. Sites of proline tracts highlighted (P) and numbered, spacing between proline tracts indicated above.  (B) sequence of proline tracts, with flanking arginine residues highlighted.



[bookmark: _Toc494222750]5.2 Results

[bookmark: _Toc494222751]5.2.1 The C-terminal of the polyproline region and the ‘Minimum Component’

The N-terminal fragment of the polyproline region (aa300-422) was shown to be sufficient for the reduction in the lag phase observed in a pyrene assay in the presence of the longer polyproline fragment used in Urbanek et al 2013. However, this fragment also led to very different polymerisation kinetics later in the experiment. Data presented in fig 3.6 is repeated here with further quantification to highlight this.
[image: ]
 Fig 5.2. The C-terminal of the polyproline region influences the effect of Las17 in a pyrene assay (A) 3 µM actin induced to polymerise alone (Black) or with 0.3 µM truncations of Las17: PP aa300-536 (orange) aa300-422 (red). Representative trace of n=>3 repeats. (B) Fold decrease in the lag phase before polymerisation can be observed. (C) Relative initial rate of actin polymerisation compared to rates at a later timepoint.


Despite reducing the time before polymerisation was observed to the same extent as the longer polyproline fragment, the short fragment does not lead to fast initial rates of actin polymerisation. In fact, initial polymerisation is slow relative to even the actin only control. This effect changes at later time-points where very rapid polymerisation is observed. This interesting pyrene curve is hard to interpret but highlights the effect of the C-terminal of the polyproline region on actin polymerisation.

[bookmark: _Toc494222752]5.2.2 How do the C-terminal proline tracts influence actin polymerisation? 

To understand the effect of the C-terminal of the polyproline region on actin polymerisation we wanted to supplement data from bulk pyrene assays with information about the state of individual filaments. TIRFm single filament experiments (fig 3.7) had shown that the N-terminal polyproline region initially promotes the formation of a similar number of filaments as the longer PP fragment. This was expected as both fragments have a similar effect on the lag phase in a pyrene assay. At later time points, when the effect of these two fragments diverge in a pyrene assay, single filaments are hard to identify by this technique due to the formation of a dense F-actin network. An alternative method to allow for the visualisation of individual filaments was therefore needed. 

Purified rabbit muscle actin, spiked with fluorescently labelled monomer was induced to polymerise in the presence or absence of the different fragments of Las17 by the addition of salt. After 30 minutes, this F-actin mix was diluted in F-buffer and rapidly visualised wide field microscopy. Since filaments were already present and the levels of labelled G-actin were low after dilution it was not necessary to use TIRFm to image these filaments.

Fig 5.3. The C-terminal of the polyproline region influences the effect of Las17 on single filament dynamics (A) Number of filaments observed after 30 minutes, relative to actin only control (black), in the presence of aa300-422 (red) or 300-536 (orange) n=3 (B) Mean Filament length after 30 minutes when actin polymerised alone (black) or in the presence of aa300-422 (red) or 300-536 (orange) n=3.
A.
B.



When actin polymerised alone relatively few filaments were observed. Both fragments led to an increase in the number of filaments with the short aa300-422 fragment having the greatest effect. This data suggests that the C-terminal of the polyproline region somewhat inhibits the nucleation activity of the N-terminal of the polyproline region. 

The filaments that formed in the presence of the N-terminal of the proline tract were shorter than those that polymerised in the absence of Las17 or in the presence of the full PP fragment. Importantly, this experiment was carried out at a higher salt concentration than the pyrene assays. At the point at which the reaction was analysed it can be assumed that the concentration of free actin monomer has become limiting to filament elongation. This is demonstrated by the few long filaments observed when actin polymerised alone.

[bookmark: _Toc494222753]5.2.3 Does the polyproline region promote filament elongation?

To confirm that the difference in the length of filaments was due to the distribution of a constant concentration of actin monomers between a varied number of actin filaments, TIRFm was used to observe the length of filaments before the concentration of free monomer could became limiting. If either fragment directly promotes or inhibits filament elongation, a difference in length should be seen.





[image: ]
 Fig 5.4. The polyproline region does not promote the rate of single filament elongation (A) Length of filaments observed after 5 minutes, relative to actin only control (black), in the presence of aa300-422 (red) or 300-536 (orange) n=3. (B) Length of filaments observed after 10 minutes, relative to actin only control (black), in the presence of aa300-422 (red) or 300-536 (orange) n=3.


Neither fragment of Las17 changes the length of filaments relative to actin polymerising alone at 5 or 10 minutes after the initiation of polymerisation. This suggests that the differences in the length of filaments seen in fig 5.3 is due to differences in filament nucleation, not elongation.

[bookmark: _Toc494222754]5.2.4 Do the C-terminal proline tracts bind G-actin?

The C-terminal of the polyproline region contains 4 proline tracts, none of which are flanked by arginine residues. G-actin binding in the N-terminal of the polyproline region has been shown to be influenced by proline tracts and so it was proposed that a similar interaction may explain the activity of this region. The short peptide shown to be sufficient to promote actin polymerisation in Urbanek et al 2013 was therefore tested for G-actin binding activity in a microscale thermophoresis assay.

No interaction was detected despite the high levels of peptide used in the assay. Neither of the short peptides interact directly with G-actin. The effect of the peptide on actin polymerisation is therefore likely due to an interaction with F-actin. 



[bookmark: _Toc494222755]5.2.5 Is the spacing between proline tracts sufficient to allow and interaction between consecutive monomers in an actin filament?

To determine whether the spacing between the two proline tracts of the peptide is sufficient to feasibly bind to two actin monomers within an actin filament, a model of the proposed interaction was developed (Professor Mike Williamson). In this model, a 35 residue polyproline type II helix was imposed onto a model of the structure of F-actin. This helix spanned the potential binding site identified in Urbanek et al 2013 on two actin monomers within the same protofilament. The spacing between the two proline tracts within the short peptide was highlighted on this helix.

Fig 5.5. The spacing between proline tracts is sufficient to stretch between potential binding sites identified in Urbanek et al 2013 along an actin filament. (A) Peptide (cyan) with residues that would constitute proline tracts highlighted in red extended along actin filament (pdb 3j8i, green) with residues identified as part of a potential binding site highlighted in blue (Urbanek et al., 2013). (B) Same as A, individual monomers within the filament coloured for clarity. Thanks to Professor Mike Williamson for model.
A.
B.


In an extended conformation, the 14 residues between the two proline tracts is sufficient to allow the peptide to bind at the proposed binding sites on two actin monomers within the same protofilament. An interaction between the short peptide and an actin filament is therefore a viable hypothesis. The spacing between the other proline tracts is on average greater than 14 residues.





[bookmark: _Toc494222756]5.2.6 What is the effect of an increasing number of proline tracts?

Work by E. Allwood (KA lab, unpublished) suggests that any interaction between the short peptide and F-actin is very weak. It was predicted that such an interaction may depend upon weak interactions between multiple proline tracts and a single actin filament. Increasing the number of proline tracts would therefore be expected to promote this interaction. A fragment of Las17 that contained the 4 C-terminal proline tracts of Las17 was generated and tested in a pyrene assay alongside the short peptides.



Fig 5.6. Increasing number of proline tracts correlates with a larger effect on acin polymerisation in a pyrene assay. 3 µM actin induced to polymerise alone (black) or in the presence of 0.3 µM fragments of Las17: aa414-536 (blue), aa501-528 (green) or aa501-528 PPPP506,507, 525,526AAAA (pink). Representative trace of n=3 repeats.

Actin only polymerised as expected. In the presence of the short peptide, polymerisation is somewhat promoted relative to actin polymerising alone. This effect is lost in the presence of the peptide in which both tracts have been disrupted by the introduction of alanine residues. The fragment aa414-536 containing four proline tracts had a larger effect on actin polymerisation than either of the short peptides. Increasing the number of proline tracts correlates with an increased effect on actin polymerisation, in line with the hypothesis that multiple weak interactions mediate an association with F-actin.

[bookmark: _Toc494222757]5.2.6 Does the C-terminal region influence actin polymerisation in the presence of the WCA domain?

Urbanek et al 2013 demonstrated that the disruption of the second to last proline tract (aa503-507) by mutation of the two terminal prolines to alanines reduced the effect of the polyproline region of Las17 on actin polymerisation. However, fragments of Las17 containing the two terminal proline tracts and the WCA region had little effect on polymerisation (fig 3.5). We therefore wanted to re-examine the contribution of the C-terminal of the polyproline region in the presence of the WCA domain. To do this the two most C-terminal proline tracts were disrupted by mutation within the PPWCA fragment of Las17. This PPWCA PPPP505,507,525,526AAAA construct was expressed in E. coli, purified and tested for activity in a pyrene polymerisation assay.

[image: ]
Fig 5.7. Disrupting the two most C-terminal proline tracts has no effect in a pyrene assay, in the presence of the WCA domain. (A) 3 µM actin induced to polymerise alone (Black) or with 0.3 µM truncations of Las17: PPWCA (orange) or PPWCA PPPP506,507,526,527AAAA (green). Representative trace of n=>3 repeats. (B) Relative initial rate of actin polymerisation. (C) Fold decrease in the lag phase before polymerisation can be observed. 

Actin only and actin polymerising in the presence of the wildtype PPWCA fragment polymerised as expected. The PPWCA PPPP505,507,525,526AAAA fragment promoted polymerisation to the same extent as the wildtype control. Disrupting both terminal proline tracts has no effect on the activity of the PPWCA of Las17 in a pyrene assay. This was also true in the presence of the Arp2/3 complex (data not shown). 

Work by E. Allwood (KA lab, unpublished) demonstrated that the addition of the WCA domain promotes F-actin binding by Las17. In co-sedimentation assays the PPWCA fragment was shown to associate with F-actin more tightly than the PP fragment alone. If the C-terminal proline tracts influence actin polymerisation by promoting F-actin binding, this activity may be masked by the addition of the WCA domain.



[bookmark: _Toc494222758]5.3 Discussion

This chapter attempts to dissect the influence of the C-terminal of the polyproline region on actin polymerisation. Though the C-terminal proline tracts have been shown to be insufficient for the Arp2/3-independent filament nucleation activity of Las17, they influence the length and number of filaments that form in vitro. The presence of the C-terminal proline tracts appears to inhibit the nucleation activity of aa300-422, whilst initially promoting the rate of total polymerisation in a pyrene assay. This suggests an auxiliary role in the control of polymerisation kinetics and provides further evidence for a direct interaction between proline tracts and actin filaments. 

[bookmark: _Toc494222759]5.3.1 C-Terminal proline tracts

The portion of the polyproline region of Las17, aa300-536, contains eight polyproline tracts of five consecutive proline residues. These eight tracts can be split in half by sequence similarity. The four N-terminal proline tracts are all flanked by arginine residues whereas the four C-terminal tracts are not. The N-terminal of the polyproline region has been shown to bind G-actin, promote the activation of the Arp2/3 complex and to be sufficient to explain the Arp2/3-independent filament nucleation activity of Las17. Although Urbanek et al 2013 also identified actin binding activity in the C-terminal of the polyproline region, the importance of this interaction was unclear. 

[bookmark: _Toc494222760]5.3.2 Minimum component and the C-terminal proline tracts

An effect of the C-terminal portion of the polyproline region is clear from a comparison of the effects of the 300-422 fragment and the longer PP fragment in a pyrene assay (fig 5.2). Although the two fragments reduce the lag phase to the same extent, the effect of the two fragments diverge markedly after polymerisation is first observed. Whereas a smooth curve is observed in the presence of the PP fragment, in the presence of the 300-422 fragment the pyrene trace is more complex. Though there is a reduction in the lag phase, initial polymerisation is slow relative even to the actin only control. As the reaction proceeds however, the rate of polymerisation increases dramatically. 

The effect of the PP fragment can be explained by the initial formation of more actin filaments leading to a reduction in the lag phase and an increase in the rate of total polymerisation. This increase in the rate of total polymerisation is presumably due to an increase in the total number of barbed ends as individual filaments do not elongate faster on average. For the shorter 300-422 fragment, the slow initial rate of total polymerisation in a pyrene assay doesn’t appear to fit with the 1.6-fold more filaments observed after 10 minutes by TIRFm or the observation that individual filaments initially grow at the same rate in the presence or absence of aa300-422.

By diluting prepolymerised actin it was possible to gain information about the state of filaments at a later time-point in the reaction. Using this methodology, a difference could be observed between both the number and length of filaments that formed in the presence of the different fragments of Las17. In the presence of the PP fragment, roughly 2-fold more filaments were observed than when actin polymerised alone. In the presence of the 300-422 fragment, there was a greater (3.5 fold) increase in the number of filaments but these filaments were shorter than those seen in the presence of the longer fragment. 

This could be interpreted simply as the short 300-422 fragment being a more potent nucleator than the whole polyproline region. This would lead to the formation of more filaments that would be competing for the same concentration of G-actin and so would be shorter. However, this explanation does not fit with initially slow polymerisation observed in a pyrene assay. Previous studies using the short 300-422 fragment at higher ratios relative to actin observed an inhibitory effect on polymerisation (Robertson et al., 2009; Feliciano and Di Pietro, 2012). It is possible that the G-actin binding activity necessary to promote nucleation hinders polymerisation by sequestering monomeric actin at later time-points in the reaction. 




[bookmark: _Toc494222761]5.3.3 An interaction with F-actin?

Since the C-terminal of the polyproline region has such a marked effect on actin polymerisation, we wanted to look directly at how it may interact with actin. The short peptides used in Urbanek et al 2013 were tested for G-actin binding activity. These peptides consist of the two most C-terminal proline tracts, P8 and P9 (fig 5.1). No monomer binding activity could be detected by MST. Though an interaction has not been directly observed, the wildtype peptide must be able to interact with actin to have an effect in a pyrene assay. It was therefore hypothesised that the peptides may bind to F-actin. This could then act to stabilise the filament. In an extended conformation, the spacing of individual proline tracts would be sufficient to bridge the gap between individual monomers within a filament (fig 5.5).

Other members of the lab tested the peptide for F-actin binding in co-sedimentation assays, however these were complicated by the difficulty of visualising the small peptide with a Las17 antibody. We hypothesised that if the interaction depends upon weak individual interactions along a filament, increasing the number of proline tracts would promote the interaction. Indeed, a fragment that contained the four C-terminal proline tracts was shown to have a greater effect on actin polymerisaion in a pyrene assay than a peptide containing just two proline tracts. Additionally, unpublished work in the lab (EGA) suggested that this C-terminal fragment can interact with F-actin in a co-sedimentation assay.

We hypothesise therefore that the effect of the C-terminal proline tracts is due to an interaction with F-actin. Initially, when the concentration of F-actin is low, the N-terminal of the polyproline region can promote filament nucleation. The initial increase in the number of barbed ends increases the total rate of polymerisation in the assay. As the concentration of F-actin increases, the PP fragment binds and G-actin binding in the N-terminal of the polyproline region is blocked. This removes any inhibitory effect of the region aa300-422 observed at early time points in a pyrene assay. In the absence of the C-terminal proline tracts, the aa300-422 fragment does not associate with F-actin but, remains free to associate with G-actin. As the concentration of G-actin drops and the ratio of Las17 : G-actin changes this interaction has an inhibitory effect on total actin polymerisation. 

Fig. 5.8 Rough schematic of model of effect of C-terminal of the polyproline region on actin polymerisation. A. The short fragment aa300-422 promotes filament formation. This filament is then released and sites A and B are free to interact with G-actin. B. the longer polyproline fragment promotes filament formation. This filament may then remain associated to Las17 due to the F-actin binding activity of the C-terminal of the polyproline region.
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The presence of the WCA domain has been shown to promote F-actin binding (EGA unpublished). In the presence of the WCA domain, the PP506,507AA mutation no longer has an effect in a pyrene assay. We propose that any effect is therefore masked by the presence of the WCA. An increase in F-actin binding in the PPWCA fragment may also explain the reduced effect on the lag-phase in a pyrene assay (fig 3.2.). 

[bookmark: _Toc494222762]5.3.4 A direct interaction between proline tracts and actin

Structural information is required to further our understanding of the interaction of proline tracts and actin. For example, do the N-terminal and C-terminal proline tracts interact with actin at the same binding site? A yeast two-hybrid study using a library of mutated actins identified a potential site on the actin monomer necessary for the interaction with the polyproline region of Las17. The site identified by Urbanek and colleagues is exciting as it would be expected to be accessible in both F and G-actin as well as in WH2, ß-tyhmosin and profilin bound actin (Schutt et al., 1993; Renault, Deville and van Heijenoort, 2013). It is exciting to speculate that proline tracts may act as the structural backbone of an interaction with actin that can be strengthened or modified by flanking charged residues and additional, local sequence elements. 



[bookmark: _Toc494222763]6. Regulation of Las17 by post-translational modification of the WH2 motif.

[bookmark: _Toc494222764]6.1 Introduction

In the previous study the in vivo analysis had suggested that the Arp2/3-independent activity of Las17 functioned prior to the activation of the Arp2/3 complex. The I555D mutation within the WH2 motif of Las17 discussed in chapter 4 had a distinct effect in a pyrene assay in the absence of the Arp2/3 complex in that it reduced the lag phase and led to rapid initial rates of polymerisation relative to the wild-type PPWCA fragment. This suggests that filament nucleation can be promoted when actin binding within the WCA domain is disrupted. Since actin binding in this region is required for Arp2/3 activation, it is also predicted that the I555D mutation will disrupt the ability of Las17 to activate the Arp2/3 complex. 

The NPF activity of WASp family proteins is regulated by a number of mechanisms in vivo, including phosphorylation. Phosphorylation within a WH2 motif has previously been suggested as a potential mechanism by which the activity of these actin binding proteins may be regulated (Renault, Deville and van Heijenoort, 2013). These motifs are areas of intrinsic disorder and so are likely readily accessible for post-translational modification. Phosphorylation within these sites may disrupt G-actin binding, in a similar manner to the I555D mutation. Excitingly, using mass spectrometry analysis, the Ayscough lab has identified two phosphorylation sites within the C-terminal WH2 motif of Las17 (LA KA lab unpublished). 

The two phosphorylated sites identified within the WH2 are residues S554 and T543. S554 is of particular interest as it is adjacent to I555. No crystal structure for the WH2 of Las17 binding to actin exist, however, analysis of the structure of other WH2 motifs may be informative (etc. pdb 3MN7, 2A3Z, 2A40, 2A41). Like I555, S554 is part of the helix that forms upon G-actin binding and interacts with the barbed end of the actin monomer. Like I555 the side group of S554 points out into the interface between the WH2 motif and G-actin and so phosphorylation may block this interaction. T543 is at the periphery of what is often considered part of the WH2 motif, however it could still play a role in G-actin binding as sequences outside a strictly defined motif often contribute to the specific function of a protein.


Fig 6.1. Structure of the fourth WH2 motif of Drosophila melanogaster Spire (residues 461–480, PDB 3MN5, red) bound to actin (cyan) with the conserved isoleucine (I555 in Las17) and preceding serine (S554 in Las17) highlighted.




Fig6.2. Schematic of Las17 and constructs referenced in chapter 6. 

[bookmark: _Toc494222765]6.2 Results

[bookmark: _Toc494222766]6.2.1 What contribution does G-actin binding at the WH2 motif make to Arp2/3 activation?

To test the effect of the I555D mutation on the NPF activity of Las17, the PPWCA I555D fragment was tested in a pyrene assay in the presence of the Arp2/3 complex. The wildtype PPWCA fragment was also tested for comparison.
[image: ]
 [bookmark: _GoBack]Fig 6.3 The I555D mutation disrupts the activation of the Arp2/3 complex (A) 3 µM actin induced to polymerise (black) in the presence of 5nM Arp2/3 (grey) with 0.3 µM truncations of Las17: PPWCA aa300-633 (orange) or PPWCA aa300-633 I555D (red). Representative trace of n=>3 repeats. (B) Average time taken to reach peak fluorescence relative to actin + Arp2/3 control, demonstrating effect of I555D mutation on Arp2/3 activation.

Actin polymerising alone (black) and actin polymerising in the presence of the Arp2/3 complex (grey) polymerised slowly. The wild-type PPWCA fragment potently activated the complex leading to rapid actin polymerisation. The PPWCA I555D fragment activated the complex but to a lesser extent than the wild-type fragment. 

[bookmark: _Toc494222767]6.2.2 Can phosphorylation within the WH2 motif inhibit G-actin binding?

To test whether phosphorylation events within the WH2 affects G-actin binding, three 28mer peptides were designed and synthesised (peptide synthetics). These peptides incorporate the WH2 motif of Las17. One peptide was synthesised with no phosphorylation as a wildtype control whilst the other two peptides contain a phosphate group on either T543 or S554. The wild-type WH2 peptide was used in a microscale thermophoresis G-actin binding assay. A fragment containing the WCA domain of Las17 with the I555D mutation was also tested for comparison.


Fig 6.4 A short WH2 peptide binds to actin. Actin (150 nM) incubated with a varying concentration of wild type Las17 WH2 peptide (Kd=0.28 µM±0.05 µM, red) or Las17 WCA I555D aa536-633 (green) in a MST assay.


The unphosphorylated peptide (red) bound to G-actin (Kd=0.28µM±0.06µM). This demonstrates that the short wildtype peptide containing the WH2 motif can bind to actin and is therefore a suitable model with which to test the effect of phosphorylation. The Kd fits within the broad range of affinities previously measured for different WH2 motifs (e.g.(Rasson et al., 2015)(Husson et al., 2011)). In keeping with previous work, the WCA fragment that contained the I555D mutation was unable to bind to actin (Adam Smith, KA lab, thesis).



[bookmark: _Toc494222768]6.2.3 Phosphorylation disrupts G-actin binding by the WH2 peptide

Since the non-phosphorylated peptide bound to actin as expected, the two phosphorylated peptides were then tested for G-actin binding activity in the same assay.

Fig 6.5 Phosphorylation of a short WH2 peptide weakens interaction with G-actin. Actin (150 nM) incubated with a varying concentration of wild type Las17 WH2 peptide (Kd=0.28 µM ± 0.05 µM, green), Las17 WH2 phosphorylated at T543 (Kd=3.2 µM ± 0.8 µM, red) or Las17 WH2 phosphorylated at S554 (Kd=21.2 µM ± 4.6 µM, blue) in an MST assay. 


Both phosphorylated peptides bound to G-actin with a lower affinity than the unphosphorylated control. The peptide phosphorylated at T543 bound actin with a Kd of 3.2 µM, 10-fold weaker than the wild-type peptide. The peptide phosphorylated at site S554 bound actin with a Kd of 22 µM, an almost 100-fold reduction in the strength of G actin binding relative to the wild-type WH2. This fits well with the similarities between this phosphorylation and the synthetic I555D mutant. Though there is a large reduction in the strength of G-actin binding, it is not entirely lost as in the case of the I555D mutant. 


[bookmark: _Toc494222769]6.2.4 Does phosphorylation of the WH2 motif influence the activity of Las17?

Since it was shown that the WH2 can become phosphorylated and that phosphorylation can disrupt the G-actin binding activity of a short peptide, we next wanted to investigate the effect of phosphorylation on the activity of Las17 in a pyrene assay. Actin binding in the WCA region is important in both the presence and absence of the Arp2/3 complex and so both conditions were tested. To model phosphorylation phosphomimetic mutations were introduced to Las17. 

6.2.4.1 Analysis of phosphomimetic Las17 T543D mutation 

As described above, phosphorylation of T543 reduced the strength of actin binding of a short peptide by an order of magnitude. To determine whether this reduction in binding could influence the effect of Las17 on actin polymerisation, the phosphomimetic T543D Las17 mutant was tested in a pyrene assay, in the presence and absence of the Arp2/3 complex, relative to the wildtype PPWCA positive control.

[image: ]

 Fig 6.6 The phosphomimetic T543 mutation has little effect in the presence or absence of the Arp2/3 complex (A) 3 µM actin induced to polymerise (Black) in the presence of 0.3 µM fragments of Las17: PPWCA aa300-633 (orange) or PPWCA aa300-633 T543D (yellow) Representative trace of n=>3 repeats. (B) Fold decrease in the lag phase before polymerisation can be observed in the absence of the Arp2/3 complex. (C) 3 µM actin induced to polymerise (Black) in the presence of 5nM Arp2/3 (grey) with 0.3 µM fragments of Las17: PPWCA aa300-633 (orange) or PPWCA aa300-633 T543D (yellow) Representative trace of n=>3 repeats. (D) Fold decrease in the lag phase before polymerisation can be observed in the presence of the Arp2/3 complex.


In the absence of the Arp2/3 complex, actin alone (black line) polymerised as expected. Both the wildtype control (orange) and the T543D mutant (yellow) reduced the amount of time before polymerisation was observed and increased the rate of polymerisation. Both fragments had a very similar effect on actin polymerisation. There was a slight increase in the rate of polymerisation in the presence of the T543D mutant fragment as total polymerisation approaches its maximum. This was observed in numerous repeats but is hard to quantify clearly using this approach. 

In the presence of the Arp2/3 complex, very rapid actin polymerisation was observed for both the mutant and the wildtype Las17 suggesting that both could activate the Arp2/3 complex. No difference was observed between the wild-type and the phosphomimetic protein. Overall the T543D mutation seems to have minimal, or no, effect on Las17 activity in this pyrene assay.

6.2.4.2 Analysis of the structural implications of phosphorylation at S554 

To examine why phosphorylation at site S554 had such a large effect on G-actin binding, attempts were made to model the effect of phosphorylation on the structure of WH2 bound actin. The structure of the fourth WH2 motif of Dm spire bound to actin was used as a model, as it contains a serine in the residue preceding the well conserved isoleucine. Using Pymol and the plugin pytms, a phosphogroup was introduced at serine 470.

A.
B.
Fig 6.7 Model of potential phosphorylation event at S554. The crystal structure of the fourth WH2 motif of Drosophila melanogaster Spire (residues 461–480) bound to actin was used to model the WH2 motif of Las17 as this contains a serine in the equivalent site to S554. The pymol plugin pytms was used to model the effect of phosphorylation at this site. (A) Dm Spire WH2 4 (red), serine 470 highlighted, bound to actin (cyan) (B) Dm Spire WH2 4 (red), with phosphorylation modelled on serine 470, bound to actin (cyan).


The phosphogroup introduced at S470 clearly protrudes towards the actin monomer and is likely to lead to a significant steric clash in addition to introducing negative charge. 

6.2.4.3 Effect of phosphomimetic mutation S554D on the activation of the Arp2/3 complex

It was predicted that a phosphomimetic mutation at this site would influence the ability of Las17 to activate the Arp2/3 complex and to promote actin polymerisation independently of the complex in a pyrene assay. First the 300-633 fragment of Las17 carrying the S554D phosphomimetic mutation was tested in a pyrene assay for its ability to activate the Arp2/3 complex. The experiment was carried out at two concentrations a) 300nM Las17 and b) at a lower concentration of 30nM Las17.
[image: ]
 Fig 6.8 The phosphomimetic S554D mutation disrupts the activation of the Arp2/3 complex (A) 3 µM actin induced to polymerise (black) in the presence of 5nM Arp2/3 (grey) with 0.3 µM truncations of Las17: PPWCA aa300-633 (orange) or PPWCA aa300-633 S554D (green) Representative trace of n=>3 repeats. (B) Fold decrease in the lag phase before polymerisation can be observed in the presence of the Arp2/3 complex at the conditions described for (A). (C) 3 µM actin induced to polymerise (black) in the presence of 5nM Arp2/3 (grey) with 0.03 µM truncations of Las17: PPWCA aa300-633 (orange), PPWCA aa300-633 S554D (green) or PPWCA I555D (red). Representative trace of n=2 repeats.

At high concentrations of Las17 (300nM) both wild-type and mutant Las17 activated the complex to the same extent, leading to rapid actin polymerisation relative to actin only or actin + Arp2/3 controls. Interestingly, at a 10-fold lower concentration (30nM) of wild type PPWCA, the fragment still activated the Arp2/3 complex to a similar extent suggesting that the response is saturated. 

This was surprising due to the large effect of phosphorylation at this site on actin binding. Similarly, the I555D mutation had had a smaller effect on Arp2/3 complex activation than expected. We therefore hypothesised that the relatively high levels of Las17 used in this assay might be masking the effect of the mutation. To test this, we lowered the concentration of Las17 in the assay 10-fold. At this lower concentration, the wild-type PPWCA fragment still leads to immediate, rapid polymerisation indicating that the complex has been potently activated. The PPWCA S554D and I555D fragments both still led to rapid actin polymerisation however the onset of polymerisation was delayed and the total rate of polymerisation reduced relative to the wild-type fragment. As expected, the I555D mutant which completely ablates binding G-actin by the WCA has a larger effect than the phosphomimetic S554D mutation. The S554D mutation does inhibit activation of the Arp2/3 complex. However, due to time constraints this experiment was only repeated twice at these conditions.

6.2.4.4 Effect of phosphomimetic mutation S554D in the absence of the Arp2/3 complex

Ablating G actin binding by the I555D mutation not only disrupted its ability to activate the Arp2/3 complex but also somewhat promoted the Arp2/3-independent activity of Las17. It was predicted that the S554D mutation would have a similar effect in the absence of the Arp2/3 complex. This was tested by pyrene polymerisation assay.

[image: ]
Fig 6.9 The phosphomimetic S554D mutation has no effect in a pyrene assay in the absence of the Arp2/3 complex (A) 3 µM actin induced to polymerise (black) in the presence of 0.3 µM fragments of Las17: PPWCA aa300-633 (orange) or PPWCA S554D (green). Representative trace of n=>3 repeats. (B) Relative initial rate of actin polymerisation. (C) Fold decrease in the lag phase before polymerisation can be observed. 


As expected, actin alone polymerised slowly in the assay. Both wt Las17 and the S554D construct promoted polymerisation to the same extent. Despite reducing the ability of Las17 to activate the Arp2/3 complex, the S554D mutation did not affect its Arp2/3-independent activity.


[bookmark: _Toc494222770]6.2.5 Does phosphorylation of WH2 motifs in other WASp family proteins also affect actin binding?

Several other WH2 motifs contain a serine in an equivalent position to S554. We hypothesised that phosphorylation at this site could be a common mechanism by which actin binding by WH2 motifs could be regulated. Indeed, an analogous site in another WASp family protein, WASH has been identified as a site of phosphorylation (Zhou et al., 2013; Stuart et al., 2015). To test whether phosphorylation at this site in WASH may influence G-actin binding a wild-type and phosphorylated peptide encompassing the WH2 motif of WASH was synthesised and tested for G-actin binding in a MST binding assay.

Fig 6.10 Phosphorylation of a short WASH WH2 peptide does not weaken interaction with G-actin. Actin (150 nM) incubated with a varying concentration of wild type Las17 WH2 peptide (Kd=0.28 µM ± 0.05 µM, blue), WASH WH2 (Kd=1.5 µM ± 0.7 µM, red) or WASH WH2 phosphorylated at S368 (Kd=1.5 µM ± 0.7 µM, green) in a MST assay. 


The wild-type WASH WH2 bound to actin with a Kd of 1.45 µM which is roughly 5-fold weaker than the wild-type Las17 peptide. Though phosphorylation doesn’t markedly change the strength of binding by the peptide it has an effect on the shape of the binding curve suggesting that the way in which the peptide interacts with the actin monomer may have changed.

[bookmark: _Toc494222771]6.2.6 Variation in residue preceding the well conserved isoleucine

Increasing the size and introducing charge at residues I555 and S554 has an effect on the ability of the WH2 motif to bind to actin. It was postulated that introducing a less bulky residue at one of these sites may promote actin binding between the helix of the WH2 motif and the actin monomer. This is a relevant question as in vivo studies in the lab were exploiting a non-phosphorylatable S554A mutant. While mutations of threonine or serine to alanine are commonly used to investigate the effects of non-phosphorylation, these mutations change a polar residue with capacity to form hydrogen bonds to an alanine, which is both smaller and non-polar. It is therefore possible that this mutation itself will not simply be an inert replacement that prevents phosphorylation. Analysis of WH2 motifs reveals that many different residues can be incorporated at the site preceding the well conserved isoleucine. The WH2 motif of WAVE 1 which binds to an actin monomer very tightly (Kd=54 nM) and inhibits filament elongation (Sweeney et al., 2014) contains an alanine at this site. A comparison was therefore made between structures of different WH2 motifs bound to actin.

Fig 6.11 Comparison of structures of WH2 motifs (red), with the conserved isoleucine (I555 in Las17) and preceding residue highlighted, bound to actin (cyan). (A) WH2 WAVE PDB 2A40 alanine (blue) isoleucine (B) WH2 4 SPIRE PDB 3MN5 serine (blue) isoleucine (green). (C) WH2 WASp PDB 2A3Z glutamine (blue) isoleucine (green)(D) WH2 WIP PDB 2A41 aspartate (blue) isoleucine (green)
A.
B.
C.
D.


As highlighted in fig 6.1. the site preceding the well conserved isoleucine may still contact the actin monomer. A comparison between different WH2 motifs highlights that an alanine at this site may be expected to reduce any steric clash.

[bookmark: _Toc494222772]6.2.7 Does the ‘non-phosphorylatable’ S554A mutation effect G-actin binding?

In studies in the lab investigating the effects of the S554A mutation in vivo, unexpectedly large effects on actin were observed. This could be due to the non-phosphorylatable site but could also be due to additional direct effects on the proteins function caused by the mutation. To test this a fourth peptide was synthesised (peptide synthetics) which incorporated an S554A mutation. This peptide was tested for G actin binding in a MST assay.

Fig 6.12. The S554A mutation promotes G-actin binding of a short WH2 peptide. Actin (150 nM) incubated with a varying concentrations of wild type Las17 WH2 peptide (Kd=0.28 µM ± 0.06 µM, red) or Las17 WH2 peptide with the S554A mutation (Kd=0.021 µM ± 0.01 µM, green) in a MST assay. 


Binding of this S554A peptide to actin (20 nM) was tighter than the wild-type control (280 nM). The S554A mutation therefore increases G-actin binding by the WH2 motif. 

[bookmark: _Toc494222773]6.2.8 Does the ‘non-phosphorylatable’ S554A mutation affect Arp2/3 activation?

The WH2 motif is proposed to deliver the first actin monomer to a growing actin filament after activation of the Arp2/3 complex by the central and acidic motifs of WASp family proteins (Goley and Welch, 2006). G-actin binding by the WH2 is therefore important for proper activation of the complex. Release of the WCA domain from the Arp2/3 complex and the nascent daughter filament is also thought to be an important and potentially rate limiting step in the pathway (Smith et al., 2013; Rodnick-Smith, Luan, et al., 2016). For this reason, both promoting as well as inhibiting the G-actin binding of the WH2 motif has the potential to disrupt the activation of the Arp2/3 complex by Las17. To test this a ‘non phosphorylatable’ PPWCA length of Las17 with the S554A mutation was tested for its ability to activate the Arp2/3 complex.

[image: ]
Fig 6.13 The S554A mutation disrupts the activation of the Arp2/3 complex (A) 3 µM actin induced to polymerise (black) in the presence of 5nM Arp2/3 (grey) with 0.3 µM truncations of Las17: PPWCA aa300-633 (orange) or PPWCA aa300-633 S554A (Blue). Representative trace of n=>3 repeats. (B) Fold decrease in the lag phase before polymerisation can be observed. Linked repeats shown to highlight trend. (C) Time taken to reach peak fluorescence, relative to PPWCA control. Linked repeats shown to highlight trend.


Actin alone (black) or in the presence of just the Arp2/3 complex (grey) polymerises slowly as expected. Wild-type las17 activates the Arp2/3 complex leading to rapid actin polymerisation. Even at high Las17 concentrations (300nM), the non phosphorylatable Las17 mutant is unable to promote polymerisation to the same extent as the wild-type control. The non-phosphorylatable S554A mutation has a direct effect on Las17 activity.


[bookmark: _Toc494222774]6.2.9 Does the ‘non-phosphorylatable’ S554A mutation have an effect in the absence of the Arp2/3 complex

Tight G-actin binding by the WH2 motif of WAVE1 has been shown to inhibit actin polymerisation in the absence of the Arp2/3 complex (Sweeney et al., 2014). Increasing the strength of binding at the WH2 therefore has the potential to influence the Arp2/3 independent effect of Las17. To investigate this, the S554A mutant PPWCA Las17 was tested for Arp2/3-independent activity in a pyrene assay.
[image: ]
Fig 6.14 The S554A mutation has no effect in a pyrene assay in the absence of the Arp2/3 complex (A) 3 µM actin induced to polymerise (black) in the presence of 0.3 µM fragments of Las17: PPWCA aa300-633 (orange) or PPWCA S554D (blue). Representative trace of n=>3 repeats. (B) Relative initial rate of actin polymerisation. (C) Fold decrease in the lag phase before polymerisation can be observed. 


Both the wild-type and S554A PPWCA Las17 caused rapid actin polymerisation relative to the actin only control. The tighter G-actin binding had no effect on the Arp2/3 independent activity of Las17.

[bookmark: _Toc494222775]6.2.10 Phosphorylation WH2 peptide binding to yeast actin

The experiments described above were all carried out using rabbit muscle actin but it was important to determine whether this was a relevant system to study a yeast actin binding protein. Though actin is highly conserved there are differences between rabbit muscle and yeast actin. Since Las17 is a yeast protein and evolved alongside yeast actin it is possible that the effect of phosphorylation may differ between the two proteins.

Yeast actin was therefore purified and then labelled using a commercial labelling kit (nanotemper technologies). This labelled yeast actin was then used in MST experiments to test its ability to bind to the wildtype or phosphorylated peptides.

Fig 6.15 The short wildtype WH2 peptide binds to yeast actin and phosphorylation at S554 disrupts this interaction. Yeast actin at a constant concentration (150 nM) incubated with a varying concentration of wild type Las17 WH2 peptide (Kd=4.4 µM ± 0.9 µM, orange) or Las17 WH2 peptide phosphorylated at S554 (Kd=14 µM ± 7.3 µM, blue). Rabbit actin at a constant concentration (150 nM) incubated with a varying concentration of wild type Las17 WH2 peptide (Kd=0.28 µM ± 0.05 µM, green) in an MST assay.


G-actin binding was detected for both peptides. As expected the wildtype peptide bound more tightly (kd of 4.4 µM ± 0.9 µM) than the phosphorylated peptide (kd of 14 µM ± 7 µM). This was in keeping with what had previously been observed and demonstrates that phosphorylation of the WH2 can disrupt binding to both rabbit muscle and yeast actin. However, the strength of binding of the wildtype peptide to yeast actin was apparently reduced relative to what had been observed for rabbit muscle actin. 

Whilst investigating this lower than expected affinity it was noticed that the company had made slight changes to the structure of the red dye that had been used to label the yeast actin. This modification was intended to improve the labelling efficiency and stability of the dye. However, since the dyes are malemide reactive and the cysteine in actin that is most available to react with the dye is close to the WH2 binding site, it was hypothesised that this change could also disrupt peptide binding to G-actin (fig 6.16). 

Fig 6.16 Three views of fourth WH2 motif of Drosophila melanogaster Spire (residues 461–480, PDB 3MN5, red) bound to actin (cyan) with the serine that is expected to be labelled by the malemide reactive dye highlighted (yellow).


To test whether this was the case the peptide experiments were repeated with rabbit muscle actin that had been labelled with the new dye. An interaction between the wildtype peptide and actin with a Kd of 3.2 µM ± 0.5 µM was observed. This is 30-fold weaker than had been observed previously with the old dye. It is also two-fold weaker than has seen for yeast actin. This suggests that the new dye disrupts G-actin binding relative to the old dye and that in fact the WH2 of Las17 can potentially bind more strongly to yeast than rabbit muscle actin. Weaker than expected binding was also seen between the whole WCA region and rabbit muscle actin labelled with the new dye.

To further validate that the new red dye was the cause of the weaker binding, a blue dye provided by the company was used to label rabbit muscle actin. The unphosphorylated peptide was then tested for its ability to bind to this actin in a MST binding assay. Although this dye was also malemide reactive, it was hoped that it would be different enough from either red dye previously used to provide useful information. 

Fig 6.17 the ‘new’ red dye disrupts binding of the short WH2 peptide to labelled G-actin. A varying concentration of wild type Las17 WH2 peptide tested incubated with 150 nM rabbit actin labeled with either: old red dye (Kd=0.28 µM ± 0.05 µM, green) new red dye (Kd= 3.2 µM ± 0.5 µM, red) or a blue dye provided by nanotemper technology (Kd=0.23 µM ± 0.1 µM, pink) in an MST assay.


Rabbit muscle actin labelled with this blue cys dye bound to the wt peptide with a Kd of 0.23 µM ± 0.1 µM. This was similar that had observed with the old red dye and strongly suggests that the new red dye is interfering with the binding of the WH2 to G-actin. Though the company sent the remaining aliquots of the old red dye free of charge we were unable to label yeast actin with the limited remaining reagents.

The wildtype peptide bound to yeast actin labelled with the new red dye, two-fold more tightly than to the rabbit muscle actin labelled the same way. Phosphorylation at S554 disrupted this binding but to a lesser extent than seen for rabbit muscle actin. Together these results suggest that Las17 WH2 may bind to yeast actin with a higher affinity than for rabbit muscle actin and that phosphorylation disrupts this interaction. Interestingly the new dye had no effect on binding by the 300-422 fragment of Las17 tested in chapter 3. Though this is far from direct evidence, it does support the yeast two-hybrid data that indicated that this fragment of Las17 binds to actin at a different site from the WH2 motif.


[bookmark: _Toc494222776]6.3 Discussion

In this chapter, two potential phosphorylation events within the WH2 motif of Las17 have been investigated in vitro and both have been shown to be sufficient disrupt the G-actin binding activity of a small peptide. Phosphomimics of each event were generated and tested for activity in pyrene assays. The S554D mutation was shown to disrupt the NPF activity of Las17 suggesting a role in the regulation of Arp2/3 activation. A potentially analogous site in WASH was investigated and shown to not influence actin binding in the same way. Lastly, the effect of increasing G-actin binding affinity at the WH2 motif was investigated and shown to reduce the ability of Las17 to activate the Arp2/3 complex.

[bookmark: _Toc494222777]6.3.1 Phosphorylation of the WH2

The formation of actin filaments at the right time and place within the cell requires tight regulation of actin nucleators. The requirement for both the presence of a mother filament and an NPF is one way in which the activity of the Arp2/3 complex is regulated. The NPF activity of WASp family proteins themselves is known to be regulated in several ways. WASp and N-WASp require the release of autoinhibition, by interaction with upstream effectors to become active. Many WASp proteins exist within regulatory complexes which further inhibit their intrinsic activity (Campellone and Welch, 2010). Phosphorylation events are also known to contribute to the regulation of WASp family proteins.

The NPF activity of Las17 is regulated by interaction with several SH3 domain containing proteins present at a nascent endocytic patch (Feliciano and Di Pietro, 2012; Spiess et al., 2013). The discovery of an Arp2/3-independent effect of Las17 on actin polymerisation raises questions about how the different activities may be regulated relative to each other. Phosphorylation of WH2 domains has been hypothesised to be a potential way in which the activity of a number of actin binding proteins may be controlled by disrupting G-actin binding (Dominguez, 2016). 


[bookmark: _Toc494222778]6.3.2 Potential site of phosphorylation S554

Of the two sites identified, S554 is perhaps the most obvious candidate to disrupt binding as it sits adjacent to I555. Crystal structures of other WH2 motifs in complex with actin suggest that the residue immediately preceding the well conserved isoleucine would be incorporated into the helix that forms when a WH2 motif binds to actin (fig. 6.1). It is likely that a phosphogroup at this site would protrude out toward the actin monomer, disrupting the interaction (fig 6.7). 

Excitingly, the addition of a phosphogroup to a short peptide at S554 led to a 100-fold reduction in the strength of binding. This confirms the hypothesis that phosphorylation within the WH2 motif has the potential to change the strength of G-actin binding in the region. Interestingly, the addition of this phosphogroup at S554 weakened but did not ablate binding as seen when I555 was mutated to an aspartate. Several WH2 motifs contain a serine in the same position as S554 and at least one of these sites has been identified as a phosphorylation site (WH2 of WASH). Many other WH2 motifs contain either serines or threonines which could potentially become phosphorylated adjacent to this site.

From analysis of crystal structures of other WH2 motifs, S554 is expected to protrude toward the monomer. However, the twist of the helix suggests that any residue at this position will protrude less directly into the binding site relative to the following isoleucine. In agreement with this several residues can be accommodated at this site across different WH2 motifs. These include: alanine, phenylalanine, aspartate, glutamate and glutamine. Conversely, the isoleucine at site 555 in Las17 is very well conserved across WH2 motifs. We suggest that this site may be responsible for some of the variation in the strength in G-actin binding observed across different WH2 motifs. 

This is supported by the demonstration that the introduction of the small amino acid alanine by the S554A mutation enhances binding of a WH2 peptide of Las17 to actin. We predict that other WH2 motifs that contain an alanine at this site may have relatively high affinities for actin. Indeed, the WH2 motifs of both WAVE 1 and 2 have an alanine at this site and both have a high affinity for actin relative to the WH2 motifs of N-WASp. The WH2 motif of WAVE  1, which binds an actin monomer with a Kd of 54 nM has been shown to inhibit filament elongation(Sweeney et al., 2014). Though other residues are important throughout the motif, it is possible that this is a site at which the strength of WH2 motif binding can be tuned without being ablated.

[bookmark: _Toc494222779]6.3.3 Effect of the phosphomimetic S554D mutation

The phosphomimetic S554D mutation had no observable effect on the Arp2/3-independent activity of Las17 in a pyrene assay. Similarly, the S554D mutation also appeared to have no effect on the NPF activity of Las17. This was extremely surprising as the mutation was expected to have a large effect on the affinity of the WH2 motif for actin. These experiments were carried out at high ratios of Las17/Arp2/3 (60/1). These high ratios were chosen so that experiments in the presence and absence of the Arp2/3 complex could be directly compared and the relative contributions of the two activities separated out. In chapter 3 at these ratios of Las17/Arp2/3 it was shown that mutation of the arginine pairs could disrupt the activation of the Arp2/3 complex. However, it was postulated that these high levels of Las17 relative to the Arp2/3 complex may mask a subtler effect of the mutation. 

To test this, experiments were repeated at a lower ratio of Las17/Arp2/3 (6/1). Under these conditions the S554D mutation reduced the NPF activity of Las17. This reduction was less than that seen in the presence of the I555D mutation. The S554D PPWCA is the only fragment that we have tested in which the NPF activity of Las17 has been disrupted but its Arp2/3-independent activity has not. This strengthens the possibility that phosphorylation at this site may be important in vivo, potentially representing a form of Las17 that can generate actin filaments de novo but is a less potent activator of the Arp2/3 complex.




[bookmark: _Toc494222780]6.3.4 S554A/D: different effects on binding but disrupt activation of the Arp2/3 complex 

The S554A mutation that was shown to increase the G-actin binding activity of a small peptide had no effect on the Arp2/3 independent activity of Las17 in a pyrene assay but did reduce activation of the Arp2/3 complex, even at the high ratios of Las17:Arp2/3. Both the phosphomimetic and non-phosphorylatable Las17 mutants disrupt activation of the Arp2/3 complex despite having opposing effects on the G-actin binding activity of the WH2. 

Weakening G-actin binding at the WH2 may disrupt delivery of monomer to the nascent filament, an important step in activation of the Arp2/3 complex by WASp family proteins. It is interesting to note that the I555D mutation which entirely ablated all actin binding by the WCA region of Las17 did not entirely wipe out activation of the Arp2/3 complex, suggesting that the reaction can still proceed without direct monomer delivery from the WCA. The S554A mutation which strengthens G-actin binding appears to have a greater effect than the S554D mutation. It is possible that increasing the affinity for the G-actin in-turn increases the affinity of Las17 for the nascent Arp2/3 branch point, slowing release and inhibiting daughter filament formation.

[bookmark: _Toc494222781]6.3.5 Role of phosphorylation at T543

The other site within the WH2 motif identified to be phosphorylated by our mass spectrometry analysis was threonine 543. This residue sits slightly outside of what might be considered part of a WH2 motif. However, there are examples of N-terminal sequence influencing the affinity for actin and function of WH2 motifs. The polar nature of the N-terminal portion of the helix formed at the barbed end of an actin monomer by the first WH2 motif of Cobl has been shown to affect the properties of the motif itself. Similarly, a lysine rich region with no intrinsic G-actin binding region N-terminal to the helix itself is sufficient to allow nucleation in the presence of only the first WH2 motif (Husson et al., 2011). This demonstrates that regions outside of the classic WH2 consensus sequence can have an effect on activity. 

It was therefore hypothesised that phosphorylation at T543 may change the interaction of Las17 with actin. Phosphorylation at T543 caused a 10-fold reduction in the strength of binding of a short peptide suggesting that this region of Las17 in important for actin binding. However, the phosphomimetic mutation T554D had no effect on actin polymerisation in the presence or absence of the Arp2/3 complex. It would be interesting to repeat these experiments at a lower ratio of Las17:Arp2/3 complex.

In vivo It is possible that both sites could become phosphorylated at the same time. This may lead to a complete ablation of binding and an effect on Las17 activity more like that seen when the I555D mutation is made. In this case the additional change of affinity for G-actin due to phosphorylation at T543 may contribute to the effect of modifications at other sites.

[bookmark: _Toc494222782]6.3.6 Limitation of peptide analysis 

The 100-fold reduction in strength of the interaction between G-actin and the peptide phosphorylated at S554 may not be reproduced by the phosphomimetic S554D mutation in the context of a larger fragment. Although the serine to aspartate mutation can be very useful for studying phosphorylation, it is clearly an imperfect mimic of phosphoserine. Additionally, any disruption of the binding surface between the WH2 motif and actin may have a larger effect on the affinity of a peptide than a protein that contains the full WCA region. Residues missing in the peptide may stabilise the interaction and therefore lessen the effect of a modification on the strength of binding.

[bookmark: _Toc494222783]6.3.7 Activation of the Arp2/3 complex in TIRFm

Mutating S554 to either an alanine or an aspartate disrupted the ability of Las17 to activate the Arp2/3 complex in a pyrene assay. For this reason, attempts were made to investigate the effect of each mutation on Arp2/3 complex activation in TIRFm single filament assays. However, these attempts were hampered by the same problems discussed in chapter 4. The formation of branch junctions was observed in the presence of both mutants, as was the formation of the dense F-actin clusters described in chapter 4. There was a potential difference in the frequency and nature of clusters formed in the presence of the different mutants, however this is a qualitative observation and experiments would have to be designed to further quantify it. 


[bookmark: _Toc494222784]7. Final Discussion

This study set out to investigate in greater details the actin-dependent activities of the yeast WASp homolog Las17. The minimal component and key regions required for the Arp2/3-independent effect of Las17 on actin polymerisation have been identified and the key motifs probed. A novel effect of the WCA domain on actin polymerisation has been identified and potential mechanisms by which these diverse interactions may be regulated have been explored. This work builds on that of Urbanek et al 2013 and Felliciano et al 2015 to provide an expanded view of the potential roles of Las17 at an endocytic patch. It also builds upon a growing body of work that demonstrates that WASp family proteins have the potential to influence actin polymerisation as more than just activators of the Arp2/3 complex.

[bookmark: _Toc494222785]7.1 Model

We propose that tight G-actin binding to more than one actin monomer within the region aa300-422 promotes actin filament formation. Filaments nucleated by Las17 are not necessarily released but instead may be held in association with Las17, an interaction that involves both the C-terminal polyproline region and the WCA domain. We propose that through this interaction, the WCA domain may influence the elongation rate of an associated filament. In addition, we propose that increased association with F-actin has the potential to promote the activation of the Arp2/3 complex by Las17.

[bookmark: _Toc494222786]7.2 Full length Las17-inhibition of Arp2/3 activation, promotion of Arp2/3 independent activities?

In contrast to previous studies, we have found the NPF activity of full-length Las17 to be somewhat auto-inhibited (fig4.2) (Rodal et al., 2003). The Arp2/3-independent activity of Las17 was however promoted by the N-terminal suggesting that, in the absence of other activating factors, the Arp2/3-independent activity of Las17 may be favoured (fig3.3/3.4). In addition, we have shown that phosphorylation within the WH2 motif has the potential to inhibit the NPF activity of Las17, without disrupting Arp2/3-independent filament formation (fig6.6). Upon arrival at a nascient endocytic patch, the NPF activity of Las17 is thought to be inhibited through an interaction with Sla1 (Feliciano and Di Pietro, 2012). Initial experiments (EGA, JP, unpublished) suggest that the SH3 domains of Sla1 inhibit the Arp2/3-independent activity of Las17 in a similar way. 

Auto-inhibition and phosphorylation at S554 may allow inhibition by Sla1 to be released without the WCA domain becoming available to activate the Arp2/3 complex. This may allow the two activities of Las17 to be differentially regulated. The mechanism by which Sla1 inhibition may be released is somewhat unclear, although Sec4 has recently been shown to promote the NPF activity of Las17 n the presence of Sla1 (Johansen, Alfaro and Beh, 2016). At the correct time, activation of the Arp2/3 complex would then be promoted by dephosphorylation of the WH2 motif and release of the auto-inhibition by so-far unidentified factors.

Fig.7.1. Proposed model as to how the NPF activity of Las17 may remain inhibited, whilst inhibition of the Arp2/3-independent activity is released. SH3 domains initially block association of the N-terminal of the polyproline region with actin monomers, inhibiting both Arp2/3 dependent and independent functions of Las17. Phosphorylation as well as an intramolecular interaction between the WCA domain and a postulated auto-inhibitory motif (within residues aa180-300), further inhibit Arp2/3 activation. A so far unidentified factor (perhaps Sec4, or by a similar mechanism) disrupts the interaction with Sla1, allowing the N-terminal of the polyproline region to bind to actin monomers and promote filament formation. Arp2/3 complex activation remains inhibited by phosphorylation and inhibitary intramolecular interaction.


[bookmark: _Toc494222787]7.3 Minimal component and the mechanism of nucleation

Concurrently to Felliciano and colleagues we have further characterised a novel actin-binding motif. Although we have extended our understanding of the contribution of the different arginine pairs to G-actin binding, this region is far from fully characterised and further experiments will be necessary to determine the exact motif important for this interaction. For example, each arginine pair is followed by a proline tract that is flanked on the other side by an additional arginine residue. Whether these residues also contribute to G-actin binding is unknown but initial experiments mutating residues HR359,360 suggest that they can. It will be exciting to learn whether the repetition of this motif is directly related to actin binding or whether these arginine residues are only important for SH3 domain binding.

Further experiments to determine the stoichiometry of actin binding within this region will be vital to further our understanding of the mechanism by which this region promotes actin polymerisation. These could be undertaken by exploiting unpolymerisable actin in assays that can determine the size of different species present, such as size exclusion chromotogrophy or potentially MST or fluorescence anisotropy assays. This approach could be complicated if binding of a second monomer depends upon the binding of the first. If this was the case it may be possible to explore this interaction using crosslinked actin dimers or trimers. If Las17 binds two or more actin monomers, its affinity for an artificial species that mimics a necessary step in the formation of an actin filament would be expected to be greater than if it only interacts with one monomer (Rebowski et al., 2010). 

[bookmark: _Toc494222788]7.4 Is Las17 a true nucleator?

There is an ongoing debate in the field as to whether proteins often described as nucleators, such as formins and tandem WH2 proteins, promote the formation of a de novo filament or instead capture a pre-formed actin seed that would otherwise depolymerise. The mechanism of filament formation by Las17 proposed in this study suggests that Las17 promotes the formation of a filament by bringing together individual actin monomers. Many of the results that lead to this proposal however could be equally well described by a model in which Las17 stabilises inherently unstable actin dimers and trimers that form stochastically in solution. 

Although it could be argued that there is little inherent difference between the two models and it is hard to directly determine between the two, it would be interesting to further investigate the mechanism involved. One potential way to do this would be to repeat TIRFm assays in the presence of varying the concentration of Las17/ actin. It would be expected that, If Las17 promotes filament formation by stabilising seeds of two or more actin monomers that form in a Las17-independent manner, there would be a different dependency on actin concentration than if Las17 actively promotes the formation of a seed from individual monomers. 

[bookmark: _Toc494222789]7.5 Other proteins with RRP motifs

It will be interesting to investigate whether similar motifs in the N-terminal of the polyproline regions of both mammalian WASp and N-WASp mediate a direct interaction with actin. The WCA domain of WASp/ N-WASp are sufficient for potent Arp2/3 activation. However, the polyproline region of WASp has been shown to have a positive effect on Arp2/3 activation even in the absence of profilin (Yarar, J A D’Alessio, et al., 2002). Furthermore, WASp has been shown to promote the Arp2/3 independent activity of WHAMMY (Brinkmann et al., 2016). Whether the N-terminal proline tracts, which are flanked by arginines, are involved in these activities is an open question. 

WASp interacting proteins (WIPs) bind to WASp/N-WASp and are involved in the regulation of Arp2/3 activation (Fried et al., 2014). They have large polyproline rich regions containing a number of proline tracts, many of which are flanked on both sides by an arginine residues. This is particularly evident in WIP 1 and 2. It will be interesting to investigate whether these many arginine flanked proline tracts play a direct role in regulating actin polymerisation, perhaps as part of a complex with other actin binding proteins. Interestingly, none of the proline tracts in the yeast homolog of WIP, verprolin, are flanked by arginines. 




[bookmark: _Toc494222790]7.6 Requirement for a mother filament

The requirement for a mother filament is an innate necessity of forming this branched geometry. It also provides an additional point at which the activity of the complex can be regulated. The preference of the Arp2/3 complex for newly polymerised filaments that are free from tropomyosin heightens this barrier to complex activation. The existence of a class of NPF that can preclude the need for a mother filament demonstrates one mechanism by which this barrier is overcome. Another mechanism is the ‘overflow’ of short filaments from nearby actin structures (Chen and Pollard, 2013). The coupling of de novo actin filament nucleation activity and NPF activity appears to be a third mechanism by which the Arp2/3 complex can become activated in the absence of suitable pre-existing mother filaments. Las17, JMY and the WASp/WHAMY complex exemplify three examples in which these activities are found together (Tyler, Allwood and Ayscough, 2016). The demonstration that the key motifs involved in his Arp2/3-independent activity are proline tracts flanked by arginine residues allow us to make predictions about other proteins that may have similar, previously overlooked, activities. 

[bookmark: _Toc494222791]7.7 C-Terminal Proline Tracts and the Minimal Component

The C-terminal proline tracts of Las17 had previously been shown to have a direct effect on actin polymerisation. These tracts are not however necessary for the reduction of the lag phase observed in the absence of the Arp2/3 complex. Instead they seem to modify the effect of the shorter minimal component of Las17 on actin polymerisation as the levels of F-actin increase. Whereas no F-actin binding activity has been identified for the short aa300-422 fragment, the longer PP fragment has been previously shown to interact with polymerised actin. We propose that this is due to the direct interaction between the C-terminal proline tracts and actin and that this interaction alters the effect of Las17 on actin polymerisation.

In this study, we have expanded upon the evidence presented in Urbanek et al 2013 which demonstrated that the C-terminal proline tracts of Las17 can directly interact with actin. Due to the high number of proline tracts expected at an endocytic patch, relative even to the number of actin monomers, we propose that the patch itself is a highly functionalised and interconnected mesh of actin filaments and filament binding proteins which together act to alter the dynamics of actin polymerisation and achieve efficient invagination. 

[bookmark: _Toc494222792]7.8 Proline tracts and actin structures
Many cytoskeletal proteins contain polyproline rich regions raising the possibility that they too mediate a weak but direct link to the actin cytoskeleton. Good estimations of the numbers of individual proteins present at an endocytic patch have been made. Using data acquired in S. pombe, an estimation of the number of proline tracts containing 5 or more consecutive prolines present at a patch can be made (Sirotkin et al., 2010). Using this conservative definition of a proline tract it can be estimated that an endocytic patch contains over 1,400 proline tracts, relative o 7,000 actin monomers (1 proline tract to each 5 monomers). Proline rich proteins have been shown to phase separate at high concentrations in the presence of high concentrations of SH3 domains (Li et al., 2012; Banjade and Rosen, 2014). We propose that weak interactions between proline tracts, actin and SH3 domains may function to alter actin dynamics across a patch.

[bookmark: _Toc494222793]7.9 Effect of the WCA domain in a pyrene assay
Interestingly, the addition of the WCA domain changes the shape of the curve observed in a pyrene assay. The PP fragment gives a smooth curve in which rapid initial rates of polymerisation fall as the final total level of polymerisation is reached. This curve is easily explained by the previously identified actin nucleation activity. Since nucleation is highly dependent upon the concentration of G-actin the largest effects on bulk polymerisation would be expected to be at early time-points. The resulting increase in the number of barbed ends would then give a fast rate of total polymerisation relative to the actin only control. This rate would then be expected to fall as the concentration of G-actin drops.

In contrast to this, the PPWCA fragment of Las17 gives a curve with a marked shoulder where the rate of total polymerisation increases at later time-points. This rate doesn’t decrease gradually as the final level of total polymerisation is reached as in the presence of the PP alone, and a characteristic shoulder is observed. This increase in rate at a later time-point suggests that Las17 is able to interact with the product of the reaction, F-actin, in a way that further promotes filament formation. This increase in rate at a later time-point is no-longer observed when actin binding in the WCA is disrupted by mutation. This agrees with the prediction that the WCA domain changes the way the polyproline region interacts with actin filaments.

In both Arp2/3 mediated and Arp2/3 independent situations, the formation of such structures depends upon the continued association of the actin binding protein to filaments. This connection is essential for the formation of such a network, further suggesting that the activity of Las17 is partly dependent upon the association to a filament. 

[bookmark: _Toc494222794]7.10 Filament elongation
In addition to observations made in this study and the recently identified polymerase activity of WHAMMY, other WASp family proteins have been shown to influence the rate of filament elongation (Brinkmann et al., 2016). N-WASp has been observed to promote processive barbed end elongation when immobilised on a functionalised nanofiber (Khanduja and Kuhn, 2014). In the presence of the Arp2/3 complex, the WCA domain of WAVE2 generates fast growing networks whereas the WCA of WAVE1 leads the formation of a dense network that extends slowly due to an inhibitory effect of the WH2 motif of WAVE 1 on filament elongation (Sweeney et al., 2014). We propose that the rapid elongation observed in these experiments provides further evidence for a role of WASp family proteins in the regulation of filament elongation.

An interaction between the WH2 motif of N-WASp and the barbed end of a filament has been shown to be important for maintaining attachment of functionalised beads to actin comet-tails during motility assays (Hu and Kuhn, 2012). The continued association of Las17 to the barbed end of a filament may be important for its function in vivo. It may allow filaments nucleated by Las17 to be held in place relative to other patch components or the membrane. This could allow for a controlled burst of F-actin formation, in a defined geometry followed by rapid elongation prior to the arrival of the Arp2/3 complex. This would both provide the initial mother filaments required for activation of the complex and help to dictate the geometry of the resultant branched F-actin network. Additionally, connection of Las17 to the membrane may couple actin polymerisation to the membrane, allowing force to be efficiently transferred to deform the membrane. 

Further experiments will be required to better characterise the effect of Las17 of filament elongation. Localising fragments of Las17 on beads may provide a way to study elongation in the absence of the formation of large clusters, which complicate analysis. Initial experiments appeared promising but there was not enough time to further optimise this assay. One advantage of localising Las17 on a bead would be knowing where Las17 was relative to a filament. Another way to show this would be by fluorescently labelling Las17 and performing two-colour TIRFm experiments. Again, initial experiments were promising using a fragment of Las17 in which a cysteine residue had been introduced at residue 300 and covalently linked to a malemide reactive Alexa dye. However, there was not enough time to optimise this approach.

It is possible that the S554 A and D mutants could disrupt this activity, a hypothesis that could be tested in such an elongation assay. Additionally, Co et al 2007 examined the effects of two WH2 mutants which reduced actin binding to a similar extent as the two phosphomimetic mutants in motility assays. Using a construct of N-WASp that included only a single WH2 motif, they found that weakening the association between the motif and actin weakened the attachment of an N-WASp coated bead with an actin comet-tail. This caused the bead to detach from the comet-tail and motility to cease. It would be interesting to compare the S554A and D mutants in a similar assay, since they have opposing effects on the affinity of the WH2 motif for an actin monomer. 

At a site of endocytosis Las17 is tethered to the membrane in a ring. If the WH2 motif provides a link between Las17 and the barbed end of a filament it is possible that this link orientates and promotes filament elongation in a productive manner. Disruption of this processive association by phosphphorylation of the WH2 motif could disrupt this, changing the dynamics of filament elongation or perhaps facilitating the release of a filament network.

[bookmark: _Toc494222795]7.11 Arp2/3 activation
It would be interesting to study the effect of the WCA domain on actin polymerisation without the additional complication of the nucleation activity of the polyproline region of Las17. The polyproline region of Las17 is however required for potent activation of the Arp2/3 complex (Rodal et al., 2003) (fig4.1). This is true also for WAVE proteins, however dimerised WCA domains of WAVE 1 and 2 have been used to study the effect of the different proteins on Arp2/3 activation in TIRFm single filament experiments (Yarar, J A D’Alessio, et al., 2002; Sweeney et al., 2014). It would be interesting to see whether GST-tagged WCA fragments of Las17 generate branches and filament networks in a similar manner to WAVE 1 and 2. This would allow the effect of WH2 mutants on Arp2/3 activation to be explored in the absence of the additional effects of the polyproline region of Las17. GST WCA of Pombe Las17 Wsp1 has previously been shown to be as potent an activator of the Arp2/3 complex as GST WCA of N-WASp in a pyrene assay (Sirotkin et al., 2005).
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Fig3.1. Schematic of Las17 and constructs referenced in chapter 3.
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