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Abstract 
 

Septins are highly conserved components of the cytoskeleton found in animals and fungi. 

They play a variety of roles in key cellular processes including cell division, cell migration 

and membrane trafficking. During host-pathogen interactions, septins inhibit bacterial 

infection by forming cage-like structures around pathogens such as Shigella. In addition, 

two recent genome-wide RNAi screens demonstrated that septins play an undefined role 

during vaccinia virus replication. Utilizing cell-based assays and microscopy I set out to 

determine the role of septins in vaccinia infected cells. I found that septins are recruited 

to vaccinia virus immediately following its fusion with the plasma membrane during viral 

egress.  Live cell imaging reveals that septins are lost from beneath the virus once the 

virus stimulates Arp2/3 complex-dependent actin polymerization to enhance its cell-to-

cell spread. Virus-induced actin polymerization involves the phosphorylation of the viral 

protein A36, leading to the recruitment of Cdc42, Nck, Grb2, WIP and N-WASP, which 

activate the Arp2/3 complex. Chemical or genetic inhibition of A36 phosphorylation 

dramatically increases the number of virus particles co-localizing with septins. Further 

experiments demonstrate that the recruitment of Nck and subsequently dynamin, but not 

Grb2, WIP:N-WASP or the Arp2/3-complex, promote the loss of septins from virions. 

RNAi-mediated depletion of septins increases virus release, accelerates cell-to-cell 

spread, and induces more robust actin tails.  

Collectively, my results demonstrate that septins limit the spread of vaccinia infection in 

cell monolayers and the recruitment of dynamin downstream of Nck enables the virus to 

overcome septin-mediated restriction. This is the first example of septins having an anti-

viral effect and my work identifies a new role for septins in host defence. 
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Impact Statement 
 

Vaccinia virus has been demonstrated to be an effective tool to study a diverse range 

of cell biological processes such as apoptosis, vesicle transport or actin dynamics 

(Nichols et al., 2017, Leite and Way, 2015, Frischknecht and Way, 2001, Traktman, 

1990). Here, I have utilized vaccinia to gain new insights into the regulation of a 

cytoskeletal component known as septins.  

 

The work presented in this thesis reveals a novel anti-viral role for septins in host-

cell defence, namely that septins suppress the release and spread of the vaccinia 

virus. I have investigated the mechanism by which vaccinia overcomes this 

repressive function of septins and have uncovered a new link between the 

cytoskeletal proteins dynamin, formins and septins. The new potential connection 

between dynamin and formin-dependent actin polymerization will likely be relevant 

to cell biologists studying questions outside the context of virus biology. As septins 

are a highly conserved component of the cytoskeleton and fulfil a variety of vital 

functions in the cell, their dysregulation is associated with several diseases such as 

cancer, neuronal diseases, male sterility or platelet defects (Shen et al., 2017, Koch 

et al., 2015, Yu et al., 2016, Marttinen et al., 2015, Ageta-Ishihara et al., 2013b, 

Gozal et al., 2011, Bartsch et al., 2011, Shahhoseini et al., 2015). Hence my basic 

research has potential to contribute to the understanding and treatment of these 

diseases. Additionally, the community will also benefit from the reagents and 

methods I have developed, which are applicable to a broad range of scientific 

questions.  

 

Vaccinia virus has many useful applications in clinical medicine. A modified version 

of vaccinia is used as an agent for vaccination against, among others, malaria, Ebola 

virus, HIV, tuberculosis, influenza or coronaviruses (Voigt et al., 2016, Iyer and 

Amara, 2014, Ohimain, 2016, Volz and Sutter, 2017). In addition, it could also serve 

as protection against biological weapons derived from smallpox. Describing new 

mechanisms by which the spread of vaccinia virus can be modulated will be of great 

interest for future vaccine development to minimize side effects of vaccination and 

increase efficacy. 
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Furthermore, increasing the release of virus to optimize vaccine production could be 

very beneficial, especially for diseases such as malaria or tuberculosis that are 

commonly associated with resource poor, developing countries. 

 

Apart from being a vaccine agent, vaccinia is also used as an oncolytic virus (Buijs 

et al., 2015, Turnbull et al., 2015, Fukuhara et al., 2016). Its intrinsic ability to 

preferentially target cancer cells makes vaccinia an attractive therapeutic agent. 

Again, the insights provided in this thesis, into how host cells limits virus spread and 

how the pathogen overcomes such restrictions, can be used to further optimize 

vaccinia as an oncolytic therapeutic.  

 

Finally, a large portion of my thesis work is being published in the Journal of Cell 

Biology (in revision), a specialist, well-respected journal with a large readership. 

Fluorescence images from my work have also been used in print media such as a 

journal cover (Journal of Cell Science, 128(13), 2015) and as advertising material for 

international meetings. These visually aesthetic images of septins and vaccinia will 

be useful for highlighting their importance during future public engagement events. 
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Chapter 1. Introduction 

1.1 Vaccinia virus 

1.1.1 General 

Viruses are obligate intracellular pathogens that cannot replicate outside their host. 

Vaccinia virus is a member of the poxvirus family, a group of large double-stranded 

DNA viruses which, for instance, includes variola, the causative agent of smallpox 

(Moss, 2007, Salzman, 1960).  Vaccinia was successfully used as a vaccine against 

variola eventually leading to the eradication of smallpox (Newmark, 1980, 1972). 

Smallpox had a mortality rate of around 30% (Fenner et al., 1988, Henderson) and 

had endangered humanity since approximately 10.000 BC (Dixon, 1962). One of the 

first famous smallpox victims may have been the Egyptian Pharaoh Ramses V, as 

lesions found on the face of the mummy suggest this (Hopkins, 1985). In China, first 

attempts to protect people from the disease by intra-nasally administering dried, 

powdered smallpox scrabs are dated to the tenth century (Burnette, 1992, Gross and 

Sepkowitz, 1998). In a more Eurocentric world view Edward Jenner is often praised 

as the “father of immunology” who saved countless lives with his discovery (Smith, 

2011). Jenner followed up on the observation that milkmaids, who often got infected 

with the less severe cowpox virus, seemed to be immune to smallpox. By inoculating 

a young boy (James Phipps) with cowpox pus, he successfully protected the child 

against a subsequent challenge with smallpox (Orr and McNeill, 1988, Radetsky, 

1999). However, this practise had also been used by others even earlier in some 

parts of Europe and Jenner may have known about some of them (Hammarsten et 

al., 1979, Plett, 2006). Eventually, extensive vaccination programs and the fact that 

humans are the only host for smallpox allowed the world health organization (WHO) 

to eradicate this disastrous disease (1972, Barquet and Domingo, 1997).  

 

The exact origin of vaccinia virus still remains a subject of speculation, since the 

strains used today are different to any other known poxvirus. However, some studies 

suggest that variola virus has evolved rather recently with the common ancestor 

emerging in the 16th century (Duggan et al., 2016, Babkin and Babkina, 2015). 
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Centuries of passaging the vaccinia in a variety of hosts probably allowed for the 

evolution of this artificial virus, which has no natural occurring host (Baxby, 1975, 

Baxby, 1977). One common hypothesis, however, is that it derived from cowpox, 

given that is was extracted from lesions caused by that disease.   

 

Today vaccinia is still widely studied and new applications for the virus have arisen. 

In addition to bracing humanity against the threat that smallpox might be used as a 

bio-weapon, vaccinia is often used as a safe vaccine vector for a variety of diseases 

(Gómez et al., 2011, Grigg et al., 2013, Ramezanpour et al., 2016). Furthermore, 

modified vaccinia virus strains have great potential as oncolytic viruses (Deng et al., 

2017, Fukuhara et al., 2016, Jefferson et al., 2015). Besides medical applications, 

vaccinia virus is also a great tool to study a range of cellular processes such as 

signalling pathways, microtubule transport, actin dynamics as well as the immune 

response to viral infection. (Miner and Hruby, 1990, Roberts and Smith, 2008, Iborra 

et al., 2012, Lousberg et al., 2011, Newsome and Marzook, 2015, Bonjardim, 2017, 

Leite and Way, 2015). 

 

1.1.2 Viral entry 

Vaccinia has a complex replication cycle in cells in culture that is depicted in Figure 

1.1. Infectious vaccinia virus particles come in two states, the intracellular mature 

virion (IMV) and the extracellular enveloped virion (EEV). IMV are surrounded by a 

single membrane bilayer, whereas EEV are wrapped by a double membrane. 

Furthermore, the proteins integrated and associated with the viral membrane differ 

for the two virus populations (Moss, 2007). IMV represent the majority of virions in 

infected cells but are only released after host cell lysis. They are environmentally 

stable and particularly well-suited for long range host to host transmission (Smith et 

al., 2002). In contrast, EEV are responsible for local and rapid cell-to-cell spread 

(Law et al., 2002, Appleyard et al., 1971, Payne, 1980, Blasco and Moss, 1992, 

Doceul et al., 2010). Due to distinct morphology and protein composition it is not 

surprising that they utilize different cell entry mechanisms. 

 

IMV entry is initiated by the binding of the virus to the plasma membrane through 

interactions between host cell surface glycosaminglycans (GAGs) (Carter et al., 
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2005, Chiu et al., 2007, Chung et al., 1998, Hsiao et al., 1999, Lin et al., 2000). How 

exactly EEV attach to the host cell is not yet fully understood, but a current 

hypothesis suggests that upon interactions with host GAGs the outer membrane of 

EEV ruptures, revealing the proteins involved in IMV fusion (Law et al., 2006, 

Schmidt et al., 2012, Senkevich et al., 2004b).  After binding, IMV can undergo lateral 

movement along filopodia towards the cell centre (Huang et al., 2008a, Mercer and 

Helenius, 2008). Thereupon the virus activates a signalling cascade that induces 

membrane blebbing, a process in which the plasma membrane detaches from the 

cortex and is retracted in an acto-myosin dependent manner (Charras, 2008, Mercer 

and Helenius, 2008). These membrane protrusions facilitate both EEV and IMV entry 

via micropinocytosis, a mechanism usually used to clear apoptotic bodies (Mercer 

and Helenius, 2008, Mercer and Helenius, 2009, Sandgren et al., 2010, Townsley et 

al., 2006, Mercer and Helenius, 2010, Mercer et al., 2010a, Schmidt et al., 2011, 

Hoffmann et al., 2001). The viral membrane is rich in phosphatidylserines (Ichihashi 

and Oie, 1983, Zwartouw, 1964), usually a hallmark for apoptotic cells and activates 

several kinases including PKC, Pak1 and PI(3)K and depends on Rac-mediated 

rearrangement of the actin cortex (Locker et al., 2000, Mercer and Helenius, 2008, 

Mercer et al., 2010a, Laliberte and Moss, 2009, Schmidt et al., 2011). Entering the 

cell via micropinocytosis allows the virus to easily cross the cell cortex, avoid 

recognition by the immune system and take advantage of spatio-temporally ordered 

endocytic cues, such as changing pH (Bidgood and Mercer, 2015, Moss, 2016, 

Amara and Mercer, 2015, Mercer, 2011). The acidification of endosomes is an 

essential trigger for the fusion of the viral and endosomal membranes (Townsley and 

Moss, 2007, Townsley et al., 2006). Membrane fusion is mediated by the entry-fusion 

complex (EFC), a multimeric structure composed of twelve viral proteins (Bisht et al., 

2008, Brown et al., 2006, Izmailyan et al., 2006, Nichols et al., 2008, Ojeda et al., 

2006a, Ojeda et al., 2006b, Senkevich et al., 2004a, Townsley et al., 2005, Wolfe et 

al., 2012). Two other viral proteins, A25 and A26, prevent premature fusion and 

negatively regulate EFC function (Chang et al., 2010). The A25:A26 dimer is 

inactivated by acidification, which can occur either by artificially lowering the pH of 

the media, or naturally during endosome maturation (Chang et al., 2010, Townsley 

et al., 2006). Subsequently viral and endosomal membranes fuse and the virus 

particle is released into the cytoplasm.  
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While there is clear evidence that vaccinia induced endocytosis is independent of 

clathrin and caveolae-mediated pathways, there are contradicting studies regarding 

the role of dynamin during vaccinia entry (Huang et al., 2008a, Schroeder et al., 2012, 

Mercer and Helenius, 2008, Laliberte et al., 2011). In the work of Mercer and 

Helenius, the dynamin inhibitor dynasore and the overexpression of the dominant-

negative dynamin 2 had no significant impact on IMV entry (Mercer and Helenius, 

2008, Mercer et al., 2010a). Yet others found that the same inhibitory treatments as 

well as siRNA-mediated knockdown of dynamin2 substantially decreased vaccinia 

virus entry into HeLa cells and mouse embryonic fibroblasts (MEFs) (Huang et al., 

2008a, Schroeder et al., 2012, Laliberte et al., 2011).  

While endocytosis represents the most common mechanism of vaccinia entry, there 

is also some limited evidence that the virus can also fuse directly with the plasma 

membrane to deposit its inner core into the cytoplasm (Carter et al., 2005, Law et al., 

2006). An additional level of complexity is added as the mode of virus uptake and 

the requirements for entry vary between different cell types (Bengali et al., 2011, 

Bengali et al., 2009, Whitbeck et al., 2009, Mercer et al., 2010a) and virus strains 

(Chang et al., 2010, Mercer et al., 2010a).  

Finally, there is evidence that in polarized epithelial cells the virus has a preference 

to enter through the basolateral surface (Rodriguez et al., 1991, Vermeer et al., 

2007).  

 
 

1.1.3 Virus replication and assembly 

Once vaccinia has entered the cell and shed its membranes, the virus core is 

exposed to the cytoplasm (Dales, 1963, Moss, 2016). The virus core can reach the 

cell centre via microtubule-based transport (Carter et al., 2003). Vaccinia also 

induces cell blebbing soon after infection by modulating the cell cortex (Barry et al., 

2015, Durkin et al., 2017, Schramm et al., 2006). The viral protein F11 alleviates the 

RhoD/Pak6-mediated inhibition of RhoC, which is then able to activate myosin-II via 

ROCK resulting in increased cortex contractility and bleb formation (Durkin et al., 

2017). It is not clear what the purpose of this process is but one current hypothesis 

is that thereby cell organelles accumulate close to the nucleus allowing the virus to 

efficiently access the resources of the host cell.  
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One peculiarity of poxviruses is that their replication does not occur in the nucleus 

as seen with other large DNA viruses, such as herpes and adenovirus.  Instead it 

takes place in so-called virus factories, which are infection-specific domains located 

in the host cytoplasm close to the microtubule-organizing centre (Moss, 2007, 

Ploubidou et al., 2000, Roberts and Smith, 2008, Tolonen et al., 2001). The genome 

of vaccinia encodes several replication machinery components including DNA 

polymerase, DNA ligase, topoisomerase and Helicase-primase, allowing for 

autonomous DNA replication (Moss, 2013). However, a recent study demonstrated 

that additional host proteins involved in the ATR dependent DNA damage response 

exit the nucleus and accumulate in the virus factories where they promote virus 

replication (Postigo et al., 2017). Once in the cytoplasm, the virus core is activated 

and undergoes morphological changes and viral proteins are released from 

proteinaceous structures flanking the DNA containing core called lateral bodies 

(Dales, 1963, Pedersen et al., 2000, Schmidt et al., 2013). Inside the virus core the 

viral RNA polymerase is already pre-bound to the early promoters enabling rapid 

transcription. The mRNA is released into the cytoplasm where it gets translated by 

host ribosomes, resulting in early viral protein production (Baldick and Moss, 1993, 

Yang and Moss, 2009). The viral AAA+ ATPase D5 is one of those early gene 

products and it helps to un-coat the vaccinia genome (Kilcher et al., 2014, Mercer et 

al., 2012). Simultaneously, vaccinia inhibits translation of host genes to maximize 

the available resources and to suppress the adaptive and innate immune responses 

(Moss, 1968, Person-Fernandez and Beaud, 1986, Strnadova et al., 2015). 

Approximately half of the 260 viral genes are transcribed early with most of them 

being involved in genome replication, immune evasion and preventing early host cell 

death (Broyles, 2003, Postigo and Ferrer, 2009, Postigo et al., 2009, Moss, 2007). 

A much smaller subset of intermediate genes is activated later and is largely 

responsible for initiating the translation of the late genes (Zhang et al., 1992, 

Assarsson et al., 2008, Yang et al., 2011). Late gene products are needed for the 

assembly of the next generation of virus particles (Kent, 1989, Rosel and Moss, 

1985).  
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Figure 1.1 Replication cycle of vaccinia virus 

1. IMV and EEV attach to the cell and stimulate micropinocytosis to induce its uptake. 
2. The viral core is released into the cytoplasm and viral cores are transported to the 
perinuclear region along microtubules. 3. New virus particles are formed in the 
cytoplasmic virus factory. 4. IMVs reach the TGN by microtubule-transport, 5. where 
they are wrapped by a double membrane cisternae to become IEV. 6. IEVs bind 
kinesin-1 to be transported to the cell periphery in a microtubule-dependent manner. 
7. IEVs cross the cortical actin and their outermost membrane fuses with the plasma 
membrane. Then they are either released into the surrounding or 8. CEVs recruit 
Src/Abl family kinases to stimulate the formation of the actin tails (shown in red). 
 

Crescent-shaped lipid membranes, derived from the endoplasmic reticulum (ER), 

are the first distinguishable structures of virus morphogenesis detectable by electron 

microscopy (Dales and Mosbach, 1968, Hollinshead et al., 1999, Husain et al., 2006, 

Risco et al., 2002). These membranes then surround the new viral core and the viral 

genome gets packaged into the core of these immature virions (IV) before the virion 
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membrane is sealed (Morgan, 1976, Cepeda and Esteban, 2014). Whilst some of 

the essential proteins for correct membrane wrapping are already well known, the 

mechanistic details remain rather obscure (Condit et al., 2006, Rodriguez et al., 1998, 

Sodeik et al., 1993, Sodeik and Krijnse-Locker, 2002, Zhang and Moss, 1992, 

Griffiths et al., 2001). Using advanced electron microscopy techniques, it became 

clear that a single de-novo derived membrane encloses the viral core (Heuser, 2005, 

Hollinshead et al., 1999). Proteolytic cleavage of capsid proteins and condensation 

of the core material results in substantial morphological changes leading to the 

formation of the typically barrel-shaped intracellular mature virion (IMV) (Condit et 

al., 2006, Moss and Rosenblum, 1973). This is where morphogenesis ends for most 

virions until IMVs are released from the host cell by cell lysis. A small subset of IMV 

undergo further adaptations to become intracellular enveloped virions (IEV). 

Microtubule-based transport facilitates the re-localization of some IMV from the virus 

factory to the trans-Golgi network (TGN) where an additional double membrane 

cisternae is wrapped around the IMV (Earley et al., 2008, Hiller and Weber, 1985, 

Payne and Kristenson, 1979, Sanderson et al., 2000, Schmelz et al., 1994, Tooze et 

al., 1993, Ward, 2005). The resulting intracellular enveloped virions (IEV) are now 

surrounded by three layers of lipid. Inserted to or associated with the two outermost 

membranes are several specific IEV proteins (A33, A34, A36, A56, B5, E2, F12 and 

F13). Some of them are involved in IEV formation (A27, B5 and F13) while others 

are implicated in the transport to the cell periphery (F12 and A36) (Roberts and Smith, 

2008, Leite and Way, 2015). 

 

The specific orientation of the viral proteins integrated or associated with the virus 

membrane is depicted in Figure 1.2. A36 and F12, for example, are only found in the 

outermost membrane and subsequently left behind in the plasma membrane when 

the virus exits the cell (van Eijl et al., 2002, van Eijl et al., 2000). B5 and F13, which 

are already inserted in the TGN and endosomal membrane, are essential for 

membrane wrapping. Together with other viral membrane proteins such as A33 and 

A36 they cycle between the plasma membrane and the TGN (Blasco and Moss, 

1992, Engelstad and Smith, 1993, Wolffe et al., 1993, Husain and Moss, 2003, 

Husain and Moss, 2005, Ward and Moss, 2000).  
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Figure 1.2 Viral proteins associated with the outer membranes of IEV 

Schematic depicting the orientation of viral proteins that are integrated or associated 
with the two outermost membranes of IEV. Arrows indicate interactions between 
proteins.  
 

Following the wrapping step IEV move along microtubules to the cell periphery 

(Geada et al., 2001, Hollinshead et al., 2001, Rietdorf et al., 2001, Ward, 2005, Ward 

and Moss, 2001a). F12 jointly recruited with E2 and A36 are implicated in 

microtubule-based motility and their deletion results in severe spreading defects 

(Herrero-Martinez et al., 2005, Rietdorf et al., 2001, Ward and Moss, 2001a, 

Parkinson and Smith, 1994, Morgan et al., 2010, Carpentier et al., 2015, Carpentier 

et al., 2017). IEV recruit kinesin1 via interactions of the bipartite tryptophan acidic 

motifs (WE WD) of A36 with the plus-end-directed microtubule motor (Dodding et al., 

2011, Dodding et al., 2009, Ward and Moss, 2004, Pernigo et al., 2013). Bipartite 

tryptophan-acidic motifs are conserved kinesin1-binding motifs that are found in 

cellular kinesin-interacting proteins, such as calsyntenin-1 (Dodding et al., 2011, 

Dodding and Way, 2011, Morgan et al., 2010, Konecna et al., 2006, Araki et al., 

2007).  
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Vaccinia not only hijacks the existing microtubules but actively regulates their 

dynamics leading to more microtubule tips reaching the cell periphery (Arakawa et 

al., 2007b). Therefore, F11 inhibits RhoA signalling to mDia1 leading to increased 

levels of tubulin acetylation (Arakawa et al., 2007b). In this way, the virus increases 

its transport to the plasma membrane. Once at the cell periphery, the dense 

meshwork of the actin cortex constitutes an obstacle to fusing with the plasma 

membrane. In order to cross this barrier vaccinia downregulates RhoA signalling to 

mDia via the viral protein F11(Arakawa et al., 2007a). Reduced mDia activity also 

changes the actin dynamics in the cortex and allows the virus to reach the plasma 

membrane (Arakawa et al., 2007a). In addition, regulation of RhoA via F11 also 

enhances cell migration and promotes viral spread in vivo and in vitro (Valderrama 

et al., 2006, Cordeiro et al., 2009). 

 

1.1.4 Viral egress and cell-to-cell spread 

When IEV reach the cell periphery and cross the cell cortex, their outermost 

membrane fuses with the plasma membrane thereby releasing the virion into the 

extracellular space (Smith and Law, 2004, Smith et al., 2002, Arakawa et al., 2007a, 

Blasco and Moss, 1992, Cudmore et al., 1995). The mechanistic details of how this 

membrane fusion occurs still remains to be established. The extracellular virions, 

referred to as extracellular enveloped virions (EEV), can be released from the cell 

and promote the long range spread of infection throughout an animal (Payne, 1980, 

Reeves et al., 2005).  Alternatively, they can remain attached to the outer surface of 

the plasma membrane through interactions of viral membrane proteins spanning the 

plasma membrane and the virus membrane (Smith and Law, 2004, Smith et al., 

2002). This sub-population of viruses is referred to as cell-associated enveloped 

virions (CEV). Upon fusion, the viral proteins A36 and F12, which were only located 

in the outer viral membrane, are left behind in the plasma membrane (Smith and Law, 

2004, Smith et al., 2002). A36 accumulates underneath the CEV, as seen by 

immunofluorescence and electron microscopy (Ichihashi et al., 1971, van Eijl et al., 

2000, Frischknecht et al., 1999b, Newsome et al., 2006). Subsequently, the 

cytoplasmic part of A36 gets phosphorylated by Src/Abl family kinases on two 

tyrosines. Thereby kinesin-1 dissociates and a receptor tyrosine-like signalling 

cascade locally induces Arp2/3-dependent actin polymerization (Blasco and Moss, 
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1992, Cudmore et al., 1995, Frischknecht et al., 1999b, Moreau et al., 2000, 

Newsome et al., 2004, Newsome et al., 2006, Scaplehorn et al., 2002, Stokes, 1976). 

Newly formed branched actin filaments underneath the virus assemble into a so-

called actin tail. The pushing forces exerted by newly inserted actin monomers into 

the filaments propels vaccinia forward. Actin-based movement of the virus greatly 

enhances virus release and spread (Payne and Kristensson, 1982, Frischknecht et 

al., 1999b, Moreau et al., 2000, Rietdorf et al., 2001, Ward et al., 2003). Breaking 

the viral protein interactions that tether the virus to the cell surface are thought to be 

disrupted by the pushing forces of actin polymerization, allowing the virus to be 

released (Horsington et al., 2013). Under conditions where actin polymerization is 

prevented, virus release is significantly reduced and there is evidence that virus 

particles are stuck in membrane pits after fusion (Horsington et al., 2013). see Figure 

1.3 

 

 
Figure 1.3 Actin promotes virus release 

During egress the outermost membrane of vaccinia fuses with the plasma 
membrane. Transmembrane proteins anchor the virus particle to the surface of the 
host cell. Locally induce actin polymerization pushes the virus outwards. Without 
those pushing forces the virus particle remains trapped in the membrane pit.  
 
 

1.2 Actin and its role during vaccinia egress 

1.2.1 Actin  

Actin is a highly conserved protein and is one of the most abundant proteins in the 

cell with concentrations up to several hundred micro-molar (Koestler et al., 2009, 
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Steinmetz et al., 1997). The 42 kDa-sized globular actin (G-actin) has the ability to 

polymerize into polar, helical filaments (F-actin) (Hanson and Lowy, 1964, Pollard, 

1977, Dominguez and Holmes, 2011). By decorating actin filaments with the head 

group of the actin-motor myosin the orientation of the filament could be determined, 

see Figure 1.4A (Huxley, 1963)). Based on this labelling technique, the two ends of 

an actin filament are termed barbed and pointed end (Huxley, 1963, Woodrum et al., 

1975). The rate-limiting step of actin polymerization is the assembly of the initial actin 

trimer, which forms the seed for subsequent filament elongation (Nishida and Sakai, 

1983, Arisaka et al., 1975). The rate of actin polymerization in the presence of such 

seeds is directly proportional to the concentration of G-actin; however, a monomer 

is much more likely to be added to the barbed end than to the pointed end (Wegner, 

1976, Pollard and Mooseker, 1981, Pollard, 1983). At a steady state concentration 

of G-actin, the filament length remains constant but due to the differential binding 

affinities of the two ends, monomers are integrated into the filament at the barbed 

end while at the same time the filament disassembles at the pointed end. This cycling 

process of actin is named treadmilling (Figure 1.4B) (Fujiwara et al., 2002, Pollard 

and Borisy, 2003).  

 
Figure 1.4 The actin filament 

A Electron micrograph of a negatively stained actin filament partially decorated with 
myosin heads.  © Adapted from Pollard and Borisy, 2003. Originally published in Cell 



Chapter 1 Introduction 

34 

 

0092-8674 B Schematic depicting the process of simultaneous filament elongation 
and depolymerisation called actin treadmilling. 
 

Actin is bound to an adenosine phosphate, which either comes as ATP, ADP or ADP-

Pi. Monomeric actin bound to ATP can assemble into filaments, while polymerized 

actin can hydrolyse the nucleotide to ADP-Pi (Korn et al., 1987, Carlier and Pantaloni, 

1986, Carlier et al., 1988). Over time the phosphate is lost and the remaining ADP 

allows a conformational change leading to decreased persistence length of the 

filament (Janmey et al., 1990, Orlova and Egelman, 1992). The transition from ATP-

bound actin to the ADP-Pi-bound and subsequently the ADP-bound form in the 

filament acts as an intrinsic timer and is vital for actin treadmilling (Bugyi and Carlier, 

2010, Carlier et al., 2011). In addition, the cell expresses several proteins, which 

locally regulate actin dynamics. For example, it was shown that actin depolymerizing 

factors (ADF) and cofilin bind ADP-bound actin and promote severing of F-actin by 

inducing additional torsion in the actin filament (Cao et al., 2006, Okreglak and 

Drubin, 2007, McGough et al., 1997). In addition, ADF and cofilin also bind to ADP-

Pi-bound actin and accelerate the release of the phosphate thereby promoting 

subsequent actin depolymerisation (Blanchoin and Pollard, 1999). ADF and cofilin 

also promote actin polymerization at the barbed end, firstly by increasing the pool of 

monomeric actin and secondly by providing additional free barbed ends through 

severing of existing filaments (Shekhar et al., 2016, Bravo-Cordero et al., 2013).  

In the cell, monomeric actin is mostly bound to profilin, a conserved 16 kDa actin 

binding protein (Carlsson et al., 1976, Carlsson et al., 1977, Yarmola and Bubb, 2006, 

Alkam et al., 2017, Courtemanche and Pollard, 2013). Binding of profilin to G-actin 

stimulates the exchange of bound ADP to ATP, which regenerates the pool of G-

actin. Following the binding of profilin-actin to F-actin, profilin is released (Pollard and 

Cooper, 1984, Ding et al., Blanchoin and Pollard, 1998, Lu and Pollard, 2001, Porta 

and Borgstahl, 2012, Selden et al., 1999). Profilin-actin can only be incorporated into 

the barbed end of the filament and reinforces the underlying mechanism of actin 

treadmilling (Tilney et al., 1983, Pollard and Cooper, 1984). In addition, recent 

studies have shown that profilin inhibits the formation of branched actin and favours 

the formation of parallel actin bundles (Rotty and Bear, 2015, Suarez et al., 2015).  

Another group of actin binding proteins are the capping proteins, which are widely 

found in all eukaryotes (Edwards et al., 2014, Shekhar et al., 2016). Originally 
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purified from ameoba (Isenberg et al., 1980), capping protein consists of a 

heterodimer of alpha and beta subunits that bind to the barbed end of actin filaments 

to prevent addition and dissociation of actin monomers (Cooper and Sept, 2008, 

Edwards et al., 2014, Wear et al., 2003). If all actin filament barbed ends were free 

and able to elongate, the cell would quickly run out of available G-actin (Pollard, 

2016). Conversely, if all the capping proteins engaged with actin filaments, no barbed 

ends would be left. Since both scenarios are lethal, the cell tightly regulates the 

activity of capping proteins. Myothrophin sequesters a proportion of capping proteins 

away, while capping protein interactors (CPI) regulate the affinity of capping proteins 

to both the barbed ends and to myotrophin (Bhattacharya et al., 2006, Schafer et al., 

1996, Edwards et al., 2014).  

 

The regulation of actin is closely linked to motility. First, the contractile potential of 

muscles depends on myosin motors that walk along actin filaments (Geeves, 1991). 

Second, actin is an important component of the cytoskeleton and indispensable for 

cell migration (Rottner and Stradal, 2011, Lammermann and Sixt, 2009). Actin 

filaments can dynamically assemble and disassemble, and those filaments can 

either exert substantial pulling and pushing forces or, by being cross-linked provide 

rigidity (Fletcher and Mullins, 2010, Blanchoin et al., 2014). Balancing the ratio of 

filamentous and monomeric actin is crucial to allow rapid adaptations and dynamic 

changes in the actin cytoskeleton (Sept and McCammon, 2001, Pollard and Cooper, 

2009, Shekhar et al., 2016). Furthermore, the number and length of actin filaments 

impacts on their ability to exert high pushing forces required for cell migration 

(Mogilner and Oster, 1996, Mogilner and Oster, 2003, Pollard and Borisy, 2003).  

 

1.2.2 Actin filament nucleators  

The initial rate limiting step to nucleate an actin filament is the binding of three actin 

monomers to form a stable, trimeric species that can elongate. While subsequent 

elongation of the seed occurs rapidly, the formation of the trimer is 

thermodynamically unfavourable (Pollard and Cooper, 1986, Pollard and Weeds, 

1984, Gilbert and Frieden, 1983, Woodrum et al., 1975). Actin nucleators catalyse 

seed formation in order to promote actin filament formation (Figure 1.5). Examples 

of these different actin nucleators will be described below.  
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Figure 1.5 Actin nucleators 

Schematic of actin nucleators and how they initiate a new actin filament. Formins 
remain attached to the growing barbed end further facilitating elongation. WH-2 
containing proteins, such as Spire, promote filament nucleation by binding up to four 
actin monomers. The Arp2/3 complex, activated by a nucleation promoting factor, 
can branch a new daughter filament of a pre-existing mother filament.  
 
 
Formins 
Formins are unique amongst the actin nucleators in that they can facilitate both 

nucleation and elongation of unbranched actin filaments (Dominguez, 2016, 

Breitsprecher and Goode, 2013). Humans have 15 different formins, which are 

subdivided into 7 families. A conserved feature of all formins is the presence of formin 

homology domains 1 and 2 (FH1 and FH2) which play important roles in their ability 

to stimulate actin filament assembly (Chesarone et al., 2010, Schonichen and Geyer, 

2010). A subgroup of formins was found to exist in the cytoplasm as auto-inhibited 

inactive monomers, or homo-dimers. The inactivation is mediated through the 

binding of the Dia inhibitory domain (DID) to the C-terminal Dia auto-regulatory 

domain (DAD) (Nezami et al., 2006, Kovar, 2006). Active Rho-GTPases, such as 

RhoA, Rac1 or Cdc42, release this inhibition and activate the formin (Maiti et al., 

2012, Li and Higgs, 2003, Rose et al., 2005). The two FH2 domains of the dimer 

form a doughnut shaped ring, which can interact with either two actin monomers or 

the barbed end of the actin filament (Figure 1.6A). By staying attached to the fast-

growing barbed end during elongation, the formin protects the filament from capping 
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proteins (Moser et al., 2003, Kovar et al., 2003, Pruyne et al., 2002, Xu et al., 2004). 

The FH1 domains bind and recruit the profilin-actin complexes in order to supply 

sufficient actin for rapid filament growth (Kovar et al., 2006, Paul and Pollard, 2008). 

Formins help to overcome the energy barrier of actin seed formation by stabilizing 

actin dimers and subsequent actin trimers (Kovar et al., 2003, Pring et al., 2003, Li 

and Higgs, 2003). However, in vitro the actin nucleation efficiency of formins is rather 

low compared to other nucleation promoting factors (Pring et al., 2003, Gould et al., 

2011, Heimsath and Higgs, 2012). Several formins have an additional domain on the 

C-terminal site of the FH2 domain, which can either interact directly with actin 

monomers or recruit other actin binding proteins such as spire or APC that can also 

nucleate actin filaments (Quinlan et al., 2007, Breitsprecher et al., 2012, Pechlivanis 

et al., 2009, Montaville et al., 2016). Both mechanisms strongly increase the potential 

of formins to nucleate and elongate actin filaments (Blanchoin and Michelot, 2012, 

Paul and Pollard, 2008, Moseley et al., 2004, Schumacher et al., 2004, Dominguez, 

2016). 

 
Figure 1.6 Formins can nucleate actin filaments 

A Schematic showing the domain structure of formins. B Schematic of the nucleation 
mechanism by which formin can nucleate an actin filament either alone or in 
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cooperation with other actin binding proteins. © Dominguez, 2016. Originally 
published in Trends Biochem Sci 0968-0004. 
 
 
WH2-domain containing proteins 
The group of proteins containing a WASP homology 2 (WH2) domain is the most 

recently discovered family of actin nucleators and includes proteins such as Spire, 

Cobl and leiomodin (Dominguez, 2016, Quinlan et al., 2005, Qualmann and Kessels, 

2009). The WH2 domain, initially found in Wiskott-Aldrich syndrome protein (WASP), 

is one of the most abundant G-actin binding domains (Symons et al., 1996, Carlier 

et al., 2011, Shekhar et al., 2016, Weiss and Schultz, 2015). WH2-domain containing 

proteins can have up to four repeats of this motif, with each one capable of binding 

one G-actin. It has been proposed that WH2 domains act by bringing three or four 

monomers in close proximity, thereby stabilizing the filament seed (Figure 1.5) 

(Ahuja et al., 2007, Campellone and Welch, 2010, Liverman et al., 2007, Quinlan et 

al., 2005, Tam et al., 2007). To optimize their nucleation efficiency, WH2-domain 

containing proteins can cooperate with other actin binding proteins such as formins 

(Dominguez, 2016). One such well-studied pair is Spire and Cappuccino, initially 

found in flies (Rosales-Nieves et al., 2006, Quinlan et al., 2007). Interesting, the 

bacterium Rickettsia expresses Sca2, which combines feature of a classical WH2-

domain containing protein and has similarities to formins. Sca2 is able to polymerize 

the host actin into linear filaments (see 1.2.3) (Haglund et al., 2010, Choe and Welch, 

2016, Reed et al., 2014). 

 

Arp2/3 complex and its regulators  
The Arp2/3 complex is the only actin nucleation factor that induces the formation of 

branched actin filaments (Machesky et al., 1994, Rotty et al., 2013, Goley and Welch, 

2006). It is a complex of seven highly conserved subunits consisting of the actin 

related proteins 2 and 3 (Arp2 and Arp3), which have strong sequence and structural 

similarities to actin as well as five additional proteins (ArpC1 to ArpC5) (Goley and 

Welch, 2006, Kelleher et al., 1995, Machesky et al., 1994, Rouiller et al., 2008, 

Robinson et al., 2001, Welch et al., 1997a). Actin filament nucleation is achieved by 

binding one actin monomer, which, together with Arp2 and Arp3, mimics the first 

trimer of the filament (Goley and Welch, 2006, Pollard and Borisy, 2003, Mullins et 

al., 1998a, Mullins et al., 1998b). Initiating a new “daughter” filament while binding to 
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the side of a “mother” filament allows the Arp2/3 complex to form Y-shaped branches 

at an angle of approximately 74° (Figure 1.7) (Goley and Welch, 2006, Mullins et al., 

1998a, Mullins et al., 1998b, Egile et al., 2005). The crystal structure of the Arp2/3 

complex revealed an inactive conformation, in which Arp2 and Arp3 are rather distant 

from each other (Robinson et al., 2001). Up until now, it has not been possible to 

crystalize the active form of the Arp2/3 complex and a lower resolution cryo-electron 

tomography of branched actin provides the best resolved structure of the active form 

bound to actin filaments (Rouiller et al., 2008). Computational models have been 

used to simulate the necessary structural rearrangements that bring Arp2 and Arp3 

together to allow growth of the daughter filament (Dalhaimer and Pollard, 2010). In 

order to adopt this active conformation, the Arp2/3 complex needs to be activated by 

additional proteins called nucleation promoting factors. Nucleation promoting factors 

are essential, since the isolated Arp2/3 complex has very poor actin nucleation 

activity (Goley and Welch, 2006, Mullins et al., 1998b, Welch et al., 1998, Welch and 

Mullins, 2002).  

 
Figure 1.7 The Arp2/3 complex 

Low resolution surface representation of the Arp2/3 complex at a branch point. Actin 
subunits are coloured in white or grey. © Roullier et al., 2008. Originally published in 
Journal of cell biology. 180:887-95. 
 

Subsequent work over the years has subdivided nucleation promoting factors into 

two distinct classes. Class I nucleation promoting factors include WASP, neuronal 

WASP (N-WASP), WASP-family verprolin homologue (WAVE also known as SCAR), 

WASP and SCAR homologue (WASH), WASP homologue associated with actin, 

membranes and microtubules (WHAMM) and junction-mediating regulatory protein 
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(JMY). Class II nucleation promoting factors contain cortactin and hematopoietic-

specific protein 1 (HS1) (Campellone and Welch, 2010). Members of the class I 

nucleation promoting factors each have a variable N-terminus, followed by a central 

proline rich domain of varying length and a conserved C-terminal WCA domain 

consisting of a WH2 domain (W), a connecting or central domain (C) and the acidic 

domain (A) (Tyler et al., 2016). Monomeric actin can bind to the WH2 domain, while 

the C and A domains interact with the Arp2/3 complex (Marchand et al., 2001, 

Chereau et al., 2005, Panchal et al., 2003). The current model of Arp2/3 activation 

is that while the acidic domain binds to the Arp2/3 complex, the central domain 

induces a conformational change that brings Arp2 and Arp3 closer together. 

Subsequently the W-domain delivers the first monomeric actin that forms together 

with Arp2 and Arp3 the trimer of the new daughter filament (Goley et al., 2004, Rodal 

et al., 2005b). Nucleation activity of pure Arp2/3 complex is rather poor but it is 

greatly enhanced by the addiction of a WCA domain, especially when the WCA 

domains can dimerise (Hufner et al., 2001, Padrick et al., 2008).  

WASP and N-WASP are probably the best characterized nucleation promoting 

factors, partly because they were the first cellular nucleation promoting factors to be 

described (Miki et al., 1996, Yarar et al., 1999). Both proteins exist in an auto-

inhibited state, in which the WCA domain binds intramolecularly to the GTPase 

binding domain (GBD) (Kim et al., 2000, Rohatgi et al., 2000, Miki et al., 1996, 

Prehoda et al., 2000 Yarar, 1999, Rohatgi et al., 1999). This inhibition can be 

overcome by several upstream signals including the binding of Cdc42 or 

phosphatidylinositol 4,5-bisphosphate (PIP2) (Campellone and Welch, 2010, 

Prehoda et al., 2000). Furthermore, many adaptor proteins containing Src homology 

3 (SH3) domains can bind to the proline rich domain (PRD) of WASP/N-WASP to 

activate the nucleation promoting factor. Examples are the non-catalytic kinase (Nck) 

and the growth factor receptor-bound protein 2 (Grb2) (Carlier et al., 2000, Rohatgi 

et al., 2001), both of which are recruited by Vaccinia virus (Donnelly et al., 2013, 

Frischknecht et al., 1999a, Scaplehorn et al., 2002, Moreau et al., 2000, Snapper et 

al., 2001). WASP interacting protein (WIP) can stabilize the auto-inhibited 

conformation of N-WASP and regulates its activation. Furthermore, WIP is also 

required for the recruitment of N-WASP to sides of actin polymerization (Anton et al., 

2007, Martinez-Quiles et al., 2001, Stradal and Scita, 2006, Ho et al., 2004, Ramesh 

et al., 1997). Interestingly, WASP/N-WASP appear to always function in a complex 
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with WIP and WIP is also essential for the recruitment of N-WASP to vaccinia 

(Donnelly et al., 2013, Janssen et al., 2016, Weisswange et al., 2009, de la Fuente 

et al., 2007). 

WAVE proteins are involved in plasma membrane protrusions and cell migration, 

where they are activated by the small GTPase, Rac1, and jointly with Ena/VASP 

proteins promote actin polymerization (Machesky et al., 1999, Chen et al., 2014, Miki 

et al., 1998b, Bear et al., 1998, Yamazaki et al., 2003). Ena/VASP proteins promote 

actin filament elongation by preventing filament capping (Krause et al., 2003). 

WASH is found on early and recycling endosomes where the local branched actin 

network regulates the shape and content of endosomes (Carnell et al., 2011, Bartuzi 

et al., 2016, Derivery et al., 2009, Linardopoulou et al., 2007). WASH is also involved 

in receptor recycling (Piotrowski et al., 2013, Buckley et al., 2016, Zech et al., 2011) 

JMY is found at the leading edge in migrating cells; however upon stress signals, 

such as DNA damage, JMY trans-locates into the nucleus where it facilitates p53-

dependet transcription (Shikama et al., 1999, Zuchero et al., 2009, Zuchero et al., 

2012). Interestingly, JMY can also promote Arp2/3 independent actin nucleation and 

is also involved in autophagosome formation (Coutts and La Thangue, 2015, Coutts 

et al., 2009, Zuchero et al., 2009). 

WHAMM is found at the ER-Golgi intermediate compartment, where it is involved in 

the regulation of vesicle transport (Campellone et al., 2008). WHAMM can also bind 

to microtubules and this interaction simultaneously promotes membrane binding of 

WHAMM while inhibiting actin filament formation (Liu et al., 2017, Shen et al., 2012). 

Similar to JMY, WHAMM has also been shown to promote autophagosome formation 

during starvation (Kast et al., 2015).  

 

The discovery of the first nucleation promoting factor is a prime example of how 

studying pathogens, which evolved to manipulate their host, provide valuable 

molecular insights into fundamental cellular processes. In 1998, Welch and co-

workers found that ActA, a protein expressed by Listeria monocytogenes, can 

drastically increase the nucleation activity of Arp2/3 in vitro (Welch et al., 1998). 

Shortly after, nucleation promoting factors were identified in eukaryotes. WASP was 

already known to regulate actin dynamics in the cell, but it was only after the 

discovery of the Arp2/3 complex that the function of WASP as an Arp2/3 activator 
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was recognized (Symons et al., 1996, Machesky and Insall, 1998, Machesky et al., 

1999, Winter et al., 1999, Yarar et al., 1999, Rohatgi et al., 1999). 

 

1.2.3 Actin-based motility of pathogens 

Pathogens have co-evolved with their unwilling hosts, which have developed various 

defence mechanisms against infection. Conversely, pathogens have established 

countless ways of manipulating the host cell machinery to counteract the hosts 

defences to enhance their replication and spread. Given the versatile functions of 

actin in a healthy cell, it is not surprising that many pathogens hijack this component 

of the cytoskeleton to promote their spread and movement (Figure 1.8). The first 

described example of a pathogen hijacking actin was the gram-positive bacterium 

Listeria monocytogenes (Tilney et al., 1990, Tilney and Portnoy, 1989), a food-borne 

pathogen, often causing food poisoning, sepsis and meningitis (Allerberger and 

Wagner, 2010, Farber and Peterkin, 1991). By analysing a bacterial mutant with a 

severe spreading defect, it was found that a bacterial surface protein, ActA, was 

disrupted and actin tails were no longer formed (Kocks et al., 1992). ActA contains 

conserved WH2 and CA domains, which enables it to directly bind and activate the 

Arp2/3 complex. Additional proline rich regions in ActA can recruit Ena/VASP 

proteins that further enhance actin polymerization (Welch et al., 1997b, Welch et al., 

1998). Local induction of a branched actin network at one pole of the bacterium 

pushes the pathogen forward, while the formed actin network remains stationary and 

slowly disassembles (Carlsson and Brown, 2006, Tilney and Tilney, 1993). 

 

The in vitro reconstitution of actin-based motility of Listeria with purified proteins 

allowed the determination of the minimal set of components required to support 

Arp2/3 dependent actin-based motility (Loisel et al., 1999). The minimal set of 

proteins, thus, consists of monomeric actin, Arp2/3, N-WASP, VASP, ADF and 

capping proteins (Loisel et al., 1999). Listeria actin tails have become a good model 

system to study the pushing forces exerted by Arp2/3-dependent actin 

polymerization, both in vivo and in vitro (Rolhion and Cossart, 2017, Small, 2015). 

Interestingly, it has been observed that in addition to Arp2/3-dependent actin tails, 

Listeria is able to switch to polymerising only parallel unbranched actin filaments, 

probably relying on VASP (Brieher et al., 2004). While Arp2/3 is needed for actin tail 
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initiation, actin bundling proteins, such as fascin, can trigger the transformation to 

unbranched, hollow actin tails (Brieher et al., 2004). 

 

The baculovirus Autographa californica, commonly used as a protein expression 

system, is also propelled through the cytoplasm and into the nucleus by the power 

of actin polymerization (Goley et al., 2006, Ohkawa et al., 2010, Osz-Papai et al., 

2015, van Oers et al., 2015, Lanier and Volkman, 1998, Wang et al., 2008). The 

capsid protein p78/83, found on one tip of the virus, like ActA, has similarity to the 

VCA domain of N-WASP family proteins. This enables it to activate the Arp2/3 

complex, leading to a branched actin tail comprising of only four to five actin filaments, 

which are necessary to push the virus at a speed of 50 µm/min through the cytoplasm 

of the host cell (Goley et al., 2006, Machesky et al., 2001, Mueller et al., 2014).  

 

Other pathogens have found alternative ways to locally stimulate Arp2/3-dependent 

actin polymerization. IscA (also called VirG) was found in a screen that identified 

pathogen proteins involved in promoting the spread of Shigella flexneri (Bernardini 

et al., 1989, Lett et al., 1989, Makino et al., 1986). IscA is polarized on the bacterium 

and recruits N-WASP, but not the closely related WASP, to one pole of the pathogen 

(Robbins et al., 2001, Suzuki et al., 1998, Suzuki et al., 2002). Upon binding to IscA, 

N-WASP adopts its active open conformation, enabling it to interact with the Arp2/3 

complex (Mauricio et al., 2017, Egile et al., 1999). WIP and Nck are also found at 

Shigella tails, however, they are not required for formation of actin tails (Loisel et al., 

1999, Moreau et al., 2000). While Cdc42 is involved in the uptake of Shigella, it is 

dispensable for actin tail formation (Shibata et al., 2002).   

 

Mycobacterium marinum belongs also to a group of pathogens which optimizes their 

spread by actin-based motility. Mycobacterium also induces branched actin 

networks and relies on nucleation promoting factors, in particular WASP or N-WASP, 

but it does not require Nck, WIP or Cdc42 (Stamm et al., 2003, Stamm et al., 2005). 

Further work will be needed to identify the bacterial factor involved in N-WASP 

recruitment. 

 

Instead of forming a classical actin tail as described above, the virulent forms of 

E.coli Enteropathogenic Escherichia coli (EPEC) and Enterohemorrhagic 
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Escherichia coli (EHEC) induce the formation of so called actin pedestals to promote 

their cell-to-cell spread (Hayward et al., 2006, Velle and Campellone, 2017). The 

bacteria express a protein called Tir (translocated intimin receptor), which is inserted 

into the host plasma membrane by weakly adhering bacteria (Kenny et al., 1997). 

Upon binding of the bacterial surface-protein intimin to Tir, the pathogen becomes 

tightly attached to the host cell (Lai et al., 2013). Binding of intimin induces Tir 

clustering and phosphorylation of tyrosine 474 of EPEC Tir (Swimm et al., 2004, 

Kenny, 1999). In the case of EPEC, phosphorylated tyrosine 474 is a docking site 

for the SH2 domain of Nck (Gruenheid et al., 2001). Nck in turn recruits N-WASP, 

which locally activates the Arp2/3 complex (Campellone et al., 2004a, Frese et al., 

2006, Swimm et al., 2004, Bommarius et al., 2007, Gruenheid et al., 2001). In 

contrast, EHEC Tir does not get phosphorylated but the bacterial effector EspFU gets 

injected into the host cell, which binds to Tir via the host protein IRSp53 (Weiss et 

al., 2009). EspFU then recruits and activates N-WASP, leading to Arp2/3 driven actin 

polymerization (Garmendia et al., 2004, Campellone et al., 2004b). In either case, 

these resulting pedestal-like actin structures allow the bacteria still sitting on the 

outside of the host plasma membrane to surf on the cell surface and reach 

neighbouring cells (Velle and Campellone, 2017). 

 

Intracellular movement of Rickettsia rickettsii was first observed in 1957 (Schaechter 

et al., 1957). Rickettsia can exploit both Arp2/3 dependent and independent actin 

polymerization. Early during infection, the pathogen uses the bacterial nucleation 

promoting factor, RickA, to activate the Arp2/3 complex and induce shorter, curved 

actin tails (Gouin et al., 2004, Jeng et al., 2004, Reed et al., 2014). Hours later, the 

formin-like bacterial protein, Sca2, directly polymerizes unbranched actin filaments 

at one pole of the bacterium (Haglund et al., 2010, Kleba et al., 2010, Reed et al., 

2014, Serio et al., 2010). Furthermore, Rickettsia also reduces intracellular tension 

by secretion of an effector protein, Sca4, which disrupts the binding between vinculin 

and a-catenin (Lamason et al., 2016). Reduced intracellular tension promotes cell-

to-cell spread of the bacterium and consequently relies less on the pushing force of 

actin polymerisation (Lamason et al., 2016).  

 

Burkholderia sps express a protein BimA, which, depending on the strain, either 

activates Arp2/3 or mimics Ena/VASP proteins to directly nucleate and elongate actin 
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filaments (Breitbach et al., 2003, Stevens et al., 2005, Sitthidet et al., 2010, Benanti 

et al., 2015). It is interesting that BimA from different species initiate either branched 

or unbranched actin tails. The efficiency to form these tails varies, but once they are 

formed, the speed of the propelled bacteria is the same, regardless of the different 

underlying actin network (Benanti et al., 2015).  
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Figure 1.8 Various pathogens can induce polymerization of host-cell actin 

Schematic of various strategies to locally induce actin polymerization exploited by 
different intracellular pathogens. Microbes and their proteins are depicted in green. 
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1.2.4 How vaccinia virus can induce actin tails 

In 1976, it was noticed that some vaccinia particles are found at the tips of microvilli 

during viral release (Stokes, 1976). These viral tipped microvilli were actin-rich 

structures containing actin cross-linkers such as a-actinin, fimbrin and filamin but not 

myosin or tropomyosin (Hiller et al., 1981, Hiller et al., 1979, Krempien et al., 1981). 

However, it took another 15 years to show that rapid actin polymerization could 

propel the virus forward (Cudmore et al., 1995, Cudmore et al., 1996). Since then, a 

significant effort has been put into elucidating the nature of these actin tails and 

deducing the mechanism by which they are formed.  

 

 
Figure 1.9 Vaccinia can induce actin tails 

A A z-section through a cryo-electron tomogram of vaccinia associated with an actin 
tail (Pfanzelter, 2013). Scale bar = 200nm. B Immunofluorescence image of a Hela 
cell infected with WR. Actin stained with phalloidin is shown in green, virus in red 
and DAPI in blue. The white arrow highlights a virus tipped actin tail. Scale bar = 
10µm.  
 
After fusion with the plasma membrane, CEV can initiate these actin protrusions by 

locally recruiting and activating members of the Src and Abl family kinases, which in 

turn phosphorylate tyrosines 112 and 132 on the cytoplasmic domain of the viral 

protein A36 (Frischknecht et al., 1999a, Newsome et al., 2006, Reeves et al., 2005, 

Scaplehorn et al., 2002). Arg, Abl, Src, Fyn and Yes kinases are capable of 

phosphorylating A36 and thereby allow actin tail formation. Furthermore, Arg and Abl 

are additionally involved in virus release, although the underlying mechanism 

remains unclear (Newsome et al., 2006, Reeves et al., 2005). Inhibition of Abl/Arg 

by Imatinib reduces the release of extracellular enveloped viruses (EEV) by 60-70% 

and promotes survival of infected mice (Reeves et al., 2005). The fourth short 

consensus repeat (SCR4) of B5 is required for the recruitment and activation of 

Src/Abl family kinases underneath the virus/CEV at the plasma membrane 

(Newsome et al., 2004). Phosphorylation of A36 also triggers the release of kinesin-
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1 from the virion at the plasma membrane (Newsome et al., 2004). The signalling 

cascade following A36 phosphorylation is very similar to phospho-tyrosine receptors 

(Figure 1.10).  

 

 
Figure 1.10 Signalling cascade leading to vaccinia-induced actin tails 

Schematic depicting the signalling cascade downstream of the two phospho-
tyrosines in the viral protein A36 leading to local actin polymerization. Domains are 
annotated: (P) phospho-tyrosine, SH2 (Src homology 2), SH3 (Src homology 3), 
WBD (WASP binding domain), PRD (Polyproline-rich domain), WH1/2 (WASP 
homology 1/2), GBD (GTPase binding domain), WCA (WH2, central and acidic 
region), CRIB (Cdc42- and Rac-interactive binding motif). 
 

The residues around phosphorylated tyrosine Y112 in A36 conform to a consensus 

for a Nck SH2 binding site (Frese et al., 2006, Songyang et al., 1993) and are 

responsible for recruiting Nck to the virus (Donnelly et al., 2013, Frischknecht et al., 

1999a, Scaplehorn et al., 2002). Nck is a SH2/SH3 adaptor protein that links 

signalling receptors with downstream effector proteins (Li et al., 2001, Buday et al., 

2002). It contains one SH2 domain which binds to the phospho-tyrosine motif, and 

three Src homology-3 (SH3) domains that interact with PxxP motifs in a variety of 

binding partners (Lehmann et al., 1990, Li et al., 2001, Buday et al., 2002). Nck is 

involved in various processes such as cell migration, invadopodia formation, and 
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axon guidance (Chaki and Rivera, 2013, Li et al., 2001, McCarty, 1998). While some 

PxxP containing proteins show preferential binding to specific Nck SH3 domains, 

others have no specificity and can interact with all three domains (Buday et al., 2002, 

Antoku et al., 2008, Ger et al., 2011). During vaccinia egress, N-WASP and WIP are 

recruited as a complex to the CEV (Donnelly et al., 2013, Moreau et al., 2000, 

Weisswange et al., 2009). The second SH3 domain of Nck interacts with the 

polyproline region in WIP, while the third SH3 domain of Nck binds to the polyproline 

region in N-WASP (Donnelly et al., 2013). The first interaction is important for the 

recruitment of the complex, whereas the second interaction helps to activate N-

WASP and allows subsequent Arp2/3-based actin polymerization. Because of the 

role of Nck in the formation of this complex, it was found to be essential for actin tail 

formation (Donnelly et al., 2013, Frischknecht et al., 1999a, Moreau et al., 2000, 

Newsome et al., 2004, Scaplehorn et al., 2002, Snapper et al., 2001, Weisswange 

et al., 2009, Zettl and Way, 2002).  

 

In addition, the adaptor protein Grb2 is recruited to the phospho-Y132 in A36 

(Donnelly et al., 2013, Scaplehorn et al., 2002). Grb2 is one of the best characterized 

SH2/SH3 adaptor proteins that links the epidermal growth factor receptor tyrosine 

kinase (EGFR) to the Ras-Raf-MEK-ERK pathway (Buday, 1999, Lowenstein et al., 

1992, Giubellino et al., 2008, Wee and Wang, 2017). During vaccinia infection, Grb2 

helps to stabilize the WIP:N-WASP complex and enhances actin tail formation 

(Donnelly et al., 2013, Scaplehorn et al., 2002). In contrast to tyrosine 112, 

phosphorylation of Y132 in A36 is not essential for actin tail formation (Donnelly et 

al., 2013, Scaplehorn et al., 2002, Ward and Moss, 2001b, Weisswange et al., 2009).  

 

The list of proteins influencing vaccinia induced actin tails continues. For example, 

Casein kinase 2 was shown to enhance actin tail formation by stimulating recruitment 

of active Src (Alvarez and Agaisse, 2012). Alvarez and Agaisse also found that 

FHOD1, a formin, is recruited throughout the actin tail in a Rac1 and N-WASP 

dependent manner (Alvarez and Agaisse, 2013). Furthermore, knockdown of either 

Rac1, FHOD or profilin, significantly reduced the percentage of CEV associated with 

an actin tail (Alvarez and Agaisse, 2013). It was proposed that FHOD1 initially 

nucleates new actin filaments from which Arp2/3 can generate new daughter 

filaments. However, FHOD1 had no nucleation activity in vitro and acted as a 
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capping protein instead (Schonichen et al., 2013). While the interpretation of these 

data is currently under debate, it is clear that FHOD1 impacts on vaccinia virus 

spread. 

 

Vaccinia virus is not the only poxvirus hijacking the actin cytoskeleton. Orthologues 

of A36 are found in many other orthopox viruses, such as the YL126 protein from the 

Yaba-like disease virus (YLDV) (Dodding and Way, 2009). Phosphorylation of YL126 

similarly leads to branched actin tails downstream of Nck, Grb2 and N-WASP 

(Dodding and Way, 2009).  

 

 

1.3 Endocytic machinery impacts on vaccinia egress and 
spread 

1.3.1 Clathrin-mediated endocytosis 

Endocytosis refers to the active uptake of liquid or solid substances into a cell by 

membrane engulfment (Kumari et al., 2010). Caveolae-mediated endocytosis, 

micropinocytosis, phagocytosis and pinocytosis are clathrin-independent ways of 

internalization, whereas receptor-mediated endocytosis relies on the formation of 

clathrin-coated vesicles (Kirchhausen et al., 2014). Clathrin-mediated endocytosis 

(CME) is used to internalize and recycle lipids and proteins but it can also be hijacked 

by invading pathogens (McMahon and Boucrot, 2011, Robinson, 2015, Yamauchi 

and Helenius, 2013). Clathrin-mediated endocytosis (CME) is a stepwise and tightly 

regulated process that can be divided into nucleation, cargo selection, coat assembly, 

invagination and finally vesicle scission and subsequent uncoating (Figure 1.11) 

(Geli and Riezman, 1998, Engqvist-Goldstein and Drubin, 2003, Lu et al., 2016, 

Goode et al., 2015).  
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Figure 1.11 Stages of mammalian clathrin-mediated endocytosis 

Schematic showing the steps leading to the formation of clathrin-coated vesicles. 
Following the coordinated arrival of two AP-2 molecules and one clathrin triskelion 
to a PIP2-rich area at the plasma membrane, additional accessory proteins promote 
vesicle progression and cargo incorporation. Restriction of dynamin facilitates 
scission of the vesicle neck.  
 

Clathrin 
In the early 1970s Barbara Pearse started her postdoc project with the aim of 

purifying tubulin from pig brain. In failing to do so, she discovered intriguing vesicular 

structures reminiscent of a sliced tomato and similar to the “vesicle in a basket” 

described before by Kanaseki and Kadota (Pearse, 1975, Kanaseki and Kadota, 

1969). What Pearse purified were clathrin-coated vesicles and her pioneering work 

has led to decades of studying clathrin and its role in endocytosis (Robinson, 2015, 

Pearse, 1975). Clathrin, highly conserved in all eukaryotes, plays an important role 

in many cellular events including vesicular trafficking, chemical neurotransmission, 

neuronal development, cell division and immunity (Wakeham et al., 2005, Spiro et 

al., 2014, Ybe, 2014, Brodsky et al., 2014, Seto et al., 2002, Kzhyshkowska and 

Krusell, 2009, Royle et al., 2005). The typical clathrin triskelion is formed by three 

180 kDa clathrin heavy chains (CHC) and three clathrin light chains (CLC, 33-36kDa), 

see Figure 1.12A. The CHC form the three legs of the triskelion, while the CLC bind 

to the proximal leg domain of CHC. Clathrin triskelia have the tendency to self-

assemble into a lattice of hexagons and pentagons, that can easily be visualised in 

electron microscopy Figure 1.12B (Ungewickell and Branton, 1981, Kirchhausen and 

Harrison, 1981, Roth and Porter, 1964, Liu et al., 1995, Kirchhausen et al., 1987b, 

AP-2

ClathrinTM protein

Hip1R CortactinDynamin

N-WASP Branched actinRim complex
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Kirchhausen et al., 1987a). CLC regulate the assembly of clathrin triskelia and the 

curvature of the resulting lattice varies depending on the ratio of hexa- and 

pentagons (Kirchhausen, 2009, McMahon and Boucrot, 2011, Brodsky, 1988, 

Greene et al., 2000, Wilbur et al., 2010). 

 
Figure 1.12 Structure of clathrin 

A Schematic showing the structure of the clathrin triskelion composed of three heavy 
and three light chains. B Platinum replicas of clathrin lattices in flat patches and on 
forming endocytic vesicles. © Sochacki et al., 2017. Originally published in Nature 
Cell Biology 1465-7392. 
 

Clathrin adaptor proteins 
While clathrin forms the structural backbone of the vesicle coat, it relies on adaptor 

proteins to bind to the plasma membrane and to sort the cargo that is to be placed 

in the vesicle. Over twenty clathrin adaptor proteins are currently known. The most 

abundant and well-studied example is the adaptor protein 2 (AP-2), which, in its 

active form is exclusively found at the plasma membrane (Brodsky et al., 2001, 

Pearse and Robinson, 1984, Robinson, 1987, Collins et al., 2002, Jackson et al., 

2010, Rapoport et al., 1997, Popova et al., 2013). AP-2 interacts directly with PIP2 

in the plasma membrane, clathrin heavy chain and with its cargo via a common cargo 

internalisation motif (Beck and Keen, 1991b, Beck and Keen, 1991a, Ohno et al., 
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1995, Owen and Evans, 1998, Padron et al., 2003, Shih et al., 1995, Edeling et al., 

2006, Kelly et al., 2014) 

 

Eps15 homology family members, such as the epidermal growth factor receptor 

substrate 15 (Eps15) and intersectin, are involved in endocytosis as well as 

endosome trafficking to the TGN (Fazioli et al., 1993, Chen et al., 1998, Fernandez-

Chacon et al., 2000, Benmerah et al., 1998, van Delft et al., 1997, Chi et al., 2008, 

Sengar et al., 1999, Yamabhai et al., 1998). The Epsin15 homology (EH) domain, 

the defining feature of this class of proteins, is roughly 100 amino acids long. The 

EH domains in Eps15 and intersectin specifically bind to the NPF (Asn-Pro-Phe) 

motif found cargos (Paoluzi et al., 1998, Salcini et al., 1997, Wong et al., 1994, Wong 

et al., 1995).    

Eps15, which forms homo-dimers and tetramers, binds directly to NPF cargo and 

adaptor proteins but not clathrin or membranes (Coda et al., 1998, Cupers et al., 

1997, Sengar et al., 1999, Suzuki et al., 2012, Wang et al., 2016). During vesicle 

formation Eps15 specifically localizes to the rim of the growing clathrin pit (Ehrlich et 

al., 2004, Saffarian et al., 2009, Sochacki et al., 2017, Tebar et al., 1996). 

 

Humans have two intersectin (1 and 2) isoforms, which can form homo- and 

heterodimers with themselves and Eps15 (Sengar et al., 1999, Wong et al., 1994, 

Yamabhai et al., 1998). Eps15 and intersectin associate with FCHo1/2, an accessory 

protein, participate in vesicle initiation and are found at the rim of the clathrin pit 

(Cocucci et al., 2012, Henne et al., 2010, Ma et al., 2016, Sochacki et al., 2017). 

Intersectin-1 has also been shown to directly bind AP-2 (Pechstein et al., 2010) and, 

like Eps15, interacts with cargo via the conserved NPF motif (Yamabhai et al., 1998). 

In addition, intersectin has the ability to link the endocytic machinery to actin 

polymerization (O'Bryan, 2010). Intersectin contains a Pleckstrin homology (PH) and 

a Dbl homology (DH) domain and five SH3 domains, making it an ideal scaffold 

protein (Hussain et al., 1999, Guipponi et al., 1998, Zamanian and Kelly, 2003, 

Hussain et al., 2001). Intersectin is a guanine exchange factor (GEF) for Cdc42, 

capable of activating the GTPase. The binding between the GTPase and intersectin 

requires the DH-PH domains of the GEF (Novokhatska et al., 2011, McGavin et al., 

2001, Pruitt et al., 2003). This interaction is believed to promote the binding of 

intersectin to N-WASP. Once activated by intersectin, Cdc42 can in turn bind to and 
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activate N-WASP to locally stimulate Arp2/3-dependent actin polymerization 

(Novokhatska et al., 2011, McGavin et al., 2001, Hussain et al., 2001, Pruitt et al., 

2003, Zamanian and Kelly, 2003). Intersectin-dependent activation of Cdc42 occurs 

during endocytosis, vaccinia actin tail formation, exocytosis and phagocytosis 

(Gasman et al., 2004, Humphries et al., 2014, Moreau et al., 2000). 

 

Formation of clathrin-coated vesicles 
Clathrin-mediated endocytosis (CME) is a sequence of tightly regulated events and 

latest advances in imaging techniques have allowed to visualize these steps with 

great precision (Picco et al., 2015, Sochacki et al., 2017, Cocucci et al., 2012 Lu, 

2016, Maib et al., 2017). PIP2 enrichment is the start signal for the formation of 

clathrin-coated vesicle (CCV). The phospholipid determines the size and stability of 

the clathrin lattice (Antonescu et al., 2011).  

Initially, one clathrin triskelion, together with two AP-2 molecules, arrive at the 

plasma membrane (Cocucci et al., 2012). Assembly and growth of the clathrin pit is 

subsequently promoted by the RIM complex, consisting of F-BAR proteins, FCHo1/2 

proteins, Eps15 and intersectin (Tebar et al., 1996, Saffarian et al., 2009, Reider et 

al., 2009, Henne et al., 2010). As the clathrin coat grows the associated membrane 

bends inwards and the membrane invagination becomes deeper. There was a long-

standing debate as to how clathrin assembly induces such membrane curvature. 

One hypothesis was that the clathrin lattice has an intrinsic curvature and that as 

more clathrin triskelia attach, a dome-like structure is formed that transforms into a 

sphere (Kirchhausen, 2009, Saffarian et al., 2009). Alternatively, it was proposed 

that clathrin assembles into a flat lattice, which is remodelled to induce the required 

curvature while maintaining a constant size. Initial electron images supported the 

latter hypothesis (Heuser, 1980, Larkin et al., 1986), however, the widely accepted 

model was the one with constant intrinsic curvature (Lampe et al., 2016). Recent 

correlative light and electron microscopy analysis has now revealed very strong 

evidence supporting Heuser’s initial suggestion and contradict the constant 

curvature model (Avinoam et al., 2015, Sochacki et al., 2017). Avinoam et al., 2015 

found that within one cell, there are clathrin-coated pits with a wide range of sizes, 

curvatures and degrees of invagination. Furthermore, they could correlate flat 

clathrin pits with earlier time points (no cargo attached yet) and highly curved clathrin 

coats with later stages of endocytosis (dynamin located to the rim of the coat) 
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(Avinoam et al., 2015). A more recent study was able to correlate the arrival and 

rearrangement of endocytic proteins with various degrees of clathrin coat curvature 

and progress of vesicle formation (Sochacki et al., 2017). It has also been proposed 

that large patches of clathrin lattice act as hotspots for CME (Nunez et al., 2011, 

Leyton-Puig et al., 2017). In addition, theoretical models confirm that actin can exert 

the forces required to bend the membrane and present a mechanism where internal 

stress can lead to rearrangements inside the clathrin coat to transform a flat lattice 

into a curved coat (den Otter and Briels, 2011, Tweten et al., 2017).  

Once clathrin and the underlying membrane adopt a spherical conformation, 

dynamin wraps around the membrane neck and induces scission (Sundborger and 

Hinshaw, 2014, Baba et al., 1995). Forces exerted by actin polymerization also 

contribute to membrane fission during CME (Goode et al., 2015, Idrissi and Geli, 

2014). The formed vesicle is released into the cytoplasm where auxillin and HSC70 

induce disassembly of the clathrin coat (Ungewickell et al., 1995, Schlossman et al., 

1984). 

 

Actin and the formation of clathrin-coated vesicles 
The importance of actin during endocytosis was first reported in yeast (Ayscough et 

al., 1997, Wendland and Emr, 1998, Ayscough, 2000, Lu et al., 2016). Genetic 

screens identified proteins involved in actin polymerization as essential components 

for endocytosis (Ayscough et al., 1997, Wendland and Emr, 1998, Ayscough, 2000, 

Lu et al., 2016). Following early coat formation on the plasma membrane, a mobile 

phase of the vesicle is initiated, during which actin polymerization pushes the 

invaginated membrane inwards (Sun et al., 2015, Kaksonen et al., 2005, Kaksonen 

et al., 2003, Goode et al., 2015). This transient burst of actin, which lasts only 15-20 

seconds, is triggered by a switch like activation of Arp2/3 via WASP and WIP, where 

the total process of endocytosis can range between one and four minutes (Sun et 

al., 2017). The barbed ends of the newly polymerized actin filaments are oriented 

towards the membrane forming an actin-rich collar around the neck of the vesicle 

(Collins et al., 2011). Thereby actin contributes to the constriction of the neck and 

subsequently pushes the vesicle inwards. In contrast to yeast cells, actin 

polymerization is not essential for endocytosis in mammalian cells (Gottlieb et al., 

1993, Lamaze et al., 1997). Recent experimental and theoretical findings have 

clarified the role of actin during CME (Mooren et al., 2012). In cells where membrane 
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tension is high, for example due to turgor pressure in yeast, actin is required to exert 

force for vesicle internalization (Aghamohammadzadeh and Ayscough, 2009). In 

cells with lower membrane tension (such as mammalian cells) actin is no longer 

essential and only plays a supportive role. Artificially lowering or increasing 

membrane tension in yeast or mammalian cells respectively inverted the requirement 

for actin during CME (Boulant et al., 2011, Batchelder and Yarar, 2010, Liu et al., 

2009). Theoretical models have elaborated on how force generated by actin 

contributes to membrane bending prior to vesicle scission (Tweten et al., 2017, 

Hassinger et al., 2017).  In mammalian cells, N-WASP is thought to be recruited and 

activated by dynamin, leading to the formation of branched actin filaments (Benesch 

et al., 2005, Innocenti et al., 2005, Merrifield et al., 2004, Taylor et al., 2011). Actin 

helps to bend and constrict the membrane and it pushes the vesicle further towards 

the cell centre (Mooren et al., 2012, Goode et al., 2015, Qualmann et al., 2000, 

Taunton et al., 2000).  

 

1.3.2 Dynamin 

Dynamin was first discovered in 1989 as a binding partner of microtubules that 

influences their dynamic instability (Shpetner and Vallee, 1989, Shpetner and Vallee, 

1992, Scaife and Margolis, 1990, Tanabe and Takei, 2009). More recently, dynamin 

is recognized for its involvement in clathrin-mediated endocytosis (Sundborger and 

Hinshaw, 2014, Antonny et al., 2016). There are three dynamins (1, 2, and 3) in 

humans, in addition to several dynamin-related proteins including Drp1, which plays 

a role in mitochondria fission (Kraus and Ryan, 2017, Pagliuso et al., 2017, 

Ramachandran, 2017). Dynamin 1 expression is mostly restricted to neurons, 

dynamin 3 is predominantly found in testis, whereas dynamin 2 is ubiquitous (Cao et 

al., 1998, Cook et al., 1996, Nakata et al., 1993). Dyn II is a 98kDa protein with an 

N-terminal GTP hydrolysis domain, a middle domain, a pleckstrin homology (PH) 

domain, a GTPase effector domain (GED), and a C-terminal proline-rich domain 

(PRD) (Figure 1.13A) (Heymann and Hinshaw, 2009). Dynamin has the remarkable 

capability to assemble into dimers and tetramers, which can oligomerize around 

membranes into contractile helices or rings (Hinshaw and Schmid, 1995). This 

feature allows dynamin to promote membrane tubulation and also gives it a binding 

preference for highly curved membranes, microtubules and lipid nanorods (Stowell 
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et al., 1999, Marks et al., 2001, Roux et al., 2010, Takei et al., 1999, Sweitzer and 

Hinshaw, 1998, Shpetner and Vallee, 1989).  

The GTPase activity of dynamin, promoted by G domain dimerization, allows the 

protein to use the released energy to induce structural changes in the assembled 

oligomers (Chappie et al., 2010, Damke et al., 1994, Roux, 2014). In the GTP-bound 

state, dynamin forms non-restricted (“open”) rings with an outer diameter of 50nm 

that can enclose a membrane tube with 20 nm diameter. Upon GTP hydrolysis 

dynamin changes its conformation leading to a restriction of the helix, resulting in an 

inner membrane diameter of less than 4 nm, see Figure 1.13B (Danino et al., 2004, 

Mears et al., 2007, Chen et al., 2004, Takei et al., 1999, Sweitzer and Hinshaw, 1998, 

Liu et al., 2013, Sundborger et al., 2014 , Marks et al., 2001). The conversion of the 

highly constricted membrane state to a hemi-fusion state can occur stochastically 

and is reversible. From a thermodynamic point of view, the elastic energy of the 

membrane is influenced by its tension and rigidity so membranes under tension 

should have reduced fission rates. Experimentally it was confirmed that both tension 

and rigidity impact on fission rates (Mattila et al., 2015, Danino et al., 2004, Shnyrova 

et al., 2013, Morlot et al., 2012, Pinot et al., 2014, Roux et al., 2006, Hassinger et al., 

2017). In addition to hydrolysis driven constriction, dynamin has additional ways to 

promote membrane fission. The constriction of dynamin causes the spiral to twist 

and the induced torque can destabilize the membrane and promote fission (Morlot 

et al., 2012). In addition, the PH domain of dynamin inserts into the outer leaflet of 

the membrane and helps to overcome the fusion energy barrier (Shnyrova et al., 

2013, Ramachandran et al., 2009).  

 

In order to study the function of dynamin, two dynamin mutants have been instructive. 

The Dyn II K44A clone has a point mutation in the GTPase domain resulting in a 

dominant negative, kinase-dead version of dynamin (van der Bliek et al., 1993).  The 

second dynamin mutant lacks the PRD domain so the protein is unable to interact 

with most of its binding partners, which leads to severe recruitment defects (McNiven 

et al., 2000). 
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Figure 1.13 The structure of dynamin 

A Schematic depicting the domain organisation of dynamin. B Three-dimensional 
reconstruction of the dynamin structure surrounding a lipid tube. Adapted from © 
Sundborger et al., 2014. Originally published in Cell Reports 2211-1247. C Purified 
dynamin wrapped around lipid tubes visualized by negative staining and 
transmission electron microscopy. © Marks et al., 2001 Originally published in Nature 
0028-0836. Scale bar = 40nm. 
 
 

Vesicle formation at the plasma membrane is facilitated by dynamin 1-3, whereas 

other internal membrane fission events are promoted by dynamin-related proteins 

(Antonny et al., 2016). Vps1, for example, is involved in endosomal membrane 

fission (Chi et al., 2014). Dynamin-related protein 1 (Drp-1) together with Dyn2 and 

its yeast homolog DNM1 induce the fission of mitochondria (Ramachandran, 2017, 

Chi et al., 2014, Legesse-Miller et al., 2003, Ingerman et al., 2005, Koirala et al., 

2013, Mears et al., 2011). Interestingly, other dynamin-related proteins such as 
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mitofusin 1 and 2 can catalyse the conceptually opposite event, namely membrane 

fusion (Guttman et al., 2010). Vsp1 is even believed to be bifunctional as it can 

promote both fission and fusion (Peters et al., 2004, Praefcke and McMahon, 2004).  

 

Besides membrane fission, dynamin is implicated in many actin-dependent 

processes and structures such as neuronal growth cones, lamellipodia, dorsal 

membrane ruffles, podosomes and invadopodia (Schlunck et al., 2004, Baldassarre 

et al., 2003, Krueger et al., 2003, Ochoa et al., 2000, Yamada et al., 2013). Dynamin 

regulates actin dependent processes through its PRD domain which interacts with a 

variety of proteins, that are linked to the actin cytoskeleton, including Cortactin, 

Profilin, Src, Intersectin, Grb2 and Nck (Foster-Barber and Bishop, 1998, Gout et al., 

1993, McNiven et al., 2000, Miki et al., 1994, Okamoto et al., 1999a, Seedorf et al., 

1994, Wigge et al., 1997, Witke et al., 1998, Wunderlich et al., 1999).    

Dynamin impacts directly and indirectly on actin polymerisation in vivo and in vitro 

(Schafer et al., 2002, Gu et al., 2010). Adding low levels of Dyn II to purified Arp2/3 

and cortactin increases filament formation, whereas high levels of Dyn II have an 

inhibitory effect (Schafer et al., 2002). Furthermore, through its middle domain, 

dynamin can directly bind actin to regulate stress fibre formation and induce actin 

bundling. Dyn II is also able to remove gelsolin from the barbed end of actin filaments 

to allow actin polymerisation to occur (Gu et al., 2010). In most cases, dynamin is 

linked to branched Arp2/3-dependent actin networks. More recently, however, it was 

reported that dynamin 1 and 2 can promote filopodia formation (Chou et al., 2014, 

Yamada et al., 2016). Interestingly, it is not only dynamin, which influences actin but 

actin can also impact on dynamin. Inhibiting actin polymerization with the drug 

Latrunculin B significantly decreases dynamin recruitment to endocytic sites (Taylor 

et al., 2012).  

 

1.3.3 Endocytic machinery promotes infection 

Since viruses are between 30nm - 440 nm in size, (Arslan et al., 2011, Cheng et al., 

2007) and clathrin-coated vesicles range between 60-200nm (Crowther et al., 1976, 

Pearse, 1982) it is not surprising that some viruses hijack various endocytic 

pathways to enter the host cell (Mercer et al., 2010b, Yamauchi and Helenius, 2013, 

Humphries and Way, 2013). Smaller viruses, such as dengue virus for example, can 
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enter pre-formed clathrin-coated pits, while other viruses like the vesicular stomatitis 

virus (VSV), influenza A virus (IAV) and reoviruses induce the formation of clathrin-

coated vesicles when they bind the plasma membrane (Johannsdottir et al., 2009, 

Rust et al., 2004, Ehrlich et al., 2004, van der Schaar et al., 2008). Some of the larger 

VSV mutants need additional force generated by actin to form exceptionally large 

elongated vesicles containing the virus (Cureton et al., 2010). In all cases, dynamin 

is recruited to facilitate vesicle scission. 

 

Dynamin is also involved in clathrin-independent uptake of viruses. Caveolin-1 

mediated endocytosis of human papilloma virus type 31(HPV-31), and simian virus 

40 (SV40), as well as uptake of rotaviruses depend on dynamin (Pelkmans et al., 

2002, Li et al., 2017, Smith et al., 2007). Large viruses such as herpes simplex virus 

(HSV) or members of the mimivirus family exploit phagocytosis as their way into the 

host cell. Again, Dyn II is involved in their uptake (Ghigo et al., 2008, Clement et al., 

2006).  

 

As with viral infection, many bacterial pathogens also use the endocytic machinery 

to enter their host. Yersinia pseudotuberculosis depends on clathrin and AP2 to enter 

the host cell (Van Nhieu et al., 1996). There is also evidence that other bacteria such 

as Staphylococcus aureus, Streptococcus Ehrlichia risticii, Brucella abortus and 

Klebsiella pneumoniae utilize clathrin dependent endocytosis (Veiga and Cossart, 

2006) 

 

Listeria monocytogenes is another bacterial pathogen that utilizes the host endocytic 

machinery to enter the cell. The bacterial surface proteins InIA or InIB engage with 

E-cadherin or Met receptors respectively (Pizarro-Cerda et al., 2012). Clustering of 

the receptors triggers their post-translational modification and downstream signalling 

phosphorylates and recruits clathrin to the invading bacterium (Bonazzi et al., 2012). 

In the absence of clathrin, fewer bacteria are internalized (Bonazzi et al., 2011, Veiga 

et al., 2007, Veiga and Cossart, 2005). Dynamin is also present at Listeria entry sites 

and its depletion also impairs bacterial uptake (Veiga and Cossart, 2005). The 

mechanistic details still remain to be established but it is possible that dynamin 

promotes scission at the neck of the phagosome or it can induce actin assembly to 

facilitate bacterial entry. It is also believed that dynamin locally activates Arp2/3 via 
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cortactin (González-Jamett et al., 2013). Furthermore, dynamin also plays a role in 

Listeria induced actin tail formation (Lee and De Camilli, 2002, Henmi et al., 2011). 

Dynamin localizes all along the actin tail but is enriched at the tip close to the 

pathogen (Lee and De Camilli, 2002). Although dynamin is not essential for actin tail 

formation in vitro, it has enhancing effects in vivo (Henmi et al., 2011, Loisel et al., 

1999, Orth et al., 2002). Knockdown of dynamin also leads to shorter and slower 

actin tails. Interestingly, the depolymerisation of the microtubule network with 

colchicine can revert these phenotypes (Henmi et al., 2011). This led to the 

speculation that dynamin helps to locally destabilize the microtubule network 

reducing the resistance that actin driven Listeria experiences (Henmi et al., 2011). 

Overexpression of the kinase dead K44A mutant results in fewer, shorter and less 

persistent actin tails induced by PIP5KIa (Orth et al., 2002). 

 

Dynamin is also involved in the cell-to-cell spread of Shigella flexneri (Fukumatsu et 

al., 2012). Actin tails propel the pathogen through the cytoplasm and push it, 

preferentially at tricellular junctions into neighbouring cells (Fukumatsu et al., 2012). 

The subsequent uptake into the uninfected cells relies on a non-canonical clathrin-

dependent endocytic pathway in which dynamin is involved (Fukumatsu et al., 2012).  

  

Interestingly, EPEC and EHEC also hijack parts of the endocytic machinery but these 

components do not induce uptake of the bacteria. Clathrin, Eps15 and Epsin1 are 

recruited to actin pedestals downstream of Tir phosphorylation (Guttman et al., 2010, 

Lin et al., 2011). Clathrin facilitates local actin polymerization, while Eps15 and 

Epsin1 play more essential role (Lin et al., 2011, Veiga et al., 2007). Furthermore, 

dynamin 2 is also recruited to roughly 80% of EPEC or EHEC in a Nck and N-WASP 

dependent manner (Unsworth et al., 2007). Those bacteria can induce actin 

pedestals, as described in section 1.2.4, but knockdown of Dyn II or expression of 

Dyn K44A and Dyn ΔPRD largely inhibits actin polymerization. Overexpression of 

the dynamin mutants significantly reduces the recruitment of N-WASP, cortactin, 

Arp2/3 and actin to the pathogen, explaining the defect in actin pedestal formation. 

The same study also showed that the overexpression of the dynamin mutants does 

not change the percentage of vaccinia infected cells with one or more virus-induced 

actin tails (Unsworth et al., 2007). However, while effects of dynamin depletion on 

EPEC pedestals and Listeria actin tails were observed, the underlying mechanism is 
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not clear. How dynamin facilitates the formation of these actin structures remains to 

be established.  

 

1.3.4 How vaccinia hijacks the endocytic machinery  

In addition to the core components Nck, Grb2, WIP and N-WASP involved or 

required for vaccinia actin tail formation, CEV also recruit the small GTPase Cdc42, 

an activator of N-WASP (Carlier et al., 1999, Humphries et al., 2014, Moreau et al., 

2000, Snetkov et al., 2016). Although not essential, Cdc42 collaborates with Nck to 

help activate and stabilize the WIP:N-WASP complex during actin tail formation 

(Humphries et al., 2014, Moreau et al., 2000, Snetkov et al., 2016). N-WASP can 

only interact with the active GTP-bound form of Cdc42 (Miki et al., 1998a). 

Intersectin-1 was subsequently identified as the Rho GEF responsible for activating 

Cdc42 at the virus (Humphries et al., 2014, Snetkov et al., 2016). Intersectin-1, is 

recruited by three NPF motifs near the C-terminus of A36, which interact directly with 

the EH domain of the RhoGEF, see Figure 1.14 (Snetkov et al., 2016). Mutating the 

three NPF motifs in A36 abolishes recruitment of Eps15 and intersectin to the virus 

leading to loss of Cdc42 activation. This leads to reduced virus spread and release, 

as well as fewer but longer actin tails (Snetkov et al., 2016). Interestingly, activation 

of Cdc42 is not the sole function for intersectin downstream of the A36 NPF motifs. 

Intersectin together with Eps15 is also responsible for recruiting AP-2 and clathrin 

beneath CEV (Snetkov et al., 2016). Electron micrographs of CEV on the plasma 

membrane reveal a structure reminiscent of the clathrin coat around endocytic 

vesicles (Humphries et al., 2012). This structure is apparent in earlier studies but had 

been missed.  Subsequent analysis revealed that clathrin and AP-2 are transiently 

recruited to the CEV prior to actin tail formation but are left behind as the virus is 

propelled away. Structured illumination imaging revealed that the recruitment of 

clathrin underneath CEV helps to cluster A36 and N-WASP, increasing the local 

density of the signalling network making it easier to promote actin tail formation.  

Conversely, the lack of clathrin and AP-2 recruitment results in faster turnover of N-

WASP, and slower rate of actin tail disassembly (Humphries et al., 2012). Depleting 

clathrin:AP-2 or mutating the NPF motifs, delays initiation of actin tails and their life-

time is significantly shorter (Humphries et al., 2012, Snetkov et al., 2016), but the 

average actin tail length was substantially increased and actin-based motility of the 
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virus was accelerated (Humphries et al., 2012, Snetkov et al., 2016). Though virus 

spread through a confluent monolayer of cells was impeded in the absence of AP-2 

/ clathrin / intersectin (Humphries et al., 2012, Snetkov et al., 2016), this spreading 

defect is most likely due to reduced levels of virus release mediated through Cdc42 

activation downstream of intersectin (Snetkov et al., 2016).  
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Figure 1.14 NPF motifs in A36 recruit clathrin and promote virus spread 

A Schematic of the signalling cascade downstream of the NPF motifs in A36, which 
supports actin tail formation and results in the recruitment of clathrin to the CEV. New 
domains are annotated: EH (Eps15-homologydomain), DH (Dbl-homology domain), 
PH (Pleckstrin-homology domain), CC (Coiled coil). B Electron micrographs 
depicting the clathrin coat recruited to vaccinia virus. Scale bar = 250nm. © 
Humphries et al., 2012. Originally published in Cell Host & Microbe 1934-6069. 
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1.4 Septins 

1.4.1 General 

In 1971, Hartwell published his study which screened for proteins essential for yeast 

septation (Hartwell, 1971). Among the hits was a family of GTPases, which were 

later observed to localize to the septating bud neck and therefore named septins 

(Haarer and Pringle, 1987, Kim et al., 1991). Septins are found in animals and fungi 

but are absent in plants (Pan et al., 2007, Cao et al., 2007). The number of different 

septins in a species can vary between two in C.elegans and 13 in humans (Pan et 

al., 2007). Human septins are divided into four sub-groups based on sequence 

similarity, namely SEPT2 (containing SEPT1, 2, 4, 5), SEPT3 (containing SEPT3, 9, 

12), SEPT6 (containing SEPT6, 8, 10, 11, 14) and SEPT7 (containing only SEPT7) 

(Table 1). SEPT13, also referred to as SEPT7P2, is classified as a pseudogene. 

Septins are 30-65kDa proteins that share several structural domains (Figure 1.15). 

They have a variable N-terminal domain followed by a poly-basic region that allows 

direct binding to phosphoinositides (Zhang et al., 1999, Casamayor and Snyder, 

2003). Adjacent is a GTP-binding domain that contains a highly conserved P-loop, 

responsible for nucleotide binding, and is closely related to the P-loop in Ras 

GTPases. The 53 most C-terminal amino acids of the GTPase domain are highly 

conserved and unique to septins, and referred to as the septin unique element (SUE) 

(Versele et al., 2004, Pan et al., 2007). After the GTPase domain, all septins, except 

for members of the SEPT3 sub-group, contain a coiled-coiled domain followed by a 

flexible C-terminus (Figure 1.15). 
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Table 1 Human septins 

Subgroup Name Amino acids Expression 

SEPT2    

 Septin 1 367 Lymphocytes and cells of the CNS 

 Septin 2 361 Ubiquitous 

 Septin 4 478 
Lymphocytes, cells of the CNS, 

eyes and testes 

 Septin 5 369 Ubiquitous 

    

SEPT3    

 Septin 3 358 Cells of the CNS 

 Septin 9 586 Ubiquitous 

 Septin 12 358 Lymphocytes and testes 

    

SEPT6    

 Septin 6 434 Ubiquitous 

 Septin 8 483 
Lymphocytes, cells of the CNS, 

eyes, intestinal track and placenta 

 Septin 10 454 Ubiquitous 

 Septin 11 429 Ubiquitous 

 Septin 14 432 Cells of the CNS and testes 

    

SEPT7    

 Septin 7 437 Ubiquitous 

     Adapted from (Mostowy and Cossart, 2012).  
 

Additional studies also showed that this hexamer can be extended by one SEPT9 

binding to SEPT7 on each site to form SEPT9-SEPT7-SEPT6-SEPT2-SEPT2-

SEPT6-SEPT7-SEPT9 octamers (Kim et al., 2011, Sandrock et al., 2011, Sellin et 

al., 2011b). These hexamers and octamers can assemble into filaments and higher-

order structures such as bundles, rings or gauzes (Bertin et al., 2008, Kinoshita et 

al., 2002, Rodal et al., 2005a). Due to the palindromic nature of the hexamer and 

octamer, resulting filaments are non-polar along their polymerization axis. The 

coiled-coiled ends of the septins, which were not detected in the initial crystal 

structure, presumably all extend perpendicularly from the same side of the filament 
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(Sirajuddin et al., 2007). Coiled-coiled domains of SEPT6 and SEPT7 were shown 

to interact with each other for oligomer formation, and were suggested to prevent 

SEPT7 aggregation (Sheffield et al., 2003). It is viewed that the coiled-coiled 

domains extending perpendicular to the octamer give the filament and subsequent 

higher-order structures a lateral asymmetry, creating two distinct sides that allow for 

differential binding. In this case, a sheet formed of septin filaments can interact with 

membrane using one surface whilst enabling the opposite side to recruit binding 

partners (Barral and Kinoshita, 2008).  

 

All septins contain a GTPase domain, however, their hydrolysis rates vary 

substantially in vitro and are slow in comparison to other GTPases (Field et al., 1996, 

Mendoza et al., 2002, Sheffield et al., 2003, Versele and Thorner, 2004). Moreover, 

some septins are unable to hydrolyse GTP in vitro (Zent and Wittinghofer, 2014). 

Elucidating the precise function of septin GTPase activity is the subject of intense 

investigation. Several studies indicate that depending on whether GTP or GDP is 

bound, septins adopt different configurations which influences their ability to 

oligomerize (Johnson et al., 2015a, Nagaraj et al., 2008, Sirajuddin et al., 2009, 

Weems et al., 2014, Zent and Wittinghofer, 2014). The state of the bound nucleotide 

impacts on the G interface, and also dictates the binding ability of the NC interface 

(Johnson et al., 2015a, Nagaraj et al., 2008, Sirajuddin et al., 2009, Weems et al., 

2014, Zent and Wittinghofer, 2014). This led to the hypothesis that, similar to actin 

and microtubules, the hydrolysis cycle could influence the assembly and 

disassembly of septin filaments. However, there is also evidence contradicting this 

hypothesis. Septin assembly is relatively fast and free septin monomers are rarely 

detected in vivo but septin-mediated GTP hydrolysis is comparatively slow inside the 

cell (Sellin et al., 2011b, Johnson et al., 2015a, Field et al., 1996, Frazier et al., 1998, 

Farkasovsky et al., 2005). Recently, Weems and McMurray discovered a step-wise 

assembly pathway for the assembly of septin octamers (Weems and McMurray, 

2017). They suggest that only some septin interactions are sensitive to the 

nucleotide state while others are not. Therefore, regulation of the hydrolysis rate 

impacts septin filament assembly as well as composition of the resulting oligomers 

(Weems and McMurray, 2017). Clearly more work is needed to understand the 

precise role of septin GTPase activity during filament assembly and homoeostasis.  
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Figure 1.15 Structure of septin monomer and hexamer 

A Schematic depicting the domain structure of septins. B Crystal structure of septin 
hexamer; dotted lines indicate the predicted orientation of coiled-coil regions not 
resolved in this structure. © Sirajuddin et al., 2007. Originally published in Journal of 
cell biology. 180:887-95. 
   
 
Post-translational modifications (PTM) are a common way to regulate the behaviour 

of proteins in cells (Walsh, 2006). Septins can be phosphorylated, acetylated and 

SUMOylated (Johnson and Blobel, 1999, Sinha et al., 2007, Mortensen et al., 2002, 

Tang and Reed, 2002, Mitchell et al., 2011, Dobbelaere et al., 2003). SUMOylation 

of septin was first identified in S. cerevisiae where it appears to regulate filament 

disassembly (Hernandez-Rodriguez and Momany, 2012). When SUMOylation sites 

are mutated, the septin ring formed during cell division remains intact and does not 

disassemble after cytokinesis (Johnson and Blobel, 1999, Ho et al., 2011, Takahashi 

et al., 2003, Takahashi et al., 1999). 
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Acetylation of septins has been reported in S. cerevisiae and Candida albicans, 

where its role is not yet clear, but again filament dynamics and septin ring formation 

are influenced by this PTM (Sinha et al., 2007, Mitchell et al., 2011). 

Slightly more is known about the effects of septin phosphorylation (Hernandez-

Rodriguez and Momany, 2012). In yeast, the responsible kinases are Cdc28, Cla4 

and Gin4, while in mammals PKG-I, GSK3, casein kinase2, Cdk5 and PKA have 

been identified to phosphorylate septins (Xue et al., 2004, Xue et al., 2000, Koch et 

al., 2015, Shen et al., 2017, DeMay et al., 2009, Hernandez-Rodriguez and Momany, 

2012, Yu et al., 2009, She et al., 2004). Phosphorylation regulates the dynamics of 

septins as well as their ability to assemble into higher order structures. In neurons, 

for example, phosphorylation of serine residue number 327 of SEPT5 by Cdk5 

decreases the binding between syntaxin and SEPT5 to regulate exocytosis (Amin et 

al., 2008). Septin phosphorylation also regulates dynamic changes during the cell 

cycle such as cell division and proliferation (Longtine et al., 1998, Sinha et al., 2007, 

Tang and Reed, 2002, Dobbelaere et al., 2003, Garcia et al., 2011, Egelhofer et al., 

2008, Yu et al., 2009, Gonzalez-Novo et al., 2008, Meseroll et al., 2012, Meseroll et 

al., 2013, Cvrcková et al., 1995). Recent work indicates that phospho-mimetic 

mutations in different areas of the yeast septin Shs1 can either impair the bundling 

of septin filaments or induce the formation of septin gauzes (Garcia et al., 2011). 

Hence post translational modification might be a key mechanism for regulating septin 

structures in the cell.  

 

1.4.2 Septins and actin/microtubule  

Co-localization of septin filaments with both actin and microtubule networks has been 

reported in a variety of different cell types (Spiliotis et al., 2016). Actin filaments were 

shown to act as a template for septin filament assembly, with anillin mediating the 

association between septin and actin filaments (Kinoshita et al., 2002). A separate 

study has reported that septins have the ability to directly bind, bundle and bend 

actin filaments into rings by cross linking them (Mavrakis et al., 2014). The 

interdependence of septin and actin filaments is well documented. Chemical 

disruption of the actin cytoskeleton (using CytoD for example) severely alters the 

organization of septin filaments, leading to the formation of septin rings in the 

cytoplasm (Kinoshita et al., 1997, Kinoshita et al., 2002, Schmidt and Nichols, 2004). 
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On the other hand, the depletion of septins changes the architecture of the actin 

cytoskeleton (Dolat et al., 2014, Kinoshita et al., 2002, Kremer et al., 2007, Schmidt 

and Nichols, 2004). In addition to anillin, which recruits septins to the acto-myosin 

ring during cytokinesis, myosin II is another protein that has been reported to link 

actin and septins (Oegema et al., 2000, Joo et al., 2007). SEPT2 was shown to 

directly bind the myosin heavy chain and act as a scaffold that brings myosin and its 

kinases to acto-myosin structures, to ensure full activation of myosin (Joo et al., 

2007). The scaffolding function of septins is also observed during DNA damage 

response (Kremer et al., 2007). In this case, septin filaments sequester SOCS7 and 

its binding partner Nck away from the nucleus into the cytoplasm. Upon damage or 

septin depletion, Nck accumulates in the nucleus where it activates p53, and 

downstream signals rearrange the actin cytoskeleton (Kremer et al., 2007). In yeast, 

septins were found to bind to the formin Bnr1p and co-localize with them at the bud 

neck (Kikyo et al., 1999, Gao et al., 2010). Recruitment of actin nucleation factors is 

one method that septins could use to influence the actin cytoskeleton. Furthermore, 

by stabilizing actin stress fibres and nascent focal adhesions septins have a direct 

impact on cell migration (Dolat et al., 2014). In amoeboid T cells, knockdown of 

SEPT7 decreases the efficiency of two-dimensional random migration of cells, 

however it strongly increases transmigration through very small pores (Tooley et al., 

2009). The ability of cells to squeeze through narrow holes correlates with their 

cortical rigidity. Consistent with this, depletion of septins impacts cell cortex stiffness 

and elasticity (Gilden et al., 2012, Mostowy et al., 2011, Tooley et al., 2009). Septins 

can contribute to cortex stiffness, their depletion leads to membrane blebbing and 

reduced retractions of membrane protrusions (Gilden et al., 2012, Tooley et al., 

2009). A variety of studies have also reported that cell migration and directionality is 

influenced by septin depletion in mouse embryonic fibroblasts (MEFs), cardiac 

endothelial, and breast cancer cells (Liu et al., 2014, Chacko et al., 2005, Fuchtbauer 

et al., 2011). 

 

In addition to actin, septins can also align with microtubules (MT) in diverse cells 

such as neurons, platelets and epithelial cells (Hanai et al., 2004, Martinez et al., 

2006, Moon et al., 2013, Nagata et al., 2003, Spiliotis et al., 2008, Surka et al., 2002). 

SEPT9 was reported to directly bind and bundle MTs in vitro (Bai et al., 2013). 

Moreover, in Drosophila septins co-purify with MTs, indicating that they stably 
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associate with each other (Sisson et al., 2000). Septins were shown to facilitate 

resistance to the cancer chemo therapeutic agent Taxol by enhance MT stability and 

regulating polyglutamylation of MTs (Froidevaux-Klipfel et al., 2015). Furthermore, it 

was found that loss of SEPT7 in neurons reduces MT elongation and impairs 

dendrite growth due to increased acetylation of MT (Ageta-Ishihara et al., 2013a). 

By competing with the MT binding protein MAP4, septins destabilize MTs (Kremer 

et al., 2005, Spiliotis et al., 2005, Spiliotis et al., 2008). Conversely, stabilizing or 

depolymerizing MT protects or disassembles septin filaments, respectively (Bowen 

et al., 2011, Nagata et al., 2003, Sellin et al., 2011a, Surka et al., 2002). Septins can 

also impact on the cargo binding to the microtubule motor KIF17 by directly binding 

to the C-terminal tail of kinesin (Bai et al., 2016). 

 

1.4.3 Septins and membranes 

In 1976 scientists first described a ring of membrane-associated filaments in yeast, 

and these structures were later identified as septins (Byers and Goetsch, 1976, 

Rodal et al., 2005a, Ong et al., 2014). Septins preferentially bind to PIP2 via their 

poly-basic region (Casamayor and Snyder, 2003, Zhang et al., 1999). Moreover, 

septin assembly is promoted by PIP2 lipids (Bertin et al., 2010). Visualizing septin 

filament assembly at the plasma membrane as well as on supported lipid bilayers 

reveals that septin rods can associate with membrane, then collide through lateral 

diffusion and anneal end-to-end to form longer filaments and bundles (Bridges et al., 

2014).  

In cells, septins are often enriched in regions of highly curved membranes, such as 

the cleavage furrow, the base of dendritic spines, cilia, phagocytic cups or at the 

annulus of sperm (Hu et al., 2010, Huang et al., 2008b, Ihara et al., 2005, Kim et al., 

2010, Kissel et al., 2005, Kwitny et al., 2010, Maddox et al., 2007, Tada et al., 2007). 

These observations led to the hypothesis that septins sense and/or induce 

membrane curvature. 

Evidence for the latter was provided by Tanaka-Takiguchi et al., when purified 

septins and large liposomes were combined. Septins assembled at the lipid surface 

and induced the growth of long tubular lipid extensions protruding from the vesicle 

(Tanaka-Takiguchi et al., 2009). These tubules (with a mean diameter of 430nm) 

were surrounded by tightly packed septin rings (Tanaka-Takiguchi et al., 2009). 
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These experiments also showed for the first time that septin assembly is greatly 

accelerated in the presence of lipids compared to the self-assembly rate of purified 

septins in solution.  

More recently, it was discovered that purified yeast and human septins hexamers 

can distinguish different sized lipid-coated beads, and preferentially assemble on 

beads with a diameter of 1-3 µm (Bridges et al., 2016). This makes septins unique 

in sensing micron scale membrane curvature, while BAR proteins and endocytic 

proteins (such as dynamin, ESCRT and clathrin) are associated with curvature in the 

nanometre range. 

Once bound to a lipid membrane, septins can also act as a diffusion barrier (Fung et 

al., 2014). This has been shown in cilia, where diffusion of membrane proteins out 

of the cilia is highly restricted by septins, while non-membrane-bound proteins can 

freely exchange with the cytoplasmic pool (Hu et al., 2010). Knock-down of septins 

in murine inner medullary collecting duct cells decreases cilia number and length, and 

significantly increases the lateral diffusion of membrane proteins in and out of the 

cilia (Hu et al., 2010). Similar results were seen in cilia of septin-depleted Xenopus 

cells (Kim et al., 2010). Septins also prevent mixing of membrane bound proteins 

from the axon with the rest of the neuron. 

During spermatogenesis septins act as diffusion barrier between the sperm head 

and the tail region making septins vital for sperm maturation. Dysregulation or 

depletion of SEPT4 and SEPT12 prevents functional sperm tail formation and leads 

to male infertility in mice (Koch et al., 2015, Shen et al., 2017). 

 

Restricting lateral diffusion through the membrane is also a key function of the septin 

ring during asymmetric yeast budding/division (Caudron and Barral, 2009). In order 

to determine a different fate for the mother and the daughter cell, certain proteins, 

such as IST2, are deposited in the daughter bud (Takizawa et al., 2000). Other 

factors such as extrachromosomal ribosomal DNA circles are retained in the mother 

cell and are responsible for its aging (Sinclair and Guarente, 1997). Septins at the 

neck directly and indirectly prevent diffusion at the plasma membrane, the ER and 

at the nuclear membrane and thereby maintain cell polarity (Barral et al., 2000, 

Luedeke et al., 2005, Takizawa et al., 2000 ). 
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Septins are also involved in membrane fusion during exocytosis (Hsu et al., 1998, 

Beites et al., 1999, Tokhtaeva et al., 2015). They were shown to bind to members of 

the exocyst complex, guiding vesicles to the correct location for exocytosis (Hsu et 

al., 1998, Vega and Hsu, 2003, Gupta et al., 2015, Nakahira et al., 2010). In addition, 

septins directly interact with syntaxin, allowing it to regulate the fusion step of 

exosomes (Beites et al., 1999). In neurons, septins play an important role in 

controlling the release of neurotransmitters (Amin et al., 2008, Beites et al., 2005, 

Beites et al., 1999, Ihara et al., 2005, Tokhtaeva et al., 2015). Elucidating the precise 

role of membranes during septin assembly and function is of great interest, 

considering that septins can associate with a wide variety of membrane structures 

such as the plasma membrane, mitochondria, endosomes or the endoplasmic 

reticulum (Chao et al., 2014, Luedeke et al., 2005, Pagliuso et al., 2017, Beise and 

Trimble, 2011, Song et al., 2016).  

 

Furthermore, septins were also shown to facilitate mitochondrial fission (Pagliuso et 

al., 2016, Sirianni et al., 2016). The number and length of mitochondria is regulated 

by constant fission and fusion events. Drp-1, the dynamin-related protein 1 described 

in chapter 1.3.2, is responsible for mitochondrial fission. Recent studies reveal that 

septins facilitate Drp-1-mediated fission, since septin depletion results in extended 

mitochondria. 

 

1.4.4 Borgs  

Borgs (binder of Rho GTPases), also called CDC42 effector proteins (CDC42EP), 

were discovered by two labs independently (Burbelo et al., 1999, Hirsch et al., 2001, 

Joberty et al., 1999). Borg5 was first identified as a binding partner of Cdc42 that 

promoted the formation of actin rich protrusions (Burbelo et al., 1999). Based on 

sequence homology, Borg1-4 were subsequently identified as additional family 

members equally capable of interacting with Cdc42 and rearranging the actin 

cytoskeleton (Hirsch et al., 2001). Simultaneously, a yeast-two-hybrid screen 

uncovered the family of Borgs as effectors of Cdc42 (Joberty et al., 1999). 

Overexpression of Borgs in 3T3 fibroblast leads to an elongated cell shape, and 

overexpression of Borg1 or Borg3 delays cell spreading (Joberty et al., 1999). Borgs 
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are between 150 and 409 amino acids long and contain several conserved domains. 

At the N-terminus a basic region is followed by the Cdc42- and Rac-interactive 

binding motif (CRIB) responsible for binding to Cdc42 and a borg homology domain 

(BH) 1 (Figure 1.16A). Borgs can contain a BH 2 as well as pro-rich regions, heptad 

repeats and actin binding domains (Farrugia and Calvo, 2016a). BH3 is a ~20 amino 

acid long domain found in all Borgs responsible for binding to septins (Joberty et al., 

2001). Borg3 binds to oligomeric septins and not to monomers, and can recognize 

the interface between SEPT6 and SEPT7 (Sheffield et al., 2003). Due to their binding 

properties, Borgs can align with septin and actin filaments (Liu et al., 2014, Zhao and 

Rotenberg, 2014). Borg3 and 5 have been implicated in lamellipodia formation, while 

Borg4 was reported to induce filopodia (Burbelo et al., 1995, Burbelo et al., 1999, 

Joberty et al., 1999, Zhao and Rotenberg, 2014). In cancer associated fibroblasts 

(CAFs), Borg2 expression is significantly increased and required for mechano-

transduction and subsequent transformation to a cancer-associated fibroblast (Calvo 

et al., 2013, Calvo et al., 2015). Borg2 can bind both actin and septin filaments, acting 

as a glue that enhances the stability of both filamentous networks. Cdc42 regulates 

Borg2 by directly binding to it, and disruption of the Cdc42 binding site of Borg2 

results in a dominant negative Borg mutant (Farrugia and Calvo, 2016b).  

Interestingly, Borgs are only found in vertebrates, suggesting their recent emergence 

during evolution. Nevertheless, functional homologs have been discovered in yeast 

(Gic1 and Gic2) (Brown et al., 1997, Chen et al., 1997, Gandhi et al., 2006, Sadian 

et al., 2013). Work using cryo-electron tomography revealed that Gic1 bridges two 

septin filaments by binding specifically to the yeast septin Cdc10 to act as a septin 

cross-linker, see Figure 1.16B (Sadian et al., 2013). Having the ability to regulate 

actin and septin downstream of Cdc42 suggests that Borgs fulfil many important 

functions, but clearly more work is needed to fully understand the role of Borgs in 

septin biology.  
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Figure 1.16 The family of Borg proteins  

A Schematic showing the domain structure of Borgs. B Three-dimensional 
reconstruction of septin filaments linked by Gic1, a yeast homolog of Borgs © Sadian 
et al.,2013, originally published in eLife 2050-084X. 
 

1.4.5 Septins and pathogens  

Investigation of the cytoskeleton has led to key discoveries in both infection and cell 

biology (Colonne et al., 2016, Naghavi and Walsh, 2017, Welch, 2015, Welch and 

Way, 2013) . As with the other cytoskeletal proteins, septins are also involved in 

bacterial infection (Torraca and Mostowy, 2016). In some cases, septins have the 

ability to restrict the spread of pathogens. On the other hand, septins can be hijacked 
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by some pathogens to promote the spread of infection. There are examples where 

pathogens interact with septins both at the plasma membrane and in the cytoplasm.  

 

Listeria monocytogenes induces its uptake via binding of bacterial InIA or InlB to the 

host cell receptors E-cadherin or Met, respectively (see section 1.3.3.) SEPT9 was 

initially found to be recruited to latex beads coated with InIB, which were 

endocytosed by colorectal cancer cells (Pizarro-Cerda et al., 2002). Subsequent 

work showed that septins are also present at the entry site of Listeria and Shigella, 

forming 0.6µm rings around the invading bacteria (Mostowy et al., 2009b). Septin 

recruitment is prevented by treatment with the actin polymerization inhibitor 

Cytochalasin D. Studies have shown that depletion of SEPT2 significantly reduces 

the uptake of Listera, Shigella and InIB-coated latex beads (Pizarro-Cerda et al., 

2002). In contrast, depletion of SEPT11 increases the relative invasion of Listeria 

into HeLa cells (Mostowy et al., 2009a). Investigating the changes caused by septin 

depletion using atomic force microscopy revealed that septins anchor the Met 

receptor to the cytoskeleton (Mostowy et al., 2011). Knockdown of SEPT2 decreases 

the total amount of Met receptor, thus reducing its binding levels to InIB. This could 

account for the decreased uptake of bacteria and InIB-coated beads as well as 

reduced response to InIB stimulation in SEPT2-depleted cells (Mostowy et al., 

2009a). Furthermore, overall cell elasticity and viscosity is also altered in uninfected 

cells (Mostowy et al., 2011). The mechanism by which septins mediate bacterial 

entry is still unclear. Given their function in compartmentalizing plasma membrane 

(Kusumi et al., 2012; Bridges and Gladfelter, 2015), septins may enrich certain 

phospholipids in the membrane and recruit host cell receptors together with 

signalling molecules to aid phagocytic cup formation (Barral et al., 2000; Caudron 

and Barral, 2009; Mostowy and Cossart, 2011; Ostrowski et al., 2016). A previous 

study provided evidence that PIP2 enrichment at the phagocytic cup is maintained by 

diffusion barriers “fencing” the phospholipids and limiting their diffusion 

(Golebiewska et al., 2011). While the nature of this fence is not known, it is tempting 

to speculate that septins might form this diffusion barrier.  

 

In addition to bacterial entry, septins are involved in later stages of Listeria and 

Shigella infection (Torraca and Mostowy, 2016). Septin recruitment was observed in 

cases of Shigella and Listeria being propelled by actin tails through the host 
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cytoplasm (Mostowy et al., 2010). Septin rings also form around immobile Shigella, 

entrapping the bacteria in a cage-like structure. In all cases, actin polymerization is 

essential for septin recruitment. Entrapment of Shigella was found to restrict actin 

tail formation and cell-to-cell spread of the pathogen (Mostowy et al., 2010). Septin 

cages also reduced the replication of bacteria by triggering autophagy, a process 

during which intracellular components, including invading pathogens, are degraded 

(Sirianni et al., 2016 , Yu et al., 2017). Septin-caged Shigella associate with 

autophagy markers such as p62 and Atg8. The pathogen, however, developed a 

way to escape destruction. Mitochondria may provide a membrane template that 

facilitates septin cage assembly since longer and shorter mitochondria increase and 

decrease the percentage of entrapped Shigella respectively (Sirianni et al., 2016). In 

order to counteract septin entrapment and subsequent degradation, Shigella induces 

mitochondria fragmentation by increasing mitochondrial fission (Sirianni et al., 2016). 

Interestingly, septin cages around Shigella were also observed in live zebra fish 

larvae and septins were found to regulate inflammation (Mazon-Moya et al., 2017).  

 

EPEC uses a type III secretion system (T3SS) to inject virulent factors into the host 

cell, which manipulate the cell and allow successful infection (Gaytan et al., 2016, 

Zhuang et al., 2017, Wong et al., 2011). Scholz and colleagues performed a screen 

to identify changes in host protein phosphorylation upon EPEC infection (Scholz et 

al., 2015). Among the hits were several cytoskeletal proteins such as cofilin, and 

microtubule-associated protein 1B, as well as clathrin light chain. Furthermore, 

phosphorylation of SEPT9 increases in a T3SS-dependent fashion, while total level 

of SEPT9 remain constant (Scholz et al., 2015). RNAi-mediated knockdown of 

SEPT9 results in reduced EPEC adherence and cytotoxicity. Moreover, expression 

of a non-phosphorylatable SEPT9 resulted in the same phenotype, while a 

phosphomimetic version increased bacterial adherence and cytotoxicity. The 

mechanistic basis for these septin-mediated effects on EPEC remain to be 

established. Notably, a previous study found that overexpression of EPEC effector 

proteins (EspF and Map) induce septin rearrangements, yet whether this is a direct 

effect or mediated through actin and MTs remains to be established (Rodriguez-

Escudero et al., 2005). Interestingly, altered septin phosphorylation levels are also 

induced by Salmonella and Shigella infection (Rogers et al., 2011, Schmutz et al., 

2013). 
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Chlamydia trachomatis replicates inside the host cell using a protective replicative 

niche called an inclusion (Hammerschlag, 2002). These membrane compartments 

are surrounded by septins, which also recruit actin filaments (Volceanov et al., 2014). 

Knockdown of septins reduces the extrusion of these inclusion from the cell and 

results in a ~4-fold reduction of bacterial release (Volceanov et al., 2014). Actin has 

already been shown to be required for the successful release of chlamydia inclusions 

(Chin et al., 2012).  

 

The spore-forming bacterium Clostridium difficile can cause severe diarrhoea and 

sepsis (Bartlett, 2017). C. difficile expresses a toxin that depolymerizes actin and 

also induces the protrusion of MT-filled finger-like structures (Schwan and Aktories, 

2017). Those protrusions wrap around external bacteria and facilitate their 

adherence (Schwan et al., 2014). More recently it has been shown that septins, 

together with Borgs, are recruited to the base of MT protrusions (Nölke et al., 2016). 

Here, septins guide MTs to the site where the future protrusion forms by binding to 

the microtubule tip tracking protein EB1 (Nölke et al., 2016). Perturbation of septins 

significantly affects the number and length of these protrusions, indicating that 

septins regulate the initiation and elongation of these MT-based protrusions. 

 

Similar to bacterial invasion, septins are also involved in the uptake of the pathogenic 

fungi Candida albicans (Phan et al., 2013). Upon binding to N-cadherin, actin-driven 

pseudopods form around the pathogen and allow it to be endocytosed in a clathrin-

dependent fashion (Moreno-Ruiz et al., 2009). An additional study found that SEPT7 

and N-cadherin are interdependently recruited to the pathogen in an actin-dependent 

manner. Knockdown of SEPT7 impairs the endocytosis of C. albicans, indicating that 

fungi (like bacteria) can also hijack septins to facilitate their uptake (Phan et al., 2013). 

 

There are also a number of studies indicating that septins are important during viral 

infection. A truncated variant of SEPT4 was shown to interact in a phage display 

cDNA library screen with the tumorigenic protein Kaposin A of human herpes virus 

8 (Stevens et al., 2005). Kaposin A is the most abundant protein in herpes virus 8 

and induces tumorigenic transformation by activating nuclear receptors and cellular 

serine-threonine kinases (Tomkowicz et al., 2005, Muralidhar et al., 2000, Muralidhar 
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et al., 1998). It remains to be established whether full length SEPT4 also binds to the 

viral protein, and what the physiological consequences for this interaction entail.  

 

More is known about the role of septins during the replication of hepatitis C virus 

(HCV). SEPT6 requires its GTP-binding domain as well as the poly-basic region to 

bind to the viral RNA polymerase NS5b (Kim et al., 2007). Simultaneously SEPT6 

binds to the host RNA binding protein hnRNP A1. Depletion or overexpression of 

SEPT6 or hnRNP A1 mutants significantly reduces HCV replication (Kim et al., 2007). 

More recently, it has been shown that in HCV-induced cirrhosis septin expression is 

upregulated (Akil et al., 2016). At later time points of HCV infection, septin filaments 

form around the cluster of virus cores. SEPT9 was found to stabilize MTs and 

enhance lipid droplet growth by binding to the lipid component PtdIns5P (Akil et al., 

2016). Accumulation of lipid droplets promotes HCV replication, which is reduced 

upon SEPT9 knockdown. Taken together, septins appear to create a beneficial 

environment for herpes virus replication.  

 

Septins also influence vaccinia virus (VACV) replication and/or spread (Beard et al., 

2014, Sivan et al., 2013). In the work from the Moss lab a whole genome siRNA 

screen was performed on HeLa cells, which were subsequently infected with the 

recombinant VACV IHD-J/GFP strain at a ratio of one infectious virus per five cells 

(Sivan et al., 2013). The percentage of GFP-positive cells was used as a read-out 

for viral replication after 18 hours of infection.  In this case, SEPT11 was found to 

have an anti-viral role, while SEPT3 and SEPT10 appear to promote virus replication 

and/or spread. In the study by Beard et al, a RNAi screen of the druggable host 

genome was performed on HeLa cells. Cells were infected with a WR virus 

expressing a GFP-tagged virus core protein at a low multiplicity of infection of 0.05 

and fixed 48 hours later (Beard et al., 2014). Total level of fluorescence was used as 

a read-out to assess viral replication. Knockdown of SEPT1 and SEPT9 significantly 

increased GFP signal suggesting increased viral replication and/or spread. 

Furthermore SEPT2, SEPT3 and SEPT11 had a similar (but milder) effect. Vaccinia 

virus can replicate, exit and re-infect several times during the course of the 

experiments performed in those screens. Therefore, the data only indicate that 

septins play a role during vaccinia infection but they could not distinguish between 

effects on entry, replication or egress. Furthermore, some of the septins that were 
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found as hits, such as SEPT1 and SEPT3 are not thought to be expressed in HeLa 

cells (Mostowy and Cossart, 2012). Overall it becomes clear that more work is 

needed to define the role of septins during vaccinia infection.  

 

1.5 Aims of this thesis 

Studies over the past twenty years have provided detailed insights into how vaccinia 

virus hijacks both the actin and the microtubule cytoskeleton to promote its spread 

(Leite and Way, 2015, Newsome and Marzook, 2015, Smith and Law, 2004). Septins, 

the fourth component of the cytoskeleton, have a close relationship with actin and 

microtubules (Fung et al., 2014, Mostowy and Cossart, 2012, Spiliotis and Nelson, 

2006). Given this and the fact that septins have been implicated in regulating 

vaccinia replication and spread (Beard et al., 2014, Sivan et al., 2013), I set out to 

elucidate the precise role of septins during vaccinia virus infection. 

 
  



Chapter 2. Materials & Methods 

2.1 General buffers and solutions  

The in-house media kitchen at London Research Institute and at the Francis Crick 

Institute provided many of the general buffers and culture media, with details listed 

below. Specific reagents will be described in the relevant section. 

 

2.1.1 General buffers 

Phosphate Buffered Saline A (PBSA) 
8.00 g   Sodium chloride, NaCl 

0.25 g  Potassium chloride, KCl 

1.43 g  Sodium phosphate dibasic, Na2HPO4, pH 7.2 

0.25 g  Potassium phosphate monobasic, KH2PO4, pH 7.2 

 

2.1.2 Cell Culture Media 

Versene Solution 
8.00 g  NaCl 

0.20 g  KCl 

1.15 g  Na2HPO4, pH 7.2 

0.20 g  KH2PO4, pH 7.2 

0.20 g  EDTA 

1.50 mL 1% (w/v) Phenol red solution 

 

The above reagents were dissolved in distilled water, the pH was adjusted to 7.2 

with HCl and the solution was autoclaved to sterilise. 

 

Trypsin 
The trypsin-EDTA Solution (Sigma) was diluted 1:5 in versene solution and filtered 

through a 0.22 µm filter. 
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Minimal Essential Medium (MEM) 
9.68 g  MEM powder 

3.70 g  NaHCO3 

 

The reagents were dissolved in 10 L of distilled water and the pH adjusted to 7.0. 

MEM was then sterilized using a 0.22 µm filter and stored at 4°C. 

 

2.1.3 Bacteriological Media 

Lysogeny broth (LB) Medium 
10 g  Bacto-tryptone 

  5 g  Bacto-yeast extract 

10 g  NaCl 

 

LB Agar 
15 g of Bacto-agar was dissolved in 1 L of LB medium and autoclaved. 

 

2.2 Cell culture 

All cell lines and their culture conditions used in this thesis are listed in Table 2. 

 

Table 2 Cell lines and culture conditions 

Cell Line Species Medium Source 

A549 Human 
MEM, 10% FCS, Pen/Strep, 

2 mM Glutamine 
ATCC 

BSC-I Monkey 
MEM, 10% FCS, Pen/Strep, 

2 mM Glutamine 
ATCC 

Dyn -/- 

MEFs 
Mouse 

DMEM, 10% FCS, 

Pen/Strep, 2 mM Glutamine 

P. De Camilli (Yale 

school of medicine) 

HeLa Human 
MEM, 10% FCS, Pen/Strep,  

2 mM Glutamine 

G.Griffiths 

(EMBL) 

 

HeLa GFP Human MEM, 10% FCS, Pen/Strep,  J.V.Abella 
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2 mM Glutamine, 1 µg/mL 

puromycin 

(Crick) 

HeLa GFP-

Cortactin 
Human 

MEM, 10% FCS, Pen/Strep, 

2 mM Glutamine, 1 µg/mL 

puromycin 

J.V.Abella 

(Crick) 

Nck -/- 

MEFs 
Mouse 

DMEM, 10% FCS, Pen/Strep, 

2 mM Glutamine 

T. Pawson 

(SLRI) 

N-WASP -/- 

MEFs 
Mouse 

DMEM, 10% FCS, 

Pen/Strep, 2 mM Glutamine 

S. Snapper 

(MGH) 

SYF Mouse 
DMEM, 10% FCS, 

Pen/Strep, 2 mM Glutamine 

P. Soriano (Fred 

Hutchinson Cancer 

Research Center, 

Seattle) 

HEK293FT Human 
DMEM, 10% FCS, 

Pen/Strep, 2 mM Glutamine 
Invitrogen 

 

2.2.1 Culturing stocks 

Cells were cultured at 37°C in 5% CO2 and maintained at a confluency of ~50-80% 

by passaging every 3 days. To passage cells, the media was removed and cells were 

washed twice with PBSA. Using 10-cm dishes 1 mL of 0.05% trypsin was added to 

the cells. After incubation for 5-10 min at 37°C, detached cells were re-suspended in 

warm complete media and passaged to the desired confluency. When required, cells 

were counted using the Scepter 2.0 Cell Counter (Merck Millipore). To seed cells on 

glass cover slips or Matek dishes the surface was coated with fibronectin. Therefore, 

the cell culture dish was incubated with 1:200 diluted fibronectin in PBSA for 30 min. 

Before plating the cells, the dish was washed twice with PBSA.  

 

2.2.2 Freezing stocks 

In order to store aliquots of cells in liquid nitrogen, 80% confluent cells were washed 

twice in PBSA and trypsinised as described above. Once completely detached, cells 

were resuspended in complete media and transferred in a falcon tube. After 5 min 
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centrifugation at 700 rpm at 4°C, the supernatant was aspirated and the pelleted 

cells were resuspended in 1 mL FCS with 10% DMSO or 0.5ml BamBanker (Wako 

Chemicals, USA) for long term storage at -80°C. Cells were then aliquoted in 

cryogenic vials and stored at -80°C or moved to liquid nitrogen. Frozen cells were 

recovered by quickly thawing an aliquot in the 37°C water bath and transferring the 

cells to a 10-cm dish containing complete media. Once the cells had adhered, the 

media was changed. 

 

2.2.3 Transient transfection 

HiPerFect 
HiPerFect (Qiagen) was used for RNAi (RNA interference) transfection of HeLa and 

A549 cells. For one well of a 6-well dish, 4 µL siRNA of interest (20 nM) and 10 µL 

of HiPerFect were added to 100 µL Opti-MEM (Thermo Fisher Scientific). After 20 

min, the transfection mix was added to 2 mL of freshly seeded cells (1×105 per mL). 

24 hrs later, 2 mL of fresh media was added to the cells, which were analysed 72 hrs 

post transfection. Pools of 4 siRNAs were used in all the experiments.  

 

Fugene 
Fugene 6 (Roche) was used to transfect transient expression plasmids into HeLa 

cells. For a 6 well plate, cells were plated to a confluency of 70% prior to transfection. 

1 μg of DNA and 4.5 μl Fugene 6 was added to 100 μl Opti-MEM, after 15 min 

incubation at room temperature the mixture was added to the cells. Experiments 

were performed after 24 hrs to allow for adequate expression. 

 

Lipofectamine 2000 
Lipofectamine 2000 (Qiagen) was used to transfect HEK293FT cells to generate 

lentiviruses that contain a gene of interest. HEK293FT were plated to 80% 

confluency in 10-cm plates. After 24 hrs 10 µg of DNA, 7 µg pPax, and 3 µg MD.2G 

vectors were added to 500 µL of Opti-MEM. In a second eppendorf tube, 40 µL of 

Lipofectamine 2000 were added to 500 µL Opti-MEM and incubated for 5 min at 

room temperature. Both solutions were mixed together the final solution was 

incubated for further 30 min. The mixture was added dropwise to the cells after 

changing the media. 
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Table 3 siRNA target sequences 

Gene Target sequence Catalogue number 

Borg2 

GAUGAGGUGCUGAAUGUAA 

CCAAUAACAAGAAAGGAAA   

GCUCUCAUGUUGCCCUUAU  

CGAUGUCUUUGGAGAUAUU 

D-017358-01                                                                           

D-017358-02                                                                       

D-017358-03                                                                          

D-017358-04 

DIP 

GUGGCAACUGGUACAACCUUU 

AGGUUGUACCAGUUGCCAC 

AAGUGGCAACUGGUACAACCUUU 

UUGACAUUGGCGUGUUUGCUCUU 

Sigma 

Dyn I 

GAAAGAAAUUCACCGACUU 

GAGCUAAUCAGCACCGUUA  

CCACUUGGCUGACCGUAUG  

GAGAAUCUGUCCUGGUACA 

D-003940-01                                                                           

D-003940-02                                                                       

D-003940-03                                                                           

D-003940-04 

Dyn II 

CCGAAUCAAUCGCAUCUUC 

GACAUGAUCCUGCAGUUCA  

CCUCCGAGCUGGCGUCUAC  

AGUCCUACAUCAACACGAA 

D-004007-01                                                                           

D-004007-02                                                                       

D-004007-04                                                                           

D-004007-18 

SEPT7 

UUGCAGCUGUGACUUAUAA 

UGAAUUCACGCUUAUGGUA   

UAUGAGAACUACAGAAGCA  

GCUGAGGAGAGGAGCGUCA 

D-011607-02                                                                           

D-011607-03                                                                       

D-011607-04                                                                         

D-011607-17 

Non-targeting Allstar negative control Qiagen 

 

 

2.2.4 Stable cell lines 

Stable cell lines were generated using the pLVX-puromycin and pLVX-IRES-

hygromicin vectors (Clontech). These vectors, contain a constitutively active human 

cytomegalovirus immediate early promoter, located just upstream of the multiple 

cloning site (MCS). Furthermore, the plasmids have a puromycin/hygromicin 

resistance cassette that allows selection of stably transfected cells. Constant 

selection reduces the risk of spontaneous loss of the gene of interest. All the genes, 
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except for LifeAct, contain the fluorescent tag that the N-terminus. HEK293FT cells 

were seeded to 80% confluency in 10-cm dishes and after 24 hrs transfected with 

the construct of interest inserted in the pLVX vector using Lipofectamine 2000 and 

the protocol above. The following day, the medium was replaced with 10 mL of 

complete DMEM and lentiviruses were collected at the consecutive two days. 

Therefore, the medium was collected and passed through a 0.45 µm Millex HV filter 

(Millipore SLV033RB). The cells were carefully covered with fresh media. HeLa cells 

were plated at 70% confluence in a 6-well plate and 2 mL of the lentivirus solution 

was added to the cells. The cells were incubated for two days allowing the lentivirus 

to infect the cells and integrate the gene stably into the cell’s genome. After 72 hrs, 

the cells were passaged and 1 µg/mL puromycin or 400 µg/mL hygromycin B 

selected the cells containing the gene of interest. The cell lines generated by this 

method and the constructs used are listed in Table 4. 

 

Table 4 Stable cell lines generated 

Cell Line Introduced protein Selection 
Species of 
introduced 

protein 
HeLa GFP-SEPT6 Puromycin Human 
HeLa mCherry-SEPT6 Puromycin Human 

HeLa GFP-SEPT6,  
LifeAct-iRFP  Puromycin, hygromycin Human 

HeLa mCherry-SEPT6, LifeAct-
iRFP Puromycin, hygromycin Human 

HeLa GFP-SEPT6,  
iRFP-Dyn II Puromycin, hygromycin Human 

HeLa GFP-SEPT6, mCherry-
Dyn II, LifeAct-iRFP  Puromycin, hygromycin Human 

HeLa GFP-Dyn II Puromycin Human 

HeLa LifeAct-iRFP Puromycin Human 
 

2.3 Vaccinia Virus 

The Western Reserve (WR) strain of vaccinia was used as wild type virus throughout 

the thesis. Recombinant viruses used for this work are listed in Table 5. 
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Table 5 Recombinant viruses used in the thesis 

Virus Source 

ΔA36R G. Smith (Parkinson and Smith, 1994) 

ΔA36R + CSTN M. Dodding (Dodding et al., 2011b) 

ΔA36R + YL126 M. Dodding (Dodding et al., 2009) 

ΔA36R + YL126 Y6F M. Dodding (Dodding et al., 2009) 

A36 Y112F A. Holmström 

A36 Y132F N.Scaplehorn (Scaplehorn et al, 2002) 

A36 YdF A. Holmström (Rietdörf et al., 2001) 

A36 YdF + RFP A3L S. Schleich 

A36 YdF-ΔNPF X. Snetkov (LRI) 

A36 ΔNPF X. Snetkov (Snetkov et al., 2016) 

A36 ΔNPF + RFP-A3L X. Snetkov (Snetkov et al., 2016) 

WR + RFP-A3L S. Schleich 

 

2.3.1 General buffers for virology 

Tris buffer 
10mM Tris-HCl pH 9 

2mM MgCl2 

Made up in distilled water and filter sterilised using a 0.22μm filter. 

 

Sucrose cushion: 35% sucrose (w/v) in Tris buffer 

 

Crystal violet 
0.1% Crystal violet (w/v) 

20% Ethanol in distilled water 

 

Viral lysis buffer 
10mM Tris-HCl pH 9 

10mM KCl 

3mM Mg(CH3COO)2 
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Made up in distilled water and filter sterilised using a 0.22 μm filter. 

 

2.3.2 Infection 

The multiplicity of infection (MOI) was calculated from the plaque forming units (PFU) 

of the viral stock and the number of cells to infect. A MOI of 5 was used to infect cells 

for immunofluorescence and live-cell imaging. The day of the experiment, the viral 

aliquot was briefly sonicated in a water bath for 30 secs. The appropriate volume of 

virus was added to the cells in serum free MEM. After 1 hr, the serum free MEM was 

removed and replaced with complete MEM. Cells were incubated at 37°C and fixed 

or imaged after 8 hr post infection. 

 

2.3.3 Sucrose Purification of vaccinia virus 

HeLa cells were grown in 15-cm culture dishes to a confluency of 90%. Cells were 

infected with vaccinia virus at a multiplicity of infection (MOI) = 0.05-0.2 for 72 hrs. 

Media was removed and cells were scraped in 5 ml of PBSA and harvested cells 

were centrifuged for 5 min at 1,700rpm at 4°C. The pellet was washed once in PBSA 

and after another centrifugation step resuspended in 7 ml of Tris buffer. The infected 

cells were lysed by 15 strokes with a 7 ml Dounce homogenizer (Wheaton). The 

resulting solution was centrifuged at 1,700rpm at 4°C for 5 min and the viral 

supernatant was stored at -20°C, while the pellet containing cell nuclei and cell debris 

was discarded. Next, the viral supernatant was thawed, the precise volume was 

noted and everything was carefully added on top of an 8 ml 35% sucrose cushion in 

Beckman SV40 ultracentrifuge tubes. Tris buffer was added to make up a total 

volume of 30 ml. The viral supernatant was centrifuged at 24,000 rpm for 30 min at 

4°C in a Beckman Optima L-100 XP ultracentrifuge and the pellet containing the 

virus was resuspended in Tris buffer and stored in 20 μl aliquots at -80°C. 

 

2.3.4 Plaque Assay 

Plaque assays can be used to determine the titer of a virus or to measure virus 

spread. For titer determination BSC-1 cells were plated at 2 x 105 in 6-well dishes, 
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forming a confluent monolayer after 24 hrs. Viral preparations were sonicated and 

serially diluted 1:10 in 1ml of serum free MEM. The culture media was removed from 

the BS-C-1 cells and replaced with 200µl of the serial dilutions of virus. After 1 hr of 

viral uptake, the media was replaced with a semi-solid overlay of 1 x MEM, 2% FCS 

and 1.5% carboxy-methyl cellulose. After 48-72 hrs, the overlay was removed and 

the cells were fixed with 3.8% formaldehyde for 1 hr. Plaques were visualized with 

crystal violet staining for 1 hr. The plaque forming unit per ml (PFU/ml) was 

determined by counting the number of cell cleared viral plaques per dilution, where 

plaques are both discernible and isolated. 

The plaque formation as a measure for viral spread was performed using A549 and 

Dynamin KO cells. A549 cells were transfected with siRNA as described before. After 

24 hrs 2 ml of complete media was added and after 48 hrs cells were again 

transfected with siRNA after being split into a 12-well dish forming a confluent 

monolayer. Dynamin parental and KO cells were also plated into 12-well dishes at 

100% confluency. Cells were infected with roughly 100 PFU per well and after 1 hr 

over-laid as described above. After 72 hrs, the overlay was removed and cells fixed 

in 4% paraformaldehyde (PFA) in PBSA. After 1 hr of fixation cells were washed 

twice with PBSA and permeabilized with 0.1% triton in PBSA for 5 min. After another 

washing step with PBSA cells were incubated with the rat antibody against B5 diluted 

1:2000 in PBSA plus 3% FCS for 2 hrs gently rocking. After washing twice for 2 min 

with PBSA cells were incubated with the secondary anti-rat HRP diluted 1:3000 in 

PBSA with 3%FCS for 1 hr. After another two washing steps the cells were exposed 

to 250µl of TMB peroxidase substrate for 15min. Finally, cells were washed with 

distilled water and the 12-well plate was scanned using the Epson V500 scanner. 

The diameter of the blue plaques formed was measured using the line tool in ImageJ.  

 

2.3.5 Virus release assays 

To quantify EEV release, cells were infected with a MOI = 0.1. At 1 hr post infection 

the inoculum was removed, cells were washed with serum free medium and 0.5 ml 

of complete medium was added. After 18 hrs of infection, complete MEM was 

carefully harvested, detached cells were spun down at 13 000 rpm and the 

supernatant was kept. The viral titer was immediately determined in duplicates by 

plaque assay on confluent BSC-1 cells as described above. 
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2.3.6 Single step growth curve 

Single step growth curves were carried out to determine the replication dynamics of 

the viruses under different conditions. A549 cells were transfected with siRNA at 0 

and 48 hrs and plated into 12 well plates. Dyn KO cells were plated directly forming 

confluent monolayers. Cells were infected in duplicate at an MOI = 5. The inoculum 

was removed 1 hr post infection, cells were washed and 0.5ml of complete media 

was added. At 5, 9, 18 and 24 hpi, the supernatant was aspirated off and the infected 

cells were removed from the dish by incubating in 0.5 ml of trypsin at 37°C. Cells 

were then collected in 1ml of virus lysis buffer. The samples were freeze/thawed 

three times in liquid nitrogen and 37°C water bath to ensure complete lysis of the 

cells. Following sonication of the samples each time point was titrated in duplicate 

by plaque assay as in 2.3.4.  

 

2.3.7 Drug treatments during infection 

Infected cells HeLa cells were treated with the indicated concentrations for the 

indicated time interval are listed below.  

  

Table 6 Drug treatments during infection 

Drug Concentration Incubation time Source 

CK666 100µM 1 hr prior to fixation Sigma 

Cytochalasin D 1µg/ml 30 min prior to fixation Torcis 

D4476 100µM 1 hr prior to fixation Calbiochem 

Imatinib 25mM 1 hr prior to fixation Sigma 

MitMAB 30µM 30 min prior to fixation Abcam 

PP1 12.5µM 4 hrs prior to fixation Cayman Chemical 

SMIFH2 20µM 30 min prior to fixation Torcis 

TBB 20µM 1 hr prior to fixation Cayman Chemical 
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2.4 Molecular Biology 

2.4.1 General buffers 

10x DNA Loading Buffer 
0.25% (w/v)  Bromophenol Blue 

30% (v/v)   Glycerol 

Everything was diluted in 5x TBE. 

 

5x TBE 
445 mM  Tris Base 

445 mM  Boric Acid 

10 mM   EDTA 

Made up to 1 L final volume with distilled water. 

 

RF1 
12 g  Rubidium chloride 

9 g  Manganese chloride 

2.94 g  Potassium acetate 

1.5 g  Calcium chloride 

150 g  Glycerol 

The reagents were dissolved in 900 mL distilled water, the pH was adjusted to 5.8 

with acetic acid before topping up to 1 L with distilled water.  The solution was filtered 

using a 0.22 µm filter and stored at 4°C.  

 

RF2 
2.09 g  MOPS 

1.2 g  Rubidium chloride 

11 g  Calcium chloride 

150 g  Glycerol 

The reagents were dissolved in 900 mL of distilled water, the pH was adjusted to 6.8 

with sodium hydroxide before adding distilled water to reach the final volume of 1 L. 

The solution was passed through a 0.22 µm filter and stored at 4°C. 
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2.4.2 Expression vectors 

A number of different expression vectors were used in this thesis, however, pLVX 

and pE/L were used in the majority of cases. The pLVX system is described in 2.2.4, 

and was used to make stable cell lines and for expression outside the context of 

infection. Borg2 and Src-GFP was expressed under a CB6 promoter. Expression 

vectors used during the course of infection were pE/L driven. This vector contains a 

synthetic early/late vaccinia promoter to promote expression during the course of 

infection in mammalian cells (Chakrabarti et al., 1997). The expression constructs 

used in this thesis are listed in Table 7. 

 

Table 7 Expression vectors 

Vector Source 

pEGFP-Borg2 F. Calvo (Calvo et al., 2013) 

pLVX GFP-SEPT6 J Pfanzelter 

pLVX mCherry-SEPT6 J Pfanzelter 

pE/L mCherry-CLC A Humphries 

pLVX iRFP-Dyn II J Pfanzelter 

pLVX LifeAct-iRFP J Pfanzelter 

pLVX mCherry-Dyn II J Pfanzelter 

pLVX GFP-Dyn II J Pfanzelter 

pLVX iRFP-Dyn II J Pfanzelter 

CB6 Src-GFP G Linker 

2.4.3 Polymerase chain reaction (PCR) 

To generate suitable restriction sites for sub-cloning, the genes of interest were 

amplified using PCR reactions. A standard of 50 µL of PCR mixture contained the 

reagents listed in Table 8 was prepared. 

 

Table 8 Reagents for PCR 

DNA template (50 ng) 1 µL 

Primer Forward (10 µM) 1 µL 
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Primer Reverse (10 µM) 1 µL 

dNTPs mix (25 mM) 1 µL 

DMSO 1.5 µL 

5x Phusion HF buffer 10 µL 

Phusion high fidelity DNA polymerase (NEB)  0.5 µL 

dH2O 34 µL 

 

The PCR reaction was performed with an Applied Biosystems GeneAmp PCR 

machine, using the following standard conditions: 

 

1. 98°C  5 min 

 

2. 98°C  30 sec 

55°C  30 sec     

72°C  30 sec/kb of gene length   30 cycles 

 

3. 72°C  10 min 

 

The PCR product was run through a 0.8% (w/v) agarose gel in 1xTBE containing 8 

µL of SYBR safe DNA gel stain (Invitrogen) at 100 Volt for 30 min. The amplified 

DNA was detected using a Safe Imager (Invitrogen), cut out of the gel and purified 

using Qiagen QIAquick gel extraction kit. The DNA was eluted in 35 µL of distilled 

water and used for further sub-cloning. 

 

2.4.4 Sub-cloning 

The purified PCR product as well as 2 ng of pre-existing vectors were digested using 

0.3 µL of restriction enzymes (NEB) in 20 µl of the appropriate NEB buffer. After 1 hr 

of incubation at 37°C 1 µl of CIP was added to the mixture containing the vector. 

After further incubation of 30 min at 37°C the DNA was run through a 1% (w/v) 

agarose gel at 100 Volt for 30 min. The products of interest were purified using the 

Qiagen QIAquick gel extraction kit and eluted in 35 µL of distilled water. The insert 

and vector were mixed at a ratio of 5:1 and 2 µL of 10x T4 ligase buffer and 1 µL of 
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T4 ligase (NEB) were added to the total mixture of 20 µl. The ligation reaction was 

incubated for 1 hr at room temperature prior to transforming it into bacteria. 

 

Table 9 Primers used for cloning 

Primer Sequence 

iRFP  

C-tag   

For GATGGCGGCCGCGCCCGCAAGGTGGACCTGACCTCCTG 

Rev GATGGATCCTTATCTCTGGTGGTGGGCGGCGGTGAAGT 

iRFP 

 N-tag 

For AGATCTGGTACCACCATGGCCCGCAAGGTGGACCTGACCT 

Rev GCGGCCGCCTCTCTGGTGGTGGGCGGCGGTGAAGT 

Dyn II 
For GATGCGGCCGCATGGGCAACCGCGGGATGG 

Rev GATGAATTCCTAGTCGAGCAGGGACGGCTCGGCT 

 

2.4.5 Preparation of chemically competent bacteria 

To prepare chemically competent E.coli XL-10 cells 500 mL of LB media was 

inoculated with 2 mL of a 5 mL culture grown overnight. The bacteria were incubated 

for 3-4 hrs with shaking at 37°C until the exponential growth phase at an OD600 of 

0.5 was reached. The culture was placed on ice for 30 min and centrifuged at 2,500 

rpm for 12 min. After removing the supernatant, the pellet was resuspended in RF1 

buffer and placed on ice for 15 min. The bacterial culture was centrifuged again at 

2,500 rpm for 10 min and the pellet was resuspended in 7 mL of RF2 buffer whilst 

keeping it on ice. The bacteria were snap frozen in 100 µL aliquots and stored at -

80°C. 

 

2.4.6 Plasmid DNA transformation of bacteria 

To transform a plasmid of interest into E.coli bacteria, 5 µL of ligation reaction was 

added to 25 µL of chemically competent XL-10 cells (2.4.5) and placed on ice for 5 

min. Next, the bacteria were heat shocked for 45 sec at 42°C, and incubated on ice 

for 2 min. 100 µL of LB media was added and the mixture was incubated at 37°C for 

15 min under constant shaking. The bacteria were then spread on LB-agar plates 

containing the selection antibiotics (usually 100 µg/mL ampicillin) and left in the 37°C 

incubator overnight.  
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2.4.7 Colony screen PCR 

Colony PCR was performed to confirm XL-10 colonies, which contain the plasmid of 

interest. Single bacterial colonies were picked and dissolved in 25 µl of the following 

PCR reaction (Table 10).  

The PCR product was resolved in a 0.8% (w/v) agarose gel.  

 

Table 10 Reagents for colony PCR 

Primer Forward (10µM) 1 µL 

Primer Reverse (10µM) 1 µL 

dNTPs (25 mM) 0.25 µL 

10x PCR reaction Buffer 2.5 µL 

MgCl2 0.75 µL 

Taq polymerase (5U/µL) Invitrogen 0.25 µL 

dH2O 19.25 µL 

 

 

1. 94°C  10 min 

 

2. 94°C  30 sec 

55°C  30 sec          

72°C  60 sec/kilobase    25 cycles 

 

3. 72°C  10 min 

2.4.8 Plasmid DNA preparation 

Plasmid DNA was amplified using XL-10 cultures inoculated with the positive 

colonies containing the DNA insert of interest. Overnight cultures were grown in 7 

mL of LB containing antibiotic (usually 100 µg/mL ampicillin) at 37°C with shaking. 

Plasmid DNA was purified using the Miniprep kit (Monarch) and eluted in 35 Ml of 

distilled water. 
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2.4.9 DNA sequencing 

To confirm the sequence of a plasmid DNA, sequencing primers were ordered 

flanking the region of interest as well as every 700 bp. The sequencing PCR reaction 

was performed using 200ng of DNA, 3.2 pmol primer and 8 µl BDTv3.1 reaction mix 

(Big Dye Terminator Cycle sequencing kit) under the following conditions: 

 

1. 95°C    1 min 

 

2. 95°C  10 sec 

55°C    5 sec 

60°C    4 min     25 cycles 

 

2.5  Biochemistry 

2.5.1 Whole cell lysate 

Cells were washed once with PBSA before adding 50-70 µl of final sample buffer 

(FSB) containing 0.5 µl of benzonase (Novagen) to each well of a 6 well dish. The 

lysates were transferred into eppendorf tubes and incubated at 95°C for 10 min 

before loading into a SDS-PAGE. 

 

2x Final Sample Buffer (FSB) 
125 mM Tris.HCl, pH 7.5 

4%  SDS 

20%  Glycerol 

2%  Beta-mercaptoethanol 

Bromophenol blue 

 

The final volume was reached by adding distilled water. 
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2.5.2 Immunoblot Analysis 

Table 11 Antibodies used for Western blot analysis 

 

For immunoblot analysis pre-cast NuPAGE 4-12% Bis-Tris gels (Invitrogen) were 

used according to the manufacturer’s instructions. Gels were run in MES running 

buffer (Invitrogen) for 80 min at 150 V and SeeBluePlus2 protein standard 

(Invitrogen) was used as reference. 

Next, proteins were transferred from the gel onto nitrocellulose membranes using 

the iBlot gel transfer kit (Invitrogen). The membrane was stained for a few min with 

Ponceau S solution (Sigma) to visualize the protein lanes before being blocked in 

5% milk in PBSA with 0.1% Tween20 (Sigma) (PBS-T) for 15 min at room 

temperature. Primary antibodies (Table 11) were diluted in 5% milk in PBS-T and the 

membrane was incubated on a shaker at 4°C overnight. Next day the membrane 

was washed 3x 10 min using PBS-T before incubating with HRP conjugated 

secondary antibody diluted in 5% milk in PBS-T for 30 min at room temperature. The 

membrane was again washed 3x in PBS-T for 10 min, and incubated with ECL 

solution (Amersham Biosciences) for 1 min before being analysed using the 

Amersham Imager 600. 

Antigen Species Dilution Source 

A36R Rabbit 1:5000 S.Cudmore (Way Lab) 

Borg2 Rabbit 1:1000 Proteintech 

Drp1 Mouse 1:1000 Abcam 

Dyn II for Western Rabbit 1:1000 Bethyl 

GAPDH Mouse 1:5000 Abcam 

GFP Mouse 1:5000 CRUCK 

Grb2 Mouse 1:1000 Cell Signalling 

4G10 Mouse 1:1000 Merck 

SEPT2 Mouse 1:1000 ProteinTech 

SEPT7 Rabbit 1:1000 IBL 

PY20 Mouse 1:1000 Santa Cruz 

PY99 Mouse 1:1000 Santa Cruz 
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2.5.3 GFP-Trap 

HeLa cells stably expressing GFP or a GFP-tagged protein of interest were plated 

at 80% confluency in 10-cm dishes and where indicated infected with vaccinia. The 

next morning cells were washed twice with PBSA on ice, scraped into 600µl lysis 

buffer and transferred to an eppendorf tube. Subsequently, the lysates were 

centrifuged at 10,000 rpm at 4°C for 5 min and the supernatant was transferred into 

a new tube and the volume adjusted to 1 ml. Therefrom 25 µl were kept as input 

sample. The remaining lysates were incubated with 15 µl of GFP-trap beads 

(Chromotek), which were previously equilibrated by washing 3x with ice-cold wash 

buffer. The samples were incubated for 1 hr at 4°C under constant rotation. 

Subsequently, the beads were washed 3x with 500 µl of ice-cold wash buffer. After 

the last wash, the beads were resuspended in 50 µl of FSB. The same amount of 

FSB was also added to the input samples. The samples were incubated at 95°C for 

10 min and centrifuged for 30 sec at maximum speed before resolving by SDS-PAGE.  

 

Lysis buffer 
10 mM  Tris/Cl, pH 7.5 

150 mM NaCl 

1%  Triton X100 

0.5 mM EDTA 

Freshly added protease inhibitor (1 tablet in 50 mL Lysis buffer) (Roche). 

The final volume was reached by adding distilled water. 

 

Wash buffer 
10 mM  Tris/Cl, pH 7.5 

150 mM NaCl 

0.5 mM EDTA 

The final volume was reached by adding distilled water. 

 

2.5.4 Blue immunoprecipitation 

Hela cells were plated at 80% confluency in 15-cm dishes and infected for 16hrs with 

an MOI of 5. Where indicated cells were incubated with PP1 for 1hr at 12µM. Cells 
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were washed twice with PBSAand lysed in 50µl 2x sample buffer supplemented with 

1 µl benzonase, 200µM orthovanadate, 1mM PMSF and protease inhibitor (Roche). 

Cell lysates were scraped into an Eppendorf and passed 3x through a 30G needle. 

After boiling the lysates for 5 min Buffer 3 was added until a total volume of 1ml was 

reached and 15µl were set aside as input control. Lysates were incubated with 1 µg 

of primary antibody for 2 hrs at 4°C. Protein A beads were washed 3x with Buffer 3 

and 20µl of 50% bead slurry was added to the lysate. After 30 min incubation beads 

were washed 3x with Buffer 3, resuspended in 30µl 2x sample buffer and boiled for 

5 min before resolving by SDS-PAGE. Subsequent antibody incubations were all 

performed in the presence of orthovanadate. 

 

Buffer 3 
50 mM  HEPES, pH 7.5 

150 mM NaCl 

10%  Glycerol 

1%  Triton X100 

1 mM  EGTA pH 8.0 

1.5 mM MgCl2 

The final volume was reached by adding distilled water and supplemented with 

200µM orthovanadate, 1mM PMSF, 100µM NaF and protein inhibitor (Roche).  

 

 

2.6 Imaging 

2.6.1 General reagents 

1x Cytoskeletal buffer (CB) 
10mM  MES, pH 6.1 

150mM NaCl 

5mM  EGTA 

5mM  MgCl2 

5mM  Glucose 

The reagents were dissolved in distilled water. 
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Blocking buffer 
1%  BSA 

2%  FCS 

The reagents were dissolved in 1x CB, and filtered through a 0.45 µm filter and stored 

at -20°C.  

 

Mowiol 
2.4 g  Mowiol 

6 g  Glycerol 

12 mL  200 mM Tris/HCl, pH 8.5 

Mowiol and glycerol were added to 6 mL of distilled water. The mixture was stirred 

for 2 hrs at room temperature, before the addition of Tris/HCl. The final solution was 

stirred for additional 10 min at 60°C and centrifuged at 5,000 rpm for 5 min. The 

solution was aliquoted and stored at -20°C. 

 

Paraformaldehyde (PFA) 
50 g of PFA was added to 500 mL of warm PBSA, and under constant stirring 1 M 

NaOH tablets were added until the PFA had completely dissolved. After cooling at 

room temperature, the pH was adjusted to 7.5, and the solution was passed through 

a 0.45 µm filter before 12 ml aliquots were stored. Prior to use, 10% PFA aliquots 

were thawed in the water bath and diluted to 4% in PBSA. 

 

2.6.2 Fixation 

Cells plated on coverslips were unless otherwise stated incubated with 4% PFA for 

10 min at room temperature. Alternatively, 4% PFA was supplemented with 0.1% TX. 

For methanol fixation coverslips were transferred into ice cold methanol and 

incubated for 20 min at -20°C. Cells were washed three times with PBSAafter fixation.  

 

Table 12 Antibodies used for immunofluorescence 

Antigen Species Dilution Source 

AP-2 Mouse 1:500 Abcam 

Borg2 Rabbit 1:1000 ProteinTech 
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2.6.3 Immunofluorescence 

Drops of 50µl blocking buffer were placed on a parafilm and the cover slip was placed 

on top incubating for 20min. In order to label extracellular virus (CEV) cells were 

incubated with B5 for 30min prior to permeabilization. After three washes cells were 

incubated with secondary antibody for 30 min. Subsequently, cells were 

permeabilized for 1 min using 0.1% Triton-X100 in cytoskeleton buffer and washed 

3x with PBS. After 1 hr incubation with the second set of primary antibodies as 

described in Table 12, cells were washed 3 x with PBSA and incubated with 

secondary antibody for 30 min together with phalloidin diluted 1:100 in blocking 

buffer to label F-actin. DAPI (300 nM in PBS) was added for 1 min followed by three 

more washes with PBSA and one rinse in distilled water before mounting the 

coverslip on a microscopy slide using 2 µl Mowoil. 

 

2.6.4 Sample preparation for EM 

Buffer A 
30mM  HEPES, pH 7.5 

70mM  KCl 

3mM  EGTA 

5mM  MgCl2 

 

1/3 Buffer A  
One part Buffer A is mixed with two parts water.  

 

B5 Rat 1:500 Gerhardt Hiller 

CHC Rabbit 1:1000 Abcam 

Dyn II Rabbit 1:300 Mark McNiven 

SEPT2 Mouse 1:300 ProteinTech 

SEPT7 Rabbit 1:500 IBL 

SEPT9 Rabbit 1:300 ProteinTech 

Src PY418 Rabbit 1:500 Life Technology 
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Poly-L-lysine 
0.5mg/ml poly-L-lysine diluted in Buffer A.  

 

Cells were grown on fibronectin coated coverslips as described in 2.2.1. After eight 

hrs of infection cells were incubated for 5 sec in poly-L-lysine to enhance their 

attachment to the cover slip. After washing once in Buffer A, cells were incubated 3 

x 10 sec in hypotonic 1/3 Buffer A to induce swelling. Subsequently the upper half of 

the cells was removed leaving the basal membrane attached to the cover slip, which 

is also termed “unroofing”. This was achieved by two different methods. Either the 

coverslip was placed in 0.5% PFA diluted in Buffer A and the same solution was 

manually squirted onto the cells using a 0.3 µm needle and syringe. Alternatively, 

cells were placed at a 45° angle propped against a small insert in a 10-cm dish 

containing 0.5% PFA diluted in Buffer A. Next, a 1/8-inch microprobe from a 

sonicator was placed a few mm above the cells. A blast of buffer unroofing the cells 

was generated by switching the sonicator on for 0.5 sec at 2-3 mAmp. After cells 

were unroofed they were immediately fixed for 15 min in 4% PFA diluted in Buffer A.   

In case of gold labelling immunostaining was performed as described in 2.x using 

2% FCS and 1% BSA for blocking and diluting antibodies. Secondary antibodies 

were coupled to gold spheres with a diameter of 5 nm. Following incubation with the 

secondary antibody, cells were fixed in 2% glutaraldehyde diluted in Buffer A for 

2min. Subsequently cells were either dehydrated by incubating 2 x 5 min in 70% 90% 

and absolute ethanol and subsequently air dried. Alternatively, critical point drying 

(CPD) can be used to optimize sample conservation. CPD was performed on a Leica 

EM CPD300 where the water contained in the sample is replaced by acetone, which 

in turn is replaced by liquid CO2. Next the sample is brought to the critical point of 

CO2 (31°C and 74 bar), where CO2 can convert from liquid to gas phase without 

causing any damage associated with evaporation.   

Following dehydration, samples were mounted on metal studs and coated with 2 nm 

of platinum (Pt) using the Q150R S Sputter coater. 
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2.6.5 Microscopes 

Zeiss Axioplan Upright 
Fixed samples were imaged on a Zeiss Axioplan2 epifluorescent microscope 

equipped with a Photometrics Cool Snap HQ cooled CCD camera, external Prior 

Scientific filter wheels (DAPI; FITC; Texas Red; Cy5) and a 63x / 1.4 Plan Achromat 

objective. The system was purchased from Zeiss and Universal Imaging Corporation 

Limited and was controlled with MetaMorph 7.8.13.0 software. Images were 

analyzed using Fiji and processed with the Adobe software package. 

 

Spinning-disk confocal 
Live-cell imaging experiments were performed on a Zeiss Axio Observer microscope 

equipped with a Plan Achromat 63x / 1.4 Ph3 M27 oil lens, an Evolve 512 camera 

and a Yokagawa CSUX spinning disk. The system was purchased from 3i Intelligent 

Imaging Innovations and was controlled by Slidebook 6.0 (Intelligent imaging). 

Movies were analyzed using either Fiji or MATLAB. 

 

Structured Illumination microscopy (SIM) 
 

Structured Illumination microscopy was performed on an Elyra PS.1 microscope 

(Zeiss) using 488 nm and 561 nm laser excitation and a 63x/1.40 plan apochromat 

oil-immersion objective (Zeiss). Imaging was started 20 min after placing the 

coverslip on the microscope to minimize sample drift. Two-color alignment was 

performed by using a multi-color bead sample (Zeiss) and the channel alignment 

function in the Zen software (Zeiss). Images were reconstructed in the Zen software 

using a theoretical point-spread function. 

 

Scanning electron microscope 
The scanning electron microscope was a Quanta 250 FEG SEM (FEI Company, 

Eindhoven) using the FEI Quanta 250 Everhart-Thorneley backscatter detector for 

normal samples, as well as the FEI Quanta 250 low-voltage high-contrast vCD 

detector at a working distance of 6 mm, and inverted contrast images were acquired 

in high vacuum (5 kV, spot size 2.5 and dwell time of 4-10 μs). The xT microscope 

control v6.2.4 from FEI was used to operate the microscope. 
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2.6.6 Quantification of virus speed 

To measure the speed of actin-based motility of HeLa cells stably expressing LifeAct-

GFP were infected with WR RFP-A3L virus at a MOI of 5. After eight hrs cells were 

imaged at 37°C, in phenol red free MEM containing 40 mM HEPES on the spinning 

disk confocal microscope for 5 min with 1 frame/second and exposure times varying 

between 50 and 200ns. Virus speed and directionality were determined using the 

particle tracker plugin for Fiji as described before (Abella et al., 2015). 

 

2.6.7 Fluorescence Recovery after Photo-Bleaching (FRAP) 

FRAP experiments were performed using HeLa cells stably expressing GFP-SEPT6 

infected with WR RFP-A3L. After eight hrs cells were treated with 100µM CK666 in 

phenol red free MEM containing 40 mM HEPES and images were acquired every 

second on the spinning disc confocal microscope. The fluorescence was bleached 

using the 488 laser at 100% power while the size of the bleached area as well as the 

time interval of bleaching was kept consistent throughout all experiments. The mean 

fluorescence intensity of the bleached area was analysed over time using Fiji. The 

intensity values were normalized and an exponential function was used to extract 

the recovery plateau and the time of half maximal recovery using Prism 7. 

 

2.6.8 Analysis of protein arrival prior to actin tails 

In order to analyse the dynamics of septin replacement from the virus cells stably 

expressing LifeAct-iRFP, mCherry-Dyn II and GFP-SEPT6 were infected. 

Alternatively cells stably expressing LifeAct-iRFP and GFP-SEPT6 were infected 

with WR and after 4 hrs transiently transfected with pEL mCherry CLC. From eight 

hrs post infection onwards cells were imaged every 2 sec for 5 min. Subsequently 

images were opened in Fiji and an area of roughly 2.5µm2 around the virus was 

selected and cropped. Cropped videos were loaded into MATLAB (R2017A) where 

the mean fluorescence intensity of the area for each time point was determined and 

normalized. A Savitzky-Golay filter of order 5 and frame length 11 was applied to the 

intensity profile of dynamin and subsequently the maximum of the smoothed 

dynamin data was determined. The unfiltered intensity values of all proteins were 
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temporally aligned with respect to the peak of dynamin intensity. The mean and s.d. 

of all the unfiltered movies were plotted using Prism 7. 

 

2.6.9 Analysing super resolution data 

Cells were infected either with YdF or YdF A3L and stained with SEPT7 and B5 or 

only SEPT7 respectively after eight hrs of infection. Images were acquired on the 

SIM, processed using the Zen program and image stacks were opened in Fiji. To 

measure the diameter of septin rings a straight line through the septin ring was drawn. 

In order to determine the dimensions of CEV two perpendicular lines (one along the 

short and one along the long axis) were drawn through the ex.B5 label. The intensity 

profile along those lines was determined and loaded into MATLAB (R2017A). 

Subsequently, a sum of two Gaussian peaks was fit to the intensity profile using the 

built-in fitting function. To ensure robustness of the fit the starting parameters were 

determined using MATLAB’s findpeaks function. The distance between the two 

means of the double Gaussian functions was taken as the diameter of the ring. 

 

2.7 Statistical Analysis 

Data in all graphs are presented as the standard error of the mean, unless otherwise 

stated. Prism 7.0 (GraphPad) was used to perform standard statistical analysis of 

data sets. A Student’s T-test was performed to compare two data sets. To compare 

multiple data sets a One Way Anova analysis was performed, followed by a Tukey 

Multiple Comparison to compare all pairs of samples. A p value of <0.05, <0.01, 

<0.001 and <0.0001 is represented as *, **, *** and **** respectively. A p-value > 

0.05 was not considered statistically significant, and in this event the data was 

labeled, n.s. for not significant. 
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Chapter 3. Septins are recruited to vaccinia during 
its egress 

3.1 Introduction 

In two recent studies genome-wide RNAi screens were utilized to look for proteins 

impacting on the replication and spread of vaccinia virus (Sivan et al., 2013, Beard 

et al., 2014). In both cases HeLa cells were infected at low multiplicity of infection 

(MOI) and the amount of fluorescent virus or the number of infected cells was 

measured 18h or 48h post infection. Septins were found as hits with some having 

anti-viral (SEPT1, SEPT2, SEPT9 and SEPT11) or pro-viral (SEPT10) effects. 

Unfortunately, none of these hits were validated and nobody looked into how or 

where septins influence the replication and/or spread of vaccinia. 

In contrast, there is some knowledge about the role of septins during bacterial 

infection. Septins support the uptake or adherence of EPEC, Listeria, Shigella as 

well as the fungi Candida albicans (Mostowy et al., 2009b, Phan et al., 2013, Scholz 

et al., 2015). Later in infection septins are found to form septin rings around Listeria 

and Shigella and restrict their intracellular movement (Mostowy et al., 2010). 

Moreover, in the case of Shigella it was shown that these septin cages trigger 

autophagy and thereby limit the proliferation of the bacterium (Sirianni et al., 2016).  

Given their anti-bacterial role I set out to investigate where and how septins impact 

on vaccinia replication or spread.  

 

3.2 Results 

3.2.1 Septins are recruited to cell-associated extracellular virus particles 

Both siRNA screens measured virus levels after several replication cycles. These 

data indicated that septins could play many roles such as virus entry, replication, or 

spread of vaccinia virus. As an initial experiment, I infected HeLa cells with the 

Western Reserve (WR) strain of vaccinia virus containing a RFP-tagged core protein, 

A3. Cells were fixed following 15min, 3hrs, 6hrs and 8hrs of infection and 

immunostained using an antibody against SEPT7. Since SEPT7 is found in all 

functional septin structures and cannot be replaced by another septin family member, 
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it is the perfect marker to label septins in the cell (Kinoshita et al., 1997, Zent et al., 

2011).  

 
Figure 3.1 Septin during early stages of vaccinia infection 

Representative immunofluorescence images showing SEPT7 (green) in HeLa cells 
infected with RFP-A3 WR virus (red) for the indicated time. Scale bar = 10 µm and 
in the insert 5 µm. 
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At the first time-point of 15 min, representing virus entry, I did not observe any 

obvious changes in septin organization (Figure 3.1A). Septins still formed 

filamentous structures like in uninfected cells and also the characteristic enrichment 

of septins around the nucleus could be seen. No relationship between virus particles 

attached to the cell and septins was found. After three hours infection, the 

morphology of the cells was severely changed as cells started to contract and bleb 

(Bablanian et al., 1978, Durkin et al., 2017). During this stage, septins seemed to 

localize to the plasma membrane and appeared enriched in some blebs, however, 

there was no co-localization between the virus and septins (Figure 3.1). After six 

hours of infection the cells started to respread and adopt their usual flat morphology. 

The virus factory was easily recognized in the cytoplasm, but again there was no 

virus-specific alteration of septins localization around the virus (Fig3.1C).  

 
Figure 3.2 Vaccinia can recruit septins during its egress 

Representative immunofluorescence image showing the association of SEPT7 
(green) with RFP-A3 WR virus (red) in HeLa cells infected for eight hours. Scale bar 
= 5 µm and in the insert 1 µm.  
 

At eight hours post infection (hpi), newly formed virus particles started to leave the 

cell. During this point of infection, some of the virus particles in the cell periphery co-

localize with SEPT7 (Figure 3.2). In addition, I found that SEPT2 and SEPT9 were 
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also recruited to virus particles in the cell periphery (Figure 3.3). Based on the results 

from this time course, I analysed cells at eight hpi and used the SEPT7 antibody for 

all my future experiments unless otherwise stated. 

 
Figure 3.3 SEPT2, SEPT7 and SEPT9 co-localize with a subset of viruses 

Representative immunofluorescence images showing the association (highlighted 
by yellow arrows) of SEPT2, SEPT7 and SEPT9 (green) with RFP-A3 WR virus (red) 
in HeLa cells infected for eight hours. Scale bar = 2 µm.  
 

During viral egress, vaccinia hijacks the host cytoskeleton to facilitate its spread. The 

schematic in Figure 3.4 summarises the key events that we know so far. First, 

vaccinia reaches the cell periphery via microtubule-based transport by binding to 
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kinesin-1 from six to seven hours post infection onwards (Dodding and Way, 2011, 

Geada et al., 2001, Hollinshead et al., 2001, Newsome et al., 2006, Rietdorf et al., 

2001, Ward and Moss, 2001a). After the outermost membrane of the IEV fuses with 

the plasma membrane, the virus is now on the outside of the cells and can diffuse 

away (Smith and Law, 2004). Some virus particles remain attached to the cell and 

Src/Abl kinases are recruited to the virus to phosphorylate two tyrosines on the 

transmembrane viral protein, A36 (Frischknecht et al., 1999b, Newsome et al., 2004, 

Newsome et al., 2006, Reeves et al., 2005). Thereby kinesin-1 is released from the 

virus (Newsome et al., 2006). Clathrin is recruited to the CEV and promotes the 

subsequent formation of an actin tail by clustering A36 beneath the virus (Humphries 

et al., 2012, Snetkov et al., 2016). Arp2/3 complex-dependent actin polymerisation 

is induced by the recruitment of N-WASP and WIP via the adaptor proteins, Nck and 

Grb2 (Newsome et al., 2006, Scaplehorn et al., 2002, Donnelly et al., 2013, 

Frischknecht et al., 1999b, Moreau et al., 2000). These actin tails propel the virus 

onto neighbouring cells and promote cell-to-cell spread (Doceul et al., 2012, Doceul 

et al., 2010, Horsington et al., 2013, Ward et al., 2003). 

 
Figure 3.4 Key events during vaccinia egress 

Schematic depicting the transition from microtubule-based to actin-based motility of 
vaccinia during its egress. Following fusion, phosphorylation of A36 by Src leads to 
the loss of kinesin-1 and recruitment of Nck, Grb2 and WIP:N-WASP, which activate 
Arp2/3. NPF motifs in A36 recruit clathrin which clusters A36 and enhances thereby 
actin tail formation.  
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The question for me now was when do septins arrive at the virus in regard to these 

well studied processes. Given these characterized steps, my aim was to determine 

at which point septins associated with the virus in order to understand the role of 

septins during viral spread. To accomplish this goal, I examined immunostaining of 

infected cells with an antibody against the integral virus protein B5. Using this 

antibody prior to permeabilization allows us to detect only extracellular virus particles, 

specifically those that have already fused with the plasma membrane but have 

stayed attached. These virus particles are referred to as cell-associated enveloped 

viruses (CEV). Co-staining infected cells with extracellular B5 and SEPT7 (post 

permeabilization) revealed that septins are recruited to vaccinia after its fusion with 

the plasma membrane, since all the virus particles positive for septins are also 

labelled with exB5 (Fig.3.5).  

 
Figure 3.5 Vaccinia recruits septins after its fusion with the plasma membrane 

Representative immunofluorescence images of a HeLa cell infected for eight hours. 
Yellow arrows highlight the co-localization of SEPT7 (green) with RFP-A3 WR virus 
(red) that has already fused and remained attached to the membrane (CEV in blue). 
Scale bar = 2 µm.  
 

3.2.2 Septin recruitment precedes actin tail formation 

To further investigate the recruitment of septins, infected cells were immunostained 

with exB5, SEPT7 and phalloidin to label filamentous actin at eight hours post-

infection. Approximately 13.2 ± 1.9% of the CEVs co-localized with septins, while 

23.4 ± 2.6% of the CEVs induced an actin tail. Interestingly, septin recruitment and 

actin tail formation were mutually exclusive (Figure 3.6). These data indicate that 

there are either two subpopulations of virions, one that makes tails and another one 
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that recruits septins. Alternatively, septin recruitment and actin tail formation are 

temporally distinct events. 

 

 
Figure 3.6 Septin recruitment and actin tails are mutually exclusive 

Representative immunofluorescence images of a HeLa cell infected for eight hours 
showing SEPT7 in green, CEV in blue and actin labelled with phalloidin in red. CEV 
can either recruit septins (yellow arrows) or induce an actin tail (pink arrows). 
Quantification of the % of CEV co-localizing with SEPT7 or inducing an actin tail. 
Error bars represent SEM from three independent experiments in which over 900 
virions from 30 cells were analysed. Scale bar = 2 µm. 
 
 

To address this question, I generated a HeLa cell line stably expressing GFP-SEPT6. 

Overexpression of proteins can potentially alter the behaviour of the cell. One 

advantage of stable cell lines is that they usually find an expression level that is well 

tolerated. The expression of SEPT2, SEPT7 and SEPT9 was comparable in control 

and GFP-SEPT6 HeLa cells as assessed by immunoblot analysis (Figure 3.7A). In 

my GFP-SEPT6 cell line I could not detect any obvious morphological or proliferative 

changes (Figure 3.7B). The percentage of CEVs recruiting septins was also the 

same in wildtype (11.6 ± 1.6%) and GFP-SEPT6 HeLa cells (11.5 ± 1.6) see Figure 

3.7C. I was therefore confident that the stable cell line shows representative 

behaviour.  
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Figure 3.7 Characterisation of HeLa cells stably expressing GFP-SEPT6 

A Western blot analysis showing the levels of SEPT2, SEPT7 and SEPT9 in control 
and GFP-SEPT6 HeLa cells. Grb2 was included as loading control. B 
Immunofluorescence images depicting control and GFP-SEPT6 HeLa cells. SEPT7 
is shown in green and DAPI in blue. C Quantification of the % of CEV co-localizing 
with SEPT7 in the indicated cell line after eight hours of infection. Scale bar = 5 µm. 
 

Performing live cell imaging using HeLa cells infected with RFP-A3 WR and stably 

expressing GFP-SEPT6 as well as LifeAct-iRFP, a marker for filamentous actin, 

revealed that septins are recruited to the virus prior to actin tail formation (Figure 3.8). 

As shown in the movie stills, the virus reaches the periphery after rapid directed 

movements, typical for microtubule-based transport. From 64 to 142 sec the virus in 

this movie is stationary and SEPT6 is recruited until actin starts to polymerize 

underneath the virus and the fluorescence intensity of SEPT6 decreases. As the 

actin tail is built up and the virus is being pushed forward, septins are lost from the 

virus.  
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Figure 3.8 Septins are recruited prior to actin tail formation 

Movie stills from live cell imaging of HeLa cells stably expressing LifeAct-iRFP (actin) 
and GFP-SEPT6 that were infected with RFP-A3 WR (virus) for eight hours. Septin 
is recruited to CEV but lost as the actin polymerization starts (yellow arrow). The time 
in seconds is indicated. Scale bar = 2µm.  
 

3.2.3 Clathrin and septins are recruited independently from each other 

Clathrin and AP-2 are also transiently recruited to vaccinia just before actin tail 

initiation (Humphries et al., 2012, Snetkov et al., 2016). To compare the loss of 

clathrin and AP-2 with the loss of septins from the virus, I immunostained infected 

HeLa cells for SEPT7 and AP-2. When staining for these components, 13.1 ± 1.6% 

of CEVs co-localize with septins (Figure 3.9A, green arrow), 25.6 ± 2.3% recruit AP-

2 (Figure 3.9A, pink arrow) and 5.2 ± 0.5% are positive for SEPT6 and AP-2 (Figure 

3.9A, yellow arrow). This indicates that septin and AP-2/clathrin recruitment partially 

overlap at the virus.  

To determine the temporal order of events of clathrin and septin recruitment to the 

virus, cells transiently expressing mCherry-Clathrin Light Chain in the GFP-SEPT6 
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LifeAct-iRFP cells were imaged after eight hours of infection (Figure 3.9B). Septins 

are being recruited approximately 4 minutes prior to actin tail formation. Clathrin was 

detected 2 minutes before actin polymerization. As the actin tail is formed and the 

virus is pushed away, both proteins stayed behind and disassembled, with septins 

disappearing approximately 3 seconds earlier than clathrin. In addition, it is also 

worth mentioning that there were a few occasions in which clathrin was not recruited 

prior to actin tail formation.  

The overlapping presence and timings of septin and clathrin at the virus raises the 

question if septin and clathrin/AP-2 influence the recruitment of each other. To 

investigate this subject, I took advantage of the A36 ΔNPF1-3 virus (ΔNPF), which 

is unable to recruit AP-2 and clathrin (Snetkov et al., 2016). The level of CEVs co-

localizing with SEPT7 was unchanged in the absence or presence of clathrin (WR 

13.8 ± 1.6% and ΔNPF 15.46 ± 1.5%; see Figure 3.9C).  

Conversely, I performed a siRNA knockdown of SEPT7 (with a pool of four siRNA 

oligos) prior to infection with WR. The efficiency of SEPT7 knockdown was 

assessed by immunoblot analysis, which showed substantial depletion of SEPT7 at 

72 hours after siRNA treatment (Figure 3.9E). As described before (Kremer et al., 

2005, Kinoshita et al., 2002), SEPT7 is essential as its knockdown leads to the loss 

of functional septin structures and a reduction of other septin levels (Figure 3.9E). 

Depletion of septins led to no significant change in the number of CEVs recruiting 

clathrin (Allstar 22.9 ± 4.1% and SEPT7-depleted 22.3 ± 2.9%, Figure 3.9D). Based 

on these results, septins and clathrin, although temporally overlapping, are recruited 

independently of each other to the virus. 
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Figure 3.9 Clathrin and septins are recruited independently of each other to CEV 

A Immunofluorescence image showing the association of SEPT7 (green arrows), 
AP-2 (pink arrows) or both proteins (yellow arrows) with CEV in HeLa cells infected 
with WR for eight hours. The graph shows the percentage of CEV co-localizing with 
SEPT7, AP-2 or both proteins. B Movie stills taken from live cell imaging of WR 
infected HeLa cells that express GFP-SEPT6, mCherry-clathrin light chain (Clathrin) 
and LifeAct-iRFP (Actin). SEPT6 is recruited to CEV before clathrin, but both proteins 
are lost when actin polymerization starts. The time in seconds is indicated. C The 
graph shows the time of SEPT6 and clathrin arrival prior to actin tail formation. D The 
graph shows the % of CEV recruiting septin in the presence (WR) or absence (ΔNPF) 
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of clathrin. E Western blot analysis confirming the knockdown of SEPT7. Other 
septin levels are subsequently also reduced. GADPH was included as a loading 
control. F The % of CEV recruiting clathrin in the presence or absence of SEPT7. 
Scale bars = 2 μm; n.s. indicates a p-value > 0.05. Error bars represent SEM from 
three independent experiments. For protein timings over 37 virus particles were 
analysed and for each of the other conditions over 900 virus particles were analysed 
in 30 cells.   
 
 

3.2.4 Structural arrangement of septins at the virus 

Next, I tried to resolve the spacial arrangement of septins at the virus. In some of the 

immunofluorescence images acquired with our Zeiss AxioPlan2 epifluorescence 

microscope, septins associated with the virus appear as a ring. The same septin 

arrangement is sometimes observed with the exB5 staining. B5 is known to be 

inserted in the viral membrane, hence outlining the brick-shaped virion (Fig 3.9 A 

and B, purple lines). Depending on the focal plane, septins can look like a ring or a 

disc (Figure 3.3). Since it has been established according to my data that the virus 

is already attached to the outside of the cell after fusion and host septins are located 

inside the cell, seeing a ring can be caused by two scenarios. Assuming the virus is 

still invaginated, like an endocytic vesicle shortly before scission, septins could either 

form a cup underneath the virus (Figure 3.10A), or they could form a collar around 

the neck of the invagination (Figure 3.10B), or any intermediate mix of both. In order 

to distinguish between those two options, I performed structured illumination 

microscopy using the Elyra PS.1 microscope. HeLa cells were infected with the 

mutant virus A36 YdF virus (YdF), which is deficient in actin tail formation and has 

increased levels of septin recruitment (see chapter 4.2.1, Figure 4.1). In addition, the 

vaccinia core protein A3L was fused to RFP (Figure 3.10 red core) and the cell was 

immunostained against SEPT7 (Figure 3.10, green). In the obtained images, most 

virus associated septins appeared as rings. Plotting the orthogonal views of the z-

stack revealed that septins and the virus core appear to be in the same z-plane and 

have a comparable expansion in the z-direction (Figure 3.10C), which would argue 

for the cup like scenario in Figure 3.10A. In some cases, dimmer intensities of SEPT7 

staining above or below the virus core were detected. Due to the limited resolution 

in z, it is difficult to distinguish whether these intensities indicated the presence of 

septin or whether they were mere imaging artefacts. 
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Figure 3.10 Septins form a ring around the virus 

A and B Schematic of how septins (green) might be arranged at the virus on the 
plasma membrane (black). Virus core is depicted in red and B5 containing viral 
membrane in purple. C Structured illumination micrographs of SEPT7 (green) 
associated with YdF virus expressing RFP-A3 in infected HeLa cells. Maximum 
intensity projection and orthogonal views of the z-stack acquired. Scale bars going 
from right to left represent 5µm, 500nm and 100nm. 
 

Taking advantage of the high resolution in x and y, I measured the diameter of the 

septin rings. Through this approach, the intensity profile along a straight line through 

the centre of the ring was determined. A double Gaussian curve (Figure 3.11A red 

line) was fitted to the measured intensity values (Figure 3.11A blue dots) and the 

distance between the two means of the Gaussian represented the diameter of the 
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ring. The average diameter of septin rings surrounding vaccinia virus is 343 ± 4 nm 

(Figure 3.11). I measured in one z-plane and any structure that was tilted in respect 

to this plane will appear shorter than it is. Therefore, it is likely that the measurements 

in average slightly underestimate the real dimensions of the septin ring.  

To further examine the location between extracellular virus and septins, I 

immunolabelled exB5 and SEPT7. In contrast to septins, which appeared relatively 

circular, B5 had an elongated appearance. The staining of B5 agrees with previous 

electron microscopy (EM) data, which reported the virion to be brick-shaped with 

dimensions of 360x270x250nm (Cyrklaff et al., 2005). Hence, I measured the 

dimensions of B5 as a control, using two perpendicular lines to determine the long 

and the short axis of the virus particle. Along the long axis, the virus appeared 283 

± 5 nm and 234 ± 4 nm along the shorter axis (Figure 3.11B). Again, the slightly 

smaller dimensions might be due to imperfect alignment of the virus particles along 

the acquired x-y plane. Importantly, the septin ring displayed on average a larger 

diameter than the B5 staining, confirming the idea that septins surround the virus.  

Comparing the orthogonal views of SEPT7 and B5 revealed that the two proteins 

had a similar expansion in the z-direction (Figure 3.11B). Although B5 is located all 

around the virus particle, there is no clear signal at the top or at the bottom of the 

virus, revealing the limitations of this imaging technique.  

Taken together, septins are found at the virus particle surrounding it, which indicates 

that the CEV needs to be at least partially invaginated. Unfortunately, I was not able 

to confirm or exclude the existence of septins underneath the virus particle due to 

resolution limitations.  
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Figure 3.11 Septins surround the outer membrane of CEV 

A Maximum intensity projection of the z-stack acquired with a structured illumination 
microscope of infected HeLa cells labelled with SEPT7. The diameter of the septin 
ring surrounding the virus was measured by fitting the sum of two Gaussian peaks 
(red) to the fluorescence intensity profile (blue dots) along a line crossing the virus 
ring (blue line). Quantification of septin ring diameter. B Infected cells were stained 
with exB5 and the dimensions along the long and short axis of the virus was 
measured. Maximum intensity projection and orthogonal views of the z-stack 
acquired. Error bars represent SEM from two independent experiments in which over 
150 septin rings and over 60 B5 stained viruses from over 10 cells were analysed. 
Scale bars = 500nm. 
 
 
To gain the desired resolution to examine if septins are accumulated beneath the 

virus, I utilized electron microscopy (EM). As an initial trial, YdF infected HeLa cells 

were embedded in resin, cut into thin sections and imaged using a transmission 

electron microscope (TEM) with help from the EM facility. Virus particles and a few 

actin bundles (yellow arrow heads) as well as microtubules (orange arrow heads) in 
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the cell periphery were identified, but we did not find any structure associated with 

invaginated viruses that could be identified as septins (Figure 3.12). 

 
Figure 3.12 Sections of infected HeLa cells examined with TEM 

Infected HeLa cells were embedded in resin and cut in sections that were examined 
using a TEM. Actin filaments (yellow arrow heads) and microtubules (orange arrow 
heads) were partially preserved but no septin structure was identified. Scale bars = 
200 nm. 
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Potentially septins are not suited to maintain a striking feature throughout the 

embedding process. We therefore decided to try another method for sample 

preparation developed by Heuser (Heuser, 2000). This method allows for “unroofing” 

of the cell by removing the upper half of adherent cells. This leaves the interior of the 

cell exposed and the nucleus as well as the cytoplasmic content is washed away 

while the basal membrane remains attached.  

Therefore, I grew cells on fibronectin-coated coverslips and after eight hours of 

infection cells were “glued” down to the cover slip by incubating them for ten seconds 

in 0.5 mg/ml poly-L-lysine. Subsequently, cells were exposed to a hypotonic buffer 

causing them to swell. Cells were then “unroofed”, by a blast of buffer while the basal 

membrane remains attached to the coverslip. The plasma membrane together with 

associated proteins was fixed in PFA. I tested two different methods to generate the 

“unroofing” blast of buffer. First, I generated the blast by squirting media through a 

0.3 µm needle. Alternatively, I placed the tip of a sonicator in a 45-degree angle 

closely above the cover slip and the cells were “unroofed” by a gentle, brief 

sonication step. However, no significant qualitative difference was observed (Figure 

3.14).  
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Figure 3.13 Immunofluorescence images of unroofed infected HeLa cells 

Immunofluorescence image of infected HeLa stably expressing GFP-SEPT6 (green) 
cells after “unroofing” process using a 0.3µm syringe. Actin stained with phalloidin 
(red) and DNA stained with DAPI (blue). The apical part including the nucleus are 
removed but septin associated with viruses remained intact (yellow arrow head). The 
star indicates an area where the basal membrane was also removed. Scale bar = 
5µm. 
 

Following fixation, cells were either stained with phalloidin and DAPI or dehydrated, 

coated with 2 nm of platinum (Pt) and then imaged using a scanning electron 

microscope (Quanta 250 FEG SEM). Immunofluorescence confirmed that the upper 

half of the cell including the nucleus was removed (Figure 3.13). Most parts of the 

basal membrane remained intact and septins associated with viruses were still 

visible (see yellow arrow heads in Figure 3.13.). 

Virus particles as well as actin filaments could also be identified under the scanning 

electron microscope (Figure 3.14). However, there was no typical clathrin lattice on 
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virus particles found, unlike previously seen when performing transmission electron 

microscopy on resin-embedded sections (Humphries et al., 2012). Furthermore, 

comparing the two different techniques of “unroofing” the cell (syringe versus 

sonicator) there was no qualitative difference observed.  

To aid in distinguishing septins under these conditions for EM, I immunolabelled with 

the SEPT7 antibody together with a gold conjugated secondary antibody. The 2 nm 

gold particles appear as bright dots in the electron micrograph. Figure 3.15 shows 

CEVs with gold particles not only on the lateral side of the virus (where the ring would 

be found) but also at the top of the virus (which is the side of the virus particle that is 

still exposed to the cytoplasm). Given the location of septins with respect to the virus, 

my data supports the idea that septins form a cup around the virus as they are found 

both at the lateral sides and underneath the virus particle. 

Current work aims to improve the sample preparation to better preserve the ultra-

structure of septins, clathrin and the virus. Using critical-point drying instead of air 

drying showed promising improvements. Actin tails are now easily recognized (blue 

star in Figure 3.16) and more material at the cortex is preserved. Interestingly, now 

two subsets of virus particles are distinguishable. Some viruses have a smooth 

surface (yellow arrow heads in Figure 3.16), while others have a rough appearance 

(red arrow heads in Figure 3.16). One explanation is that the smooth viruses are still 

inside the cell, whereas the rougher ones have already fused and now the cortex 

and potentially septins covers the particle. Performing immunogold labelling on 

critical-point dried samples will confirm whether those rough viruses are associated 

with septins.  
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Figure 3.14 Scanning Electron-micrographs of "unroofed" cells 

Infected HeLa cells were unroofed with the indicated method after eight hours of 
infection. Scale bare = 1µm. 
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Figure 3.15 Immunogold labelled septins surrounding the virus 

Scanning electron-micrographs of „unroofed” HeLa cells infected with YdF virus for 
eight hours and immunogold labelled for SEPT7. Scale bars are 2 µm, 1 µm and 300 
nm in images with increasing magnification. 
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Figure 3.16 Critical-point drying improves the preservation of ultra-structure 

Infected cells were “unroofed” and critical-point dried and examined with SEM. The 
blue star highlights a WR virus associated with an actin tail. Some viruses have a 
smooth appearance (yellow arrow heads), while others have a rougher texture (red 
arrow heads). Scale bars = 1µm.  
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3.3 Summary 

The work presented in this chapter shows that septins are recruited to vaccinia virus 

during egress. Septins arrive at the virus after its fusion with the plasma membrane 

and prior to actin tail formation. As the actin tail is formed, septins are lost from the 

virus, similar to the clathrin coat (Humphries et al., 2012, Snetkov et al., 2016). Septin 

and clathrin partially co-localize at the virus, but septins are recruited approximately 

2 minutes earlier. Both septins and clathrin are recruited independently of each other, 

as the absence of one does not influence the behaviour of the other. Data from 

structured resolution microscopy and scanning electron microscopy support the 

hypothesis that septins form a cup around the virus covering the whole area exposed 

to the cytoplasm. Subsequent work will shed light on the functional role of septins 

during vaccinia infection and its relationship to actin tail formation. 
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Chapter 4. Investigating how septins are displaced 
from the virus 

4.1 Introduction 

In the previous chapter I established that septins are recruited to a subset of vaccinia 

virus particles during viral egress. The formation of virus induced actin tails leads to 

the loss of septins from the virus.  A similar situation is seen with clathrin, which is 

also recruited to vaccinia CEV after fusion with the plasma membrane (Humphries 

et al., 2012, Snetkov et al., 2016). I therefore set out to investigate the relationship 

between septin recruitment to CEV and subsequent actin tail formation.  

 

4.2 Results 

4.2.1 Inhibition of actin tails does not change the percentage of CEV co-
localizing with septins 

After initial analysis of live-cell imaging data in Figure 3.8, one hypothesis was that 

actin polymerization leads to the displacement of septins from the virus. To test this 

theory, I used a recombinant virus that is deficient in actin tail formation (Frischknecht 

et al., 1999b, Rietdorf et al., 2001, Ward et al., 2003, Moreau et al., 2000). In the A36 

YdF virus (here referred to as YdF) the two tyrosines in position 112 and 132, which 

are usually phosphorylated by Src and Abl family kinases, are mutated to 

phenylalanines (Rietdorf et al., 2001). Consequently, the whole downstream 

signalling cascade is missing, no actin tails are formed and the virus has severe 

spreading defects (Frischknecht et al., 1999b, Moreau et al., 2000, Rietdorf et al., 

2001, Ward et al., 2003). Infecting HeLa cells with the YdF virus and examining the 

amount of CEVs co-localizing with septins revealed a striking result. In the case of 

the YdF virus, 84.1 ± 1.1% of all CEV recruit septin compared to 13.8 ± 1.6% for WR 

(Figure 4.1). Furthermore, it is noticeable that the YdF CEV accumulate at the cell 

periphery, as they were not propelled away by actin tails. These data suggest that 

the lack of actin polymerization leads to an accumulation of septins on CEV. In order 

to test whether the recruitment of clathrin and AP-2 impact on the observed increase 

in septin recruitment I used the double mutant virus A36 YdF ΔNPF1-3 (YdF NPF), 
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which cannot recruit AP-2/clathrin or induce actin tails (Snetkov, 2015). Again, a 

strong increase in the number of CEV co-localizing with septins was observed (86.0 

± 1.5%; Figure 4.1), confirming that clathrin and AP-2 do not impact on septin 

recruitment. Taken together, these experiments provided further evidence that newly 

formed actin tails displace septins from the virus as the inability of stimulating actin 

polymerization leads to a drastic increase in the number of CEV co-localizing with 

septins. 

 
Figure 4.1 Mutation of Y112 and Y132 in A36 strongly increases the recruitment of 
septins to CEV 

Representative immunofluorescence images of HeLa cells infected for eight hours 
with the indicated virus showing SEPT7 in green, CEV in blue, and actin labelled 
with phalloidin in red. Quantification of the % of CEV co-localizing with SEPT7. Error 
bars represent SEM from three independent experiments in which over 900 virions 
from 30 cells were analysed. A p-value of < 0.0001 is indicated by ****. Scale bar = 
5 µm and in inset 1 µm.  
 

It is possible to inhibit actin tail formation using chemical inhibitors (Hollinshead et 

al., 2001, Weisswange et al., 2009). Since the vaccinia actin tail is an Arp2/3 complex 

dependent structure (Welch and Way, 2013) treatment with the Arp2/3 inhibitor 
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CK666 should block its formation. CK666, a small molecule inhibitor, acts as an 

allosteric effector that stabilizes the inactive form of the Arp 2/3 complex, thereby 

preventing the formation of new branched actin networks (Nolen et al., 2009, Hetrick 

et al., 2013). Infected cells were treated with 100µM CK666 for one hour prior to 

fixation. As expected, actin tails were abolished, yet, surprisingly, the number of CEV 

co-localizing with septins was unchanged (CTRL 10.8 ± 1.5% and CK666 treated 7.3 

± 2.2%, see Figure 4.2A). This could mean that it is not the actin tail itself that 

replaces the septins. Alternatively, it could be that the drug has off-target effects on 

septins and they can no longer accumulate as seen in YdF infected cells. I therefore 

also treated cells infected with the YdF virus with the Arp2/3 inhibitor. Yet the number 

of CEVs co-localizing with septins was still high (CTRL 76.8 ± 4.4% and CK-666 

treated 79.1 ± 2.7%, see Figure 4.2A) indicating that CK666 does not inhibit septin 

accumulation. In summary, these results suggest that it is not the Arp2/3-dependent 

actin polymerisation itself that displaces septins from the virus.   

 

Another way of blocking actin tail formation is to remove the activator of Arp2/3, in 

this case N-WASP. As previously described, vaccinia virus is unable to form actin 

tails in N-WASP knockout MEFs (Snapper et al., 2001, Weisswange et al., 2009). I 

therefore infected N-WASP parental and KO cells with WR and the YdF virus. In this 

cell line the replication cycle of vaccinia is slightly delayed so I fixed cells after ten 

hours of infection instead of the usual eight hours in HeLa. In the parental cell line, 

WR induces actin tails and I found that 13.2 ± 7.3% of CEVs co-localize with septin. 

As seen in HeLa cells, the YdF virus had increased numbers of CEV with septin, 

namely 74.4 ± 7.4% (Figure 4.2B). In the N-WASP knockout cells WR still had low 

levels of septin recruitment (22.9 ± 3.6%) and YdF levels were still high (86.0 ± 2.2%). 

Hence, the absence or presence of N-WASP did not significantly change septin 

recruitment to either WR or the YdF virus.  N-WASP is recruited as a complex 

together with WIP to the virus (Moreau et al., 2000, Zettl and Way, 2002, Donnelly 

et al., 2013). I can therefore conclude that neither the recruitment of N-WASP:WIP 

nor the subsequent activation of the Arp2/3 complex and the actin tail formation 

impact on the levels of CEVs recruiting septins. 
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Figure 4.2 Inhibition of actin tail formation does not impact on septin recruitment 

A Representative immunofluorescence images of HeLa cells infected for eight hours 
with the indicated virus in the absence or presence of CK666 showing SEPT7 in 
green, CEV in blue and actin labelled with phalloidin in red. Quantification of the % 
of CEV co-localizing with SEPT7. Scale bar = 5 µm and in inset 1 µm. B 
Representative images showing the association of SEPT7 with CEV in N-WASP 
parental and knockout cells infected with WR and YdF for 10 hours. The graph shows 
the % of CEV co-localizing with SEPT7 for the indicated viruses in the presence (+/+) 
or absence (-/-) of N-WASP. Error bars represent SEM from three independent 
experiments in which over 900 virions from 30 cells were analysed. A p-value of > 
0.05 is indicated by n.s. ; scale bar = 5 µm. 
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4.2.2 Phosphorylation of A36 influences septin recruitment to CEV 

My previous observations led me to question what causes the difference between 

WR and YdF in terms of the ability of the two different viruses to recruit septins. As 

described previously, at the top of the signalling cascade inducing actin tails is the 

activation of Src and Abl family kinases (Welch and Way, 2013). Src is recruited to 

the virus once it reaches the plasma membrane where it mediates the switch 

between microtubule-based transport and actin tail formation (Frischknecht et al., 

1999b, Newsome et al., 2004). Immunostaining for active Src required fixation in the 

presence of permeabilizing Triton X-100, hence I could not distinguish extracellular 

and intracellular EV. Using DAPI as a marker for virus particles, I could confirm the 

recruitment of active Src to the virus (Figure 4.3A). In the case of WR infected cells 

31.8 ± 4.2% of the virus in the cell periphery co-localized with active Src (Figure 4.3 

B). Even though A36 YdF does not get phosphorylated itself, it still recruits and 

activates Src (22.9 ± 6.7%) as seen before (Newsome et al., 2004). Co-staining for 

septin and active Src reveals that 18.6 ± 8.1% of septin dots associated with WR 

virus also co-localize with active Src (yellow arrow in Figure 4.3A and Figure 4.3C) 

whereas the majority of virus-associated septins did not overlap with Src (pink arrows 

in Figure 4.3A). In contrast to WR, only 8.8 ± 3.6% of the septin puncta associated 

with YdF virus co-localized with active Src (Figure 4.3C).  

 

These findings led me to ask whether Src and septins are independently recruited to 

the virus or if the presence of one induces or prevents the recruitment of the other? 

In order to determine the temporal order of protein arrival at the CEV I decided to 

perform live-cell imaging. I transiently over-expressed GFP-Src in the mCherry-

SEPT6 HeLa cell line. Surprisingly, when infected with WR, I hardly found any septin 

recruited to the virus. Over-expression of Src appeared to negatively impact on 

septin recruitment to the virus. When cells were infected with YdF virus, I observed 

that septins were lost from the virus the moment Src was recruited and once Src was 

lost, septins returned to the virus (Figure 4.3D).  
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Figure 4.3 Src and septins temporally overlap at the CEV  

A Representative immunofluorescence images of HeLa cells infected for eight hours 
with WR showing SEPT7 in green, DAPI in blue and active Src in red. Septin and 
Src can co-localize at the virus (yellow arrow) but most viruses recruiting septin do 
not stain for active Src (pink arrows). B The graph shows the % of CEV co-localizing 
with active Src. C Quantification of septin associated CEV co-localising with active 
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Src. D Movie stills taken from live cell imaging of YdF infected HeLa cells that 
express mCherry-SEPT6 and GFP-Src (Src). Yellow arrow indicates a virus on which 
SEPT6 and Src alternate. The time in seconds is indicated. Scale bars = 3 µm. Error 
bars represent SEM from three independent experiments in which over 900 virions 
from 30 cells were analysed. A p-value of < 0.01 is indicated by **. 
 

 
The alternating presence of Src and septins at the virus could be explained by mutual 

antagonism or competition for the same binding site. When looking at Src and septin 

in uninfected cells I noticed that the two proteins never overlapped (Figure 4.4A). A 

good example for this are stress fibres. As seen before septins and actin tend to co-

localize with stress fibres (Dolat et al., 2014). Yet at the tips where stress fibres are 

anchored to focal adhesions and where Src is present, septins are absent (Figure 

4.4A).    

 

In order to quantify the effects of Src over-expression I performed immunostaining 

on fixed cells. As already seen in live-cell imaging the number of CEV in WR infected 

cells recruiting septin is decreased to 2.9 ± 0.4% when expressing GFP-Src 

compared to 12.5 ± 1.1% in cells expressing GFP alone. A similar trend was 

observed in YdF infected cells, where 71.2 ± 2.7% of CEV recruit septins in GFP 

control cells, whereas only 16.4 ± 1.9% of virus co-localized with septins in GFP-Src 

over-expressing cells (Figure 4.4B). These data suggest that Src negatively 

regulates the ability of CEV to recruit septin. 

 

One way of testing this hypothesis was to inhibit Src activity and see if this induced 

an opposite effect to its over-expression. I therefore took advantage of the well-

characterized ATP-competitive Src inhibitor, PP1, which blocks the kinase activity of 

Src and Abl kinases (Hanke et al., 1996). It is already established that treating 

infected cells with PP1 blocks vaccinia induced actin tail formation (Frischknecht et 

al., 1999b). When cells infected for four hours were treated with 12.5 µM PP1 for 

additional four hours before fixation, I found that WR no longer induced actin tails. 

More importantly, there was a strong increase in the number of CEV recruiting 

septins to the levels seen with the YdF virus (CTRL 11.1 ± 0.8% and PP1 treated 

cells 81.5 ± 2.4%) (Figure 4.4C). In YdF infected cells, inhibiting Src did not 

significantly increase the levels of septin recruitment to the virus (CTRL 76.9 ± 4.4% 

PP1 treated cells 81.1+/- ± 3.0%).  
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Figure 4.4 Inhibition of Src increases septin recruitment 

A Representative immunofluorescence images of an uninfected HeLa cell showing 
SEPT7 in green, actin stained with phalloidin in blue and active Src in red. Yellow 
arrows highlight the spatial exclusion of Src and septin along an actin bundle. B The 
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graph shows the % of WR and YdF CEV co-localizing with SEPT7 in cells 
overexpressing GFP or GFP-Src. C Representative immunofluorescence images of 
HeLa cells infected for eight hours with WR or YdF in the absence or presence of 
PP1 showing SEPT7 in green, CEV in blue and actin stained with phalloidin in red. 
Quantification of the % of CEV co-localizing with SEPT7. D The graph shows the % 
of WR and YdF CEV co-localizing with SEPT7 in SYF cells. E The graph shows the 
% of WR CEV co-localizing with SEPT7 in cells in the absence or presence of 
Imatinib. Scale bar = 5 µm and in inset 1 µm. Error bars represent SEM from three 
independent experiments in which over 900 virions from 30 cells were analysed; n.s. 
p-value > 0.05; ** p-value < 0.01; **** p-value < 0.0001. 
 
Next, I used Src, Yes, and Fyn knockout (SYF) cells to investigate whether other 

kinase could take over the role of Src in displacing septins from the virus. These 

mouse fibroblasts lacking Src, Yes, and Fyn showed an intermediate result. For WR, 

46.25 ± 12.1% of CEVs co-localized with septins whereas in YdF infected cells 64 ± 

16.4% of CEVs were septin positive (Figure 4.4D). Without Src, Yes and Fyn there 

was no longer a significant difference in septin co-localization between WR and YdF 

virus, although WR could still induce some actin tails. It has been previously reported 

that besides Src, actin tails can also be initiated by Arg, Yes and Fyn, but Arg is 

notably less efficient in phosphorylating A36 in vitro and in SYF cells the number of 

cells forming actin tails is reduced by roughly 50% (Newsome et al., 2006, Reeves 

et al., 2005). Hence it is probably Arg, which can partially compensate for the lack of 

the other kinases in terms of actin tail formation but less so in respect to replacing 

septins.  

Moreover, when I inhibit Abl and Arg using the drug Imatinib / Gleevec (Wisniewski 

et al., 2002, Dorsey et al., 2000, Kraker et al., 2000) I see no significant change in 

septin recruitment to CEV in WR infected cells (10.6 ± 1.7% in control cells; 12.1 ± 

4.0% in Imatinib treated cells, see Figure 4.4E), indicating that Src is sufficient to 

trigger the displacement of septins from vaccinia.   

 

In summary, these experiments suggest that Src, Yes and Fyn kinases are required 

for displacing septins from the virus. This leads to the question of how these kinases 

modulate septin recruitment or displacement.  

One possibility would be that septins are a Src substrate and that upon 

phosphorylation septins are lost from the virus. In yeast, it has already been shown 

that septin assembly and stability is regulated by phosphorylation, mediated by 

kinases such as GIN4 and Cla4 (Cvrcková et al., 1995, Longtine et al., 1998, Versele 
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and Thorner, 2004, Dobbelaere et al., 2003 Garcia, Garcia et al.). While in 

mammalians phosphorylation of SEPT4 or SEPT12 regulates the stability of septins 

at the sperm annulus (Koch et al., 2015, Shen et al., 2017).  

 

In order to test this hypothesis, I set out to see if I could detect Src-dependent 

phosphorylation of septins by performing pull-down experiments. Since Src can only 

phosphorylate tyrosines (Collett et al., 1980, Songyang and Cantley, 1995), I used 

phospho-tyrosine (pY) antibodies to detect any potential tyrosine phosphorylation. 

Initially, I tested the phospho-tyrosine antibodies available in our lab. Vaccinia 

infection is known to increase phosphorylation of several host proteins, including the 

EGF-receptor (200kD; marked with *) and cortactin (80/85kDa; marked with ß), as 

well as A36 (40kDa; marked with <) as seen in Figure 4.5A (Frischknecht et al., 

1999b). Using cell lysates from WR and non-infected cells, I was able to observe 

these increases in phosphorylation (Figure 4.5A). When comparing control and PP1 

treated cells, it became clear that the PY99 and 4G10 antibodies detected 

differences in phosphorylation patterns, whereas the PY20 antibody was not 

sensitive to Src inhibition (Figure 4.5B). The band marked with < in Figure 4.4 is only 

present in WR infected control cells but absent in PP1 treated or YdF infected cell, 

indicating that the band corresponds to phosphorylated A36.  

 

To detect potential phosphorylated septins, I performed a GFP trap. In this assay, 

GFP-tagged proteins are coupled to beads allowing precipitation of the labelled 

protein and its binding partners. GFP-SEPT6 cells were treated with 12.5µM PP1 for 

two hours before lysis and subsequent pull-down of septins. Together with GFP-

SEPT6 I was also able to precipitate SEPT7 and SEPT2 but not the loading control 

Grb2, indicating that the buffer conditions conserved protein-protein interactions but 

washing was stringent enough to remove non-binding partners. Staining with the 

4G10 antibody revealed a very faint band corresponding to the molecular weight of 

SEPT2 marked with ß in Figure 4.5C). However, PP1 treatment did not noticeably 

change the levels of phosphorylated protein the seize of SEPT2. This would suggest 

that SEPT2 might be phosphorylated at a tyrosine but insensitivity to PP2 would 

exclude Src and Abl family kinases as the responsible enzyme.   
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Figure 4.5 Phosphorylation of septins is not clearly detectable by Western blot 
analysis 

A,B Whole-cell extract of infected and uninfected HeLa cells treated with the Src 
inhibitor PP1 where indicated, using the indicated phospho-tyrosine antibodies. C 
GFP-trap pull-down lysates of infected GFP-SEPT6 HeLa cells treated with PP1 
where indicated. Arrow indicates a faint paint using the phospho-antibody 4G10. D 
Lysates from immunoprecipitation using the indicated antibodies showed no 
phospho-tyrosine signal. E GFP-trap pull-down lysates using the indicated cell lines 
infected with WR and treated with PP1 where indicated.  
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To further analyse the potential phosphorylation status of septins, I performed an 

immunoprecipitation that aimed to disrupt protein-protein interactions and inactivate 

phosphatases in order to preserve phosphorylation changes. To accomplish this, 

HeLa cells were infected with WR for 16 hours before being lysed directly into 2x 

sample buffer and briefly boiled before being resuspended in 1 mL lysis buffer 

followed by incubation with primary antibodies against SEPT2, SEPT7 and control 

IgG and precipitated with protein A beads. Blotting with antibodies against SEPT2 

and SEPT7 confirmed that the pulldown was specific for each individual septin. 

Phospho-tyrosine antibodies did not detect any phosphorylation at the 

corresponding molecular weight for SEPT2 (41kDa) or SEPT7 (50kDa) using either 

short or longer exposures (Figure 4.5D). There were two prominent bands correlating 

to the light and heavy chain of IgG (marked with * Figure 4.5D).  

 

These data suggest that neither SEPT2 nor SEPT7 had detectable tyrosine 

phosphorylation using the described antibodies and pull-down methods. The faint 

band observed in the GFP-pulldown experiments (Figure 4.5C) is likely to be 

unspecific. To verify this hypothesis, I repeated the GFP-trap pull-down experiments 

using WR infected cells expressing either GFP-SEPT6, GFP-cortactin or GFP alone. 

GFP-Cortactin was used as a positive control, because it has been previously 

described as a target of Src during infection (Frischknecht et al., 1999b). Using an 

antibody against GFP confirmed that the respective proteins were pulled down and 

levels did not change upon infection or PP1 treatment. However, the amount of 

precipitated GFP was significantly larger than precipitated GFP-SEPT6 or GFP-

Cortactin. The PY99 antibody only detected phosphorylation of GFP-cortactin, which 

was strongly reduced upon PP1 treatment. Using a 4G10 antibody with short 

exposure times, I could also only see PP1 sensitive phosphorylation of GFP-cortactin 

(marked with ß in Figure 4.5E). Longer exposures revealed an additional band that 

corresponded to GFP alone (see < in Figure 4.5E). This suggested that the phospho-

tyrosine antibody can start to non-specifically recognized proteins if they are present 

at very high concentrations. Alternatively, it might be possible that GFP gets tyrosine 

phosphorylated during vaccinia infection.  

There is also a faint band at the size of GFP-SEPT6 in WR infected cells. 

Interestingly this band is even more faint in uninfected and almost absent in PP1 

treated cells. Overall, I could find no clear evidence that septin is phosphorylated by 
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Src/Abl. However, phosphorylation is often a transient event and therefore it can be 

hard to detect it. In addition, assuming that septins are only phosphorylated by Src 

once, they are both recruited to the virus, the phosphorylated pool of septins would 

represent only a fraction of the total amount of septins in the cell. Furthermore, if 

septins disassemble upon phosphorylation, they might not co-precipitate with one 

another anymore. Even if septins are not directly phosphorylated by Src, the kinase 

could still indirectly influence the stability of septins at the virus. 

 

Trying to better understand how septins are regulated at the virus I took another 

approach.  I used fluorescence recovery after photo bleaching (FRAP) to investigate 

whether the differences in septin recruitment to WR and YdF virus are caused by 

distinct assembly and disassembly rates. To do so GFP-SEPT6 cells were infected 

for eight hours and treated with 100 µM CK666 during image acquisition to inhibit 

actin tail formation. Thereby, events, in which septin turnover cannot occur because 

the virus is propelled away by actin polymerization, should be prevented. From 

pervious experiments, I concluded that CK666 itself had no impact on the number of 

CEV recruiting septins (Figure 4.2A). Individual septin puncta associated with virus 

particles were bleached and fluorescent recovery by exchange of septins from 

outside the bleached area was monitored by acquiring images every second for 3min. 

Analysis was performed as described in the methods, briefly a non-linear function 

was used to fit the normalized mean fluorescence intensities (Figure 4.6A). From this 

function, the required time for half maximal recovery, as well as the plateau 

fluorescence value representing maximal recovery, were determined. Septins 

associated with WR virus required 24.4 ± 1.4 sec to reach half of the maximum 

(Figure 4.6B). The recovered fluorescence intensities plateaued at 54.2 ± 1.5% of 

the maximal fluorescence before bleaching (Figure 4.6C). These values agree with 

previously observed FRAP experiments performed on SEPT2 in septin filaments and 

rings induced by Cytochalasin D (Schmidt and Nichols, 2004). In yeast cells, 

however, the septin ring at the division neck can adopt a fluid state with recovery 

times of around 150 seconds or change to a frozen state were hardly any exchange 

is observed (Dobbelaere et al., 2003). Furthermore, FRAP experiments performed 

on septin rings entrapping Shigella showed no exchange of septins (Mostowy, 

personal communication).   
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Comparing the dynamics of septins associated with WR or YdF virus revealed no 

significant differences. Fluorescence of GFP-SEPT6 recruited to YdF viruses 

recovered up to 55.0 ± 1.4% after bleaching and the half maximal recovery was 

accomplished after 29.7 ± 1.8 sec (Figure 4.6A,B). Taken together these 

experiments show that septins recruited to the virus turn over and the speed of septin 

exchange is comparable between septins co-localizing with WR and YdF viruses.  

 
Figure 4.6 Septins turn over with the same rate on WR and YdF viruses   

Graph showing the quantification of GFP-SEPT6 fluorescence after photo-bleaching. 
The average recovery curves are shown for WR and YdF infected cells. Intensity 
values were normalized to the pre-bleach intensity. B 
Values for half-life of recovery and percentage recovery. Over 120 events measured 
from three independent experiments; n.s. indicates a p-value of > 0.05. 
 
Next, I returned to the question of how Src/Abl kinases might regulate septin 

recruitment and what causes so many YdF virus particles to accumulate septins. 

One relevant substrate of Src in the context of vaccinia infection is the viral protein 

A36 (Frischknecht et al., 1999b). I therefore infected cells with a recombinant virus 

lacking A36. If the phosphorylation of A36 is the trigger to reduce septin recruitment 

to the virus, I should see high levels of CEV with septin when A36 is absent. 

Alternatively, if septins are recruited to unphosphorylated A36, I will see no co-

localization of CEV and septins. As mentioned before, A36 is not only needed for 

actin tail formation but is also essential for microtubule-based transport, since it binds 

to kinesin (Herrero-Martinez et al., 2005, Rietdorf et al., 2001, Ward and Moss, 

2001a, Parkinson and Smith, 1994, Morgan et al., 2010, Dodding, 2011, Dodding et 

al., 2009, Ward and Moss, 2004). Consequently, the egress of the ΔA36R virus is 

very inefficient as hardly any virions reach the plasma membrane. To compensate 

for the delayed movement to the cell periphery I fixed cells after 10 hours when 

sufficient virus particles had reached the plasma membrane. However, most virions 
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were found above or below the virus factory / cell centre and hardly any reached the 

distant cell periphery. Analysing those ΔA36R particles I found that 15.6 ± 3.2% of 

CEV recruit septins, very similar to WR infected cells (Figure 4.7A). This would 

indicate that septins are not recruited by A36 and in addition the phosphorylation of 

A36 is not responsible for the displacement of the septins. Furthermore, it implies 

that there is a different substrate of Src that triggers the loss of septins. Therefore, 

PP1 treatment of cells infected with ΔA36R should result in high levels of CEV 

recruiting SEPT7. I tested this hypothesis and found no dramatic increase in CEV 

co-localising with septins (25.2 ± 2.7%). Data from five independent experiments 

revealed no significant difference between control and PP1 treated cells infected with 

ΔA36R (Figure 4.7A). Taken together these results were rather puzzling. On one 

hand A36 neither seem to be involved in septin recruitment nor in its displacement, 

since the absence of A36 results in wild-type levels of septins at the CEV. On the 

other hand, without A36 PP1 treatment is no longer efficiently increasing septin 

recruitment to an extent that would be comparable to YdF infected cells or WR 

infected PP1 treated cells. A possible explanation would be that A36 is involved in 

septin recruitment and displacement. By removing A36, assembly and disassembly 

of septins at the virus are impaired to the same extent, resulting in wild-type levels 

of CEV recruiting septins. Furthermore, it could be that high levels of septin 

recruitment preferentially occur when the virus accumulates in the cell periphery.  

One way to overcome the trafficking defect of the ΔA36 virus is to substitute the 

cytoplasmic part of A36 containing the kinesin binding motifs with the one found in 

calsyntenin-1 (CSTN). A hybrid protein was constructed containing the 

transmembrane domain of A36 attached to the amino acids 879-971 from CSTN 

(Dodding et al., 2011). A virus expressing this protein in place of A36 is able to reach 

the cell periphery using microtubule-based transport and fuse with the plasma 

membrane but is unable to induce actin tails (Dodding et al., 2011). When quantifying 

the septin levels on the CEVs of the ΔA36R CSTN virus they were high (82.0 ± 4.2%) 

compared to those at the YdF virus (Figure 4.7B). This experiment suggests that 

prevention of phosphorylation of A36 after the virus reaches the cell periphery 

permits septin accumulation underneath the virus.  

Previous studies found that the Yaba-like disease virus (YLDV) contains a divergent 

functional orthologue of A36, called YL126. Although their amino acid similarity is 

less than 15% YL126 was shown to restore both microtubule transport and actin tail 
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formation (Dodding and Way, 2009). Instead of two tyrosines in A36, YL126 has six 

tyrosines, which are phosphorylated by Src, recruit Nck and N-WASP and thereby 

activate the Arp2/3 complex. Mutating all of them abolishes virus induced actin 

polymerization (Dodding and Way, 2009). 

 

 
Figure 4.7 Phosphorylation of Y112 triggers the loss of septins from CEV 

A Quantification of the % of CEV co-localizing with SEPT7 in HeLa cells infected 
with ΔA36 virus in the absence or presence of PP1. B The graph shows the % of 
CEV co-localizing with SEPT7 in cells infected for eight hours with the indicated 
viruses. C Representative immunofluorescence images of HeLa cells infected with 
the indicated virus. The graph shows the % of CEV co-localizing with SEPT7 in cells 
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infected for eight hours with the indicated virus. The graph shows the % of WR and 
YdF CEV co-localizing with SEPT7 in SYF cells. D Quantification of the % of CEV 
co-localizing with SEPT7 in HeLa cells infected for eight hours with the indicated 
virus. Scale bar = 5µm and in inset 2 µm. Error bars represent SEM from three 
independent experiments in which over 900 virions from 30 cells were analysed. A 
p-value of > 0.05 and < 0.0001 is indicated by n.s. and **** respectively. 
 

I therefore decided to use those two viruses to further investigate the role of A36 and 

its phosphorylation by Src.  

ΔA36R expressing YL126 wild type (WT) was able to induce actin tails and 10.8 ± 

1.8% of the CEV co-localized with SEPT7, whereas in the YL126 Y6F situation no 

actin tails were formed but 73.8 ± 2.7% of the CEV recruited septin (Figure 4.7C).  

Overall, these experiments show that A36 is not needed to recruit septins but in the 

absence of phosphorylated A36 or YL126 septins can accumulate at the CEV.  

 

This raised the question of whether the phosphorylation of both tyrosines is needed 

or whether one is sufficient. To investigate this matter, I took advantage of the 

existing single mutant viruses A36 Y112F and Y132F (Scaplehorn et al., 2002). It 

has been shown that Nck is recruited to phospho-Y112, while Grb2 only binds to 

phospho-Y132 (Donnelly et al., 2013, Frischknecht et al., 1999a, Moreau et al., 2000, 

Scaplehorn et al., 2002, Snapper et al., 2001, Zettl and Way, 2002). The Y112F virus, 

deficient in Nck recruitment and actin tail formation, recruited septins to 61.6 ± 8.7% 

of the CEV. In contrast, in cells infected with the Y132F virus, deficient in Grb2 

recruitment, only 12.0 ± 2.7% of the CEV recruited SEPT7 (Figure 4.7D). This 

indicates that phosphorylation of Y112 alone has the potential to strongly increase 

septin recruitment, although not to the same extend as the YdF virus. In contrast, 

mutation of Y132 alone does not affect the number of CEV co-localising with septins 

and might only act in concert with mutated Y112.  

 

4.2.3 Nck recruitment antagonises septin localisation to CEV 

Finding that phosphorylation of Y112 but not Y132 in A36 impacts on septin 

recruitment raised the possibility that binding of Nck to phospho-Y112 might displace 

septins from the virus. This would agree with the observation that Nck is recruited to 

WT YL126, where only few CEV co-localize with SEPT7, but Nck is absent in Y6F 

YL126 and CSTN viruses, which have high levels of septin recruitment. To 
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investigate this hypothesis, I took advantage of Nck double knock-out MEFs (Bladt 

et al., 2003). The vaccinia replication cycle is a bit delayed in both the parental and 

the knockout MEFs compared to HeLa cells, so I examined the ability of CEV to 

recruit septin at 20 hrs post infection. In Nck parental and knockout cells infected 

with YdF virus the majority of CEV co-localised with SEPT7 (Nck +/+ 61.1 ± 1.7% 

and Nck -/- 70.1 ± 8.2%, see Figure 4.8A). In WR infected cells the percentage of 

CEVs co-localizing with septins dramatically increased from 15.5 ± 1.8% to 62.0 ± 

2.5% in the absence of Nck. This strongly suggests that Nck is required to displace 

septins from the virus. This could either happen directly, for example through steric 

hindrance between Nck and septins. Alternatively, Nck could regulate septin levels 

indirectly by recruiting an additional protein, which in turn displaces septins.  

Nck is an SH2/SH3 domain containing adaptor protein that directly binds to phospho-

Y112 in A36 via its SH2 domain (Scaplehorn et al., 2002). Subsequently Nck recruits 

and interacts with WIP:N-WASP via its second and third SH3 domain leading to local 

activation of the Arp2/3 complex (Donnelly et al., 2013, Frischknecht et al., 1999a, 

Moreau et al., 2000, Newsome et al., 2004, Scaplehorn et al., 2002, Snapper et al., 

2001, Zettl and Way, 2002). Mutating the SH2 domain abolishes the recruitment of 

Nck to vaccinia and prevents actin tail formation. Conversely, mutating the SH3 

domains allows recruitment of Nck to the virus but prevents any additional 

interactions with downstream binding partners (Donnelly et al., 2013, Scaplehorn et 

al., 2002). In order to test whether Nck induces the loss of septins directly or indirectly, 

I infected Nck knock-out MEFs that stably expressing different GFP-tagged Nck 

mutants, see Figure 4.8B (Donnelly et al., 2013).  

The expression of GFP-Nck in Nck -/- MEFs infected with WR rescued actin tail 

formation and led to low levels of septin recruitment (22.4 ± 0.7%). In contrast, when 

each of the three SH3 domains was disrupted by mutating the essential tryptophan 

to a lysine (Donnelly et al., 2013, Tanaka et al., 1995), the number of CEV co-

localizing with septin was increased (73.5 ± 0.6%). This demonstrates that a binding 

partner downstream of Nck, but not Nck directly, influences septin levels on vaccinia.  

To gain further insight, single SH3 mutants of Nck were also analysed. Only the third 

SH3 domain of Nck was required to restrict septin recruitment to CEVs, while 

mutating the first or second SH3 domain had no effect on septin levels (Figure 4.8B).  
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Figure 4.8 The third SH3 domain of Nck is required to displace septins from CEV 

A Representative immunofluorescence images showing the recruitment of SEPT7 
to CEV in Nck parental and knockout cells infected with WR or YdF virus for 20 
hours. The graph shows the % of CEV co-localizing with SEPT7. B Quantification of 
CEV co-localizing with SEPT7 in Nck knockout cells stably expressing the indicated 
Nck construct. C The graph shows the % of CEV co-localizing with SEPT7 or 
inducing an actin tail in the absence or presence of TBB or D4476 (CK1). D The 
graph shows the % of CEV co-localizing with SEPT7 or inducing an actin tail in 
control cells or DIP-depleted cells. Error bars represent SEM from three independent 
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experiments in which over 900 virions from 30 cells were analysed. n.s. p-value > 
0.05; * p-value < 0.05; *** p-value < 0.001; **** p-value < 0.0001. 
 

4.2.4 Dynamin II displaces septins from CEV 

The data so far indicate that Nck may influence septins indirectly through an 

interactor of its third SH3 domain. SH3 domains bind proline-rich regions containing 

a core consensus of PxxP (Zarrinpar et al., 2003). For Nck, over thirty different SH3 

binding partners have been reported (Buday et al., 2002). After excluding proteins 

that specifically bind to the first or second SH3 domain I had a candidate list of 13 

proteins. Five of these proteins, casein kinase 1, dynamin, PINCH, Sos and WASP, 

were reported to only bind the third SH3 domain of Nck (Hu et al., 1995, Lussier and 

Larose, 1997, Rivero-Lezcano et al., 1995, Tu et al., 1998, Wunderlich et al., 1999). 

Additionally, unpublished data from the Innocenti lab suggested DIP/WISH/SPIN90 

(Lim et al., 2001) as potential binding partner of Nck.  

 

The serine/threonine casein kinase 1 has been reported to regulate septin 

organization in yeast (Robinson et al., 1999). In humans, casein kinase 2 

phosphorylates SEPT2 and in the context of vaccinia infection, casein kinase 2 is 

proposed to promote virus induced actin tail formation (Alvarez and Agaisse, 2012, 

Huang et al., 2006). I took advantage of the chemical inhibitors D4476 and TBB, 

which specifically target casein kinase 1 and 2 respectively (Sarno et al., 2001, Rena 

et al., 2004). Treating infected cells with either drug at 7 hpi for 1 h to block the 

activity of casein kinase I and II did not significantly change the number of CEVs co-

localizing with septins (Figure 4.8C). In fact, there was a slight reduction in septin 

recruitment to CEV (CTRL 18.6 ± 4.8% CK1 7.8 ± 4.6% and CK2 10.54 ± 2.3%). As 

previously reported for TBB (Alvarez and Agaisse, 2012), I observed a mild inhibitory 

effect on actin tail formation for both casein kinase 1 and 2 (CTRL 25.3 ± 1.5% CK1 

13.6 ± 0.7% and CK2 10.54 ± 2.3%). This suggests that the drugs are effective but 

neither casein kinase 1 nor 2 appear to affect septin dynamics at the virus.  

 

In parallel, I investigated the potential involvement of DIP during septin recruitment 

by vaccinia. Using a pool of four different siRNA oligos against DIP 72 h before 

infecting with WR did not induce a significant change in septin levels at CEV (Allstar 

11.6 ± 0.8% versus 11.1 ± 1.2% siRNA against DIP). Equally, the number of CEV 
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inducing actin tails was also unchanged (Allstar 20.7 ± 2.7% versus 21.8 ± 0.6% DIP 

KD; see Figure 4.8D). Therefore, I also decided to exclude DIP as responsible factor 

in septin displacement. 

 

Next, I examined dynamin, which not only selectively binds the third SH3 domain of 

Nck (Wunderlich et al., 1999) but was also reported to be recruited to EPEC, where 

it promotes actin pedestal formation (Unsworth et al., 2007) and can directly bind 

septins in neurons (Maimaitiyiming et al., 2013). Moreover, in a collaboration with 

the lab of Serge Mostowy we discovered a link between the dynamin-related protein 

Drp-1 and septin cages around Shigella (Sirianni et al., 2016).  In this study, I 

demonstrated an interaction between Drp-1 and septins by performing a GFP-trap 

pulldown on the GFP-SEPT6 cell line (Figure 4.8 A). In the case of Shigella infection, 

Drp-1 is recruited to the septin cage where it facilitates mitochondria fission. 

Fragmentation of mitochondria in turn helps the bacteria to evade the septin cage.   

 

Previously, it was reported that dynamin II, when overexpressed, is not recruited to 

vaccinia viruses that induce actin tails (Scaplehorn et al., 2002). In addition, 

overexpression of dominant negative mutants of dynamin had no impact on actin-

based motility of vaccinia (Unsworth et al., 2007). 

To investigate the role of endogenous dynamin, I used a Dyn II antibody kindly 

provided by Mark McNiven (Mayo Clinic, Rochester, USA) and found that a small 

proportion (12.53 ± 0.5%) of the CEVs co-localized with dynamin II (Figure 4.8 B). 

Interestingly, in the case of YdF infected cells where no Nck is recruited, the number 

of CEVs co-localizing with dynamin is reduced (3.1 ± 0.2%).  

 

To test if Nck is responsible for recruiting dynamin, I infected the Nck parental and 

KO cells and stained for dynamin II. Parental Nck +/+ MEFs resembled HeLa cells, 

with WR co-localizing in 7.5 ± 2.5% with dynamin whereas only 1.8 ± 0.4% of YdF 

CEVs recruited dynamin II. In the absence of Nck, WR and YdF recruited similar 

amounts of dynamin (2.0 ± 0.4% WR and 1.9 ± 0.4% YdF) (Figure 4.8 C). These 

results show a previously missed recruitment of dynamin to vaccinia CEV. Reduced 

levels of dynamin at YdF could indicate that in the absence of Nck, less dynamin is 

recruited.   
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Figure 4.9 Nck facilitates the recruitment of dynamin II to CEV 

A Western blot analysis showing that Drp-1 co-precipitates together with GFP-
SEPT6 and other septins during a GFP-trap pull-down experiment. GAPDH is shown 
as a loading control. B Representative immunofluorescence images of HeLa cells 
infected with WR for eight hours. Dyn II is shown in green, actin stained with 
phalloidin in red and CEV in blue. The graph shows the % of WR and YdF CEV co-
localizing with Dyn II. Scale bar = 5µm and in insert 1µm. C Quantification of CEV 
co-localizing with Dyn II in Nck parental and knockout cells infected with WR or YdF 
virus. Error bars represent SEM from three independent experiments in which over 
900 virions from 30 cells were analysed. n.s. p-value > 0.05; * p-value < 0.05; *** p-
value < 0.001. 
 

 

In order to investigate dynamin recruitment by live-cell imaging, I generated HeLa 

cells stably expressing iRFP-Dyn II as well as GFP-SEPT6. Infecting these cells with 

the WR RFP-A3L virus I found that dynamin is transiently recruited to the virus 

(Figure 4.9A). Strikingly, whenever dynamin was recruited to a virus co-localizing 
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with GFP-SEPT6 the latter was lost. The stills from a representative movie in Figure 

4.9A show how dynamin transiently localises as septins are lost from the virus 

particle. Live-cell imaging was also repeated using a cell line stably expressing GFP-

SEPT6, iRFP-LifeAct and mCherry-dynamin. I found that the brief recruitment of 

dynamin also coincided with a transient burst of actin polymerization on the virus 

(Figure 4.9 B). To precisely determine the chronology of events on the virus I 

performed automated image analysis. Briefly, a small area around the virus (roughly 

2.5µm2) was cropped and the three channels representing the three different 

proteins were saved separately. I wrote a MATLAB script that measured and 

normalized the mean fluorescence for each time point. When plotting the mean 

intensities over time there was always a very prominent, transient peak in dynamin. 

The maximum peak for dynamin was therefore set as a reference time point and all 

the movies were aligned relative to it. Then the mean and SD of all the movies was 

determined and plotted (Figure 4.9 C). This procedure was performed on movies 

showing dynamin, septin and actin and on another set with dynamin, septin and 

clathrin (Figure 4.9 D,E). This quantitative analysis confirmed that the intensity of 

dynamin negatively correlates with septin intensity. As apparent in the movie stills, 

together with the recruitment of dynamin there was also a transient burst of actin. 

The peak of actin was delayed by approximately five seconds in relation to dynamin. 

In most cases, the initial actin burst is followed by the formation of a typical actin tail. 

However, as the intensities are monitored locally, actin intensities decrease while the 

virus is propelled away by the tail.  

Septin levels remain relatively constant before dynamin recruitment, whereas 

clathrin intensities continue to increase until dynamin peaks. In addition, loss of 

clathrin occurs approximately ten seconds after loss of septin, although the rates of 

disassembly, inferred from the steepness of the declining intensities, seem very 

similar. Taken together, live-cell imaging indicates that dynamin displaces septin and 

clathrin from the virus. 
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Figure 4.10 The transient recruitment of dynamin marks the loss of septins from 
the virus 

A Movie stills of the association of GFP-SEPT6 and iRFP-Dyn II with RFP-A3 WR in 
a HeLa cell after eight hours of infection. B Movie stills of the association of GFP-
SEPT6, mCherry-Dyn II and LifeAct-iRFP (actin) with WR. C The graph shows the 
mean normalized fluorescence intensity of each protein on the virus over time. Loss 
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of septin coincides with the recruitment of dynamin and actin polymerization prior to 
virus movement. D Images showing the presence of GFP-SEPT6, mCherry-clathrin 
light chain (clathrin) and iRFP-Dyn II on CEV in WR infected HeLa cells over time. E 
The graph shows the mean normalized fluorescence intensity of each protein on the 
virus prior to actin-based motility. Loss of septin and delayed loss of clathrin 
coincides with the recruitment of dynamin. The error bars represent SD from three 
independent experiments in which a total of over 70 virus particles were analysed. 
Scale bars = 2 µm in A and 500 nm in B and D.  
 

To test whether these correlated observations were also functionally linked, I set out 

to inhibit dynamin function. Dynosore is a chemical compound that inhibits the 

GTPase activity of dynamin and thereby prevents clathrin-dependent endocytosis 

(Macia et al., 2006). More recently it has become clear that this drug has severe off-

target effects (Park et al., 2013, Preta et al., 2015). Therefore, other drugs have been 

developed (McCluskey et al., 2013). MiTMAB, for example, inhibits the localization 

of dynamin to the membrane and thereby efficiently blocks endocytosis without any 

known off-target effects (Hill et al., 2004, Quan et al., 2007). When infected cells 

were treated with MiTMAB for half an hour prior to fixation a significant increase in 

septin recruitment to WR CEVs was observed (42.3 ± 3.3% treated versus 13.3 ± 

1.4% control; Figure 4.11A). Suboptimal efficiency of the inhibitor might explain why 

septin recruitment to CEV was not as high as that seen in YdF cells. In addition to 

increased septin levels, blocking dynamin led to a decreased proportion of CEV 

inducing actin tails (MiTMAB 5.8 ± 1.0% versus CTRL 22.9 ± 2.3%; see Figure 

4.11A). In summary, these data suggest that dynamin displaces septins from the 

virus and furthermore directly or indirectly promotes actin tail formation.  
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Figure 4.11 Chemical inhibition of dynamin affects septin recruitment and actin 
tail formation 

A Quantification of the % of WR CEV recruiting SEPT7 and inducing actin tails in 
HeLa cells treated with the dynamin inhibitor MiTMAB. B Western blot analysis of 
dynamin knockdown. GAPDH was included as a loading control. C Quantification of 
the % of WR CEV recruiting SEPT7 and inducing actin tails in HeLa cells treated 
with dynamin and control siRNA. D The graph shows the % of WR CEV co-localizing 
with Dyn II in control and dynamin-depleted cells. E The graph shows the % of CEV 
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co-localizing with Dyn II in HeLa cells infected with the indicated virus. F 
Quantification of the % of ΔNPF CEV recruiting SEPT7 and inducing actin tails. In 
graphs A, B, C and F the error bars represent SEM from three independent 
experiments in which over 900 virus particles were analysed across 30 cells.  In 
graph A, over 1500 virus particles from five independent experiments were analysed 
across 50 cells, while in graph D only 30 viruses from 10 cells were analysed. n.s. p-
value > 0.05; *** p-value < 0.001; **** p-value < 0.0001. 
 

In order to confirm these findings, I performed siRNA-mediated knockdown of 

dynamin I and II. Dynamin III is mainly found in testis, brain and lungs (Cao et al., 

1998, Nakata et al., 1993, Urrutia et al., 1997) and dynamin II is the predominant 

dynamin found in HeLa cells (Kulak et al., 2014). The level of dynamin II depletion 

was confirmed by immunoblot analysis on whole cell lysates (Figure 4.11B). Under 

these conditions, only a mild increase in the number of CEV recruiting septins was 

observed (Allstar 11.7 ± 2.9% versus Dyn I+II 18.7 ± 0.8%). Actin tails were also 

indistinguishable from control cells in the absence of dynamin, see Figure 4.11C. 

Viruses have mastered the art of manipulating host cells and vaccinia can be very 

efficient in recruiting proteins of interest. I therefore tested if some of the remaining 

dynamin was still recruited to the virus particles and found that still 7.4 ± 1.0% of the 

CEV co-localized with dynamin II. This meant that the substantial global reduction of 

dynamin resulted only in a 50% reduction of dynamin recruitment to the virus (Figure 

4.11D). This could explain why there is no dramatic increase in septin recruitment 

levels on the virus. 

Dynamin can also bind intersectin (Okamoto et al., 1999b, Roos and Kelly, 1998, 

Sengar et al., 1999, Yamabhai et al., 1998), which is recruited to the virus by the 

NPF motifs in A36 (Humphries et al., 2012, Snetkov et al., 2016). Upon analysing 

cells infected with ΔNPF and YdF ΔNPF viruses, I observed a reduction in dynamin 

recruitment to CEV compared with the WR and YdF viruses (ΔNPF 6.8 ± 0.8 and 

YdF ΔNPF 1.6 ± 0.7) (Figure 4.11E). This suggests that intersectin also helps to 

recruit and/or stabilize dynamin in addition to Nck. 

I therefore tested whether the mild effect of knocking down dynamin would be 

exaggerated by removing intersectin from the virus and thereby preventing this 

potential secondary mode of dynamin recruitment. Indeed, depleting dynamin in 

ΔNPF infected cells increased the levels of CEV with septin from 16.1 ± 2.0% to 30.3 

± 5.3%. Performing the student’s t test resulted in a non-significant p-value of 0.06. 
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Thus, chemical inhibition and knockdown of dynamin by siRNA yielded inconclusive 

results.  

To circumvent the concern of off-target and partial effects of the approaches above, 

we used dynamin knockout cells (tamoxifen inducible dynamin triple knockout 

fibroblasts generously gifted by Dr. Pietro De Camilli (Yale school of medicine, USA) 

(Ferguson et al., 2009, Park et al., 2013). The efficiency of tamoxifen treatment was 

confirmed by Western blot analysis using whole cell lysates (Figure 4.12A). I infected 

non-treated control and dynamin knockout cells with WR and YdF viruses. In the 

presence of dynamin, WR CEV had low levels of septin recruitment (15.5 ± 2.5%) 

and YdF CEV had high levels (75.1 ± 4.2%) as expected. Strikingly, in the dynamin 

triple knockout cells, WR had equally high levels of CEVs co-localizing with septins 

as the YdF virus (WR 57.0 ± 8.1% and YdF 63.4 ± 4%, Figure 4.12B). These data 

clearly demonstrate that dynamin restricts the extent to which septins are retained 

at the virus.  

 

As seen with MiTMAB treatment, knockout of dynamin decreased the number of 

CEV inducing an actin tail (25.9 ± 3.0 % in the parental cells and 9.6 ± 1.1% in the 

triple KO cells). However, actin tail length was not affected in the absence of dynamin 

(2.3 ± 0.1µm in Dyn+/+ cells versus 2.4 ± 0.2 µm in Dyn-/- cells, see Figure 4.12C), 

which is in contrast with the situation in MiTMAB-treated cells. This could suggest 

that the drug has off-target effects on the actin cytoskeleton. However, MiTMAB only 

prevents the recruitment of dynamin to the membrane (Hill et al., 2004, Quan et al., 

2007), which still allows the cytoplasmic pool of dynamin to influence actin tail 

formation, whereas in the knockout cells no dynamin is present.   

 

As dynamin displaces septins from the virus, I tested whether reciprocally, septin 

levels regulate dynamin recruitment to the virus. Knockdown of SEPT7 was 

performed in WR infected HeLa cells and the amount of CEV recruiting dynamin was 

quantified. In control cells 14.4 ± 1.6% of CEV co-localize with dynamin II. In contrast, 

when septin was depleted the number of CEV recruiting dynamin II doubled to 30.0 

± 1.6% (Figure 4.12D). This supports the notion that septins and dynamin may 

compete for localisation at CEV.  
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Figure 4.12 Dynamin facilitates septin displacement and actin tail formation 

A Western blot analysis confirming the loss of Dyn II upon tamoxifen treatment. 
GAPDH was included as a loading control. B Representative immunofluorescence 
images showing the recruitment of SEPT7 to CEV in dynamin control and knockout 
cells infected with WR and YdF for 16 hours. Quantification of the % of CEV co-
localizing with SEPT7. C The graphs show the percentage of CEV inducing an actin 
tail as well as the tail length. D Quantification of the % of CEV co-localizing Dyn II in 
control and SEPT7-depleted HeLa cells infected with WR for eight hours. Error bars 
represent SEM from three independent experiments in which a total of over 900 virus 
particles or 170 actin tails from 30 cells were analysed. Scale bars = 5 µm; ns. p-
value > 0.05; ** p-value < 0.01; **** p-value < 0.0001. 
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4.2.5 A potential role for formins in displacing septins from vaccinia 

Live-cell imaging revealed that dynamin-mediated displacement of septins coincides 

with a burst of actin polymerisation at the virus (Figure 4.10B). Dynamin is known to 

induce local N-WASP-dependent actin polymerization during endocytosis (Ayscough, 

Ayscough et al., 1997, Benesch et al., 2005, da Costa et al., 2003, Innocenti et al., 

2005). However, inhibiting formation of branched actin using an Arp2/3 inhibitor did 

not influence septin recruitment to vaccinia (Figure 4.2). However, dynamin can 

interact with actin directly and enhance actin polymerization independent of Arp2/3 

(Gu et al., 2010). To fully disrupt actin polymerization independent of the nature of 

nucleating proteins, I used the general actin inhibitor Cytochalasin D (CytoD), a toxin 

that disrupts and depolymerizes the actin cytoskeleton (Schliwa, 1982, Urbanik and 

Ware, 1989).  Treatment of WR-infected cells with CytoD for 30 min abolished 

vaccinia-induced actin tails, as expected. In addition, the number of CEV co-

localizing with septins was significantly increased (10.9 ± 1.3% CTRL versus 36.0 ± 

3.5% CytoD, Figure 4.12 A). Since blocking actin polymerization in general impacts 

on septin displacement yet inhibition of the Arp2/3 complex did not, another mode of 

actin nucleation might be involved. To investigate the possible involvement of 

formins in septin displacement, cells were treated with the formin inhibitor SMIFH2 

(Rizvi et al., 2009). Indeed, a significant increase in septin recruitment, similar to 

MiTMAB and CytoD treatment, was observed (40.6 ± 4.7%, Figure 4.12 A). The 

previous results observed with Arp2/3 inhibition were reproducible (12.5 ± 2.2%, 

Figure 4.12 A). While treatment with CK666 and CytoD abolished actin tails, formin 

inhibition did not significantly change the number of CEVs inducing an actin tail 

(CTRL 24.1 ± 4.4% versus SMIFH2 15.7 ± 1.9%, Figure 4.12 B). This indicates that 

while actin tail formation depends on the Arp2/3 complex, the displacement of 

septins relies at least partially on formin-driven actin polymerization. 

 

To see whether formin-dependent actin polymerization was acting in the same 

pathway or in parallel with dynamin recruitment, cells were treated with both 

inhibitors (MiTMAB and SMIFH2) simultaneously. There was no additive effect seen. 

The double treatment resulted in similar levels of CEV co-localising with SEPT7 as 

the single treatments (CTRL 13.2 ± 0.5% MiTMAB 45.5 ± 1.1% SMIFH2 45.0 ± 2.6% 
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and MiTMAB + SMIFH2 43.7 ± 6.1%, see Figure 4.12 C). This suggests that formin 

and dynamin act in the same pathway.  

 
Figure 4.13 Chemical formin inhibition increases co-localization of septins and 
CEV  

A, B Quantification of the % of CEV recruiting SEPT7 and inducing actin tails in HeLa 
cells infected with WR for eight hours and treated with CytoD, SMIFH2 or CK666. C 
The graph shows the % of CEV recruiting SEPT7 when dynamin (MiTMAB), formin 
(SMIFH2) or both were chemically inhibited. D Quantification of the % of CEV 
recruiting SEPT7 and inducing actin tails in HeLa cells infected with NPF for eight 
hours and treated with MiTMAB or SMIFH2. Error bars represent SEM from three 
independent experiments in which over 900 virus particles were analysed across 30 
cells; n.s. p-value > 0.05; * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001. 
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Dynamin and formin inhibition in ΔNPF infected HeLa cells revealed an interesting 

phenotype. While septin recruitment to CEV was increased in both cases as seen 

during WR infection (CTRL 11.5 ± 1.8% MiTMAB 31.8 ± 7.0% and SMIFH2 36.4 ± 

4.1%, Figure 4.14), actin tail formation showed important differences. While in WR-

infected cells MiTMAB treatment decreased the number of CEV associated with actin 

tails, chemical inhibition of dynamin had no significant effect on actin tails induced 

by ΔNPF viruses. In addition, actin tail length was increased upon MiTMAB treatment 

in WR infected cells (CTRL 2.9 ± 0.1 µm and MiTMAB 4.7 ± 0.1 µm) but was 

unchanged in cells infected with the ΔNPF virus (CTRL 4.9 ± 0.2 µm and MiTMAB 

4.6 ± 0.3µm) (Figure 4.14). SMIFH2 treatment showed a more striking difference. 

WR infected cells formed longer tails in the presence of the inhibitor (3.8 ± 0.1 µm) 

but the percentage of CEV being propelled by actin tails was comparable to the 

untreated cells. The opposite was observed during ΔNPF infection. SMIFH2 

treatment led to many more (46.7 ± 1.9%) and much shorter actin tails (1.0 ± 0.2 µm). 

Taken together these data suggests that actin tails that are formed in the absence 

of clathrin and its adaptor proteins are more reliant on formin-mediated actin 

assembly. In contrast, dynamin inhibition has more impact on actin tails formed by 

the WR virus. It remains to be determined what exactly causes these striking 

differences. It could be the clustering effect of clathrin, the presence of one of the 

adaptor proteins or the local activation of Cdc42. Further experiments, including 

knockdown of clathrin and the adaptor proteins and infection of Cdc42 knockout cells, 

are needed to distinguish these possibilities.  
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Figure 4.14 Effects of formin inhibitor vary between actin tails induced by WR and 
NPF virus 

Representative immunofluorescence images showing actin stained with phalloidin in 
green and CEV in red. HeLa cells were infected for eight hours with the indicated 
virus and treated with the indicated inhibitor for 30 min. The graphs show the % of 
CEV inducing an actin tail as well as the tail length under the indicated conditions. 
Error bars represent SEM from three independent experiments in which a total of 
over 900 virus particles or 300 actin tails from 30 cells were analysed. Scale bar = 5 
µm; ns. p-value > 0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-value < 0.0001. 
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4.3 Summary 

Septins are recruited to CEV, as demonstrated in the previous chapter. Data 

presented here show that mutating the two tyrosines Y112 and Y132 in the virus 

protein A36, which are phosphorylated by Src, dramatically increases the levels of 

CEV that recruit septins. This YdF virus is deficient in actin tail formation and spread 

(Frischknecht et al., 1999b, Moreau et al., 2000, Rietdorf, 2001, Ward et al., 2003), 

suggesting that actin tail formation displaces septins from the virus. However, neither 

recruitment of N-WASP:WIP nor the formation of branched actin tails influence the 

levels of septin recruitment. The dramatic difference in septin co-localizing with WR 

and YdF virus is Src-dependent, since overexpression of Src reduces septin levels 

at the virus and inhibition of Src increases them. There was no strong evidence that 

Src directly phosphorylates septins in order to regulate their presence at the virus 

particle. Moreover, the dynamics of septins at WR and YdF viruses measured by 

FRAP are comparable. Increased accumulation of septins at the YdF virus is due to 

the lack of phosphorylation of the Y112 in A36 and subsequent recruitment of Nck. 

More specifically, Nck requires its third SH3 domain in order to reduce septin levels 

at vaccinia. Dynamin is one of the binding partners of Nck that specifically bind to 

this SH3 domain (Wunderlich et al., 1999). I found that dynamin is transiently 

recruited to CEV and displaces septins from the virus. Loss or inhibition of dynamin 

II leads to an increased accumulation of septins at CEV. Furthermore, in the absence 

of dynamin fewer actin tails are formed. Live-cell imaging revealed that dynamin 

recruitment coincides with a burst of actin polymerisation at the virus. This local actin 

polymerisation appears to be formin driven and helps displace septins from the virus. 

Identifying the involved formin in the process is an important goal for future 

experiments. Surprisingly, actin tails formed by WR and ΔNPF viruses respond 

differently to formin inhibition. Clarifying the underlying mechanism for this distinct 

behaviour is another aim among my future plans.  

 



Chapter 5. Septins suppress virus release and 
spread 

5.1 Introduction 

All viruses rely on several steps to successfully infect, replicate and spread in 

cultured cells.     

Following virus entry, genome replication and translation of viral proteins, new virus 

particles are assembled. In some cases, this is directly coupled to the budding 

process by which the virus leaves the cell. These new viral progenies need to exit 

the cell and reach neighbouring uninfected cells, where the next round of infection 

can occur. Proteins that either increase or decrease the efficiency of one or several 

of the above steps are referred to as pro or anti-viral factors. Identifying pro and anti-

viral host proteins in the context of vaccinia infection was the aim of two genome 

wide RNAi screens (Beard et al., 2014, Sivan et al., 2013). The screens were 

performed in a way that at least two rounds of infection would occur. Namely entry, 

replication, egress and second round of infection, summarized as spread, were 

measured. In order to clarify the role of septins during vaccinia infection I examined 

their impact on those individual steps.  

As it became clear that septins supress virus release and spread I investigated 

whether dynamin, which was shown to replace septins in the previous chapter, 

promotes virus release and spread. In addition, I decided to also examine whether 

Borgs, a group of proteins known to regulate septins (Joberty et al., 2001) (see 1.4.4), 

are also involved in regulating Vaccinia egress. Investigating their role during 

vaccinia infection could potentially widen our understanding of how septins exert 

their anti-viral effect.   

 

5.2 Results 

5.2.1 Septins suppress actin tail formation 

Actin-based motility is a common strategy used by a number of pathogens to 

accelerate their cell-to-cell spread (Bugalhão et al., 2015, Ireton, 2013, Welch and 

Way, 2013). In the previous chapter, I found that without dynamin septins are not 
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displaced from the virus and fewer actin tails are formed. This raises the question 

whether the absence of septins at the virus enhances actin tail formation. To test this 

hypothesis, I performed siRNA knockdown of SEPT7 in HeLa cells and infected them 

with WR expressing A3-RFP. Visualisation of actin with fluorescently labelled 

phalloidin revealed that the percentage of CEV inducing an actin tail was significantly 

increased (Allstar 23.9 ± 0.5% versus SEPT7 35.5 ± 1.7%, Figure 5.1A). 

Furthermore, the average actin tail was significantly longer (Allstar 2.5 ± 0.1µm and 

SEPT7 3.9 ± 0.1µm; see Figure 5.1B). Humphries and Snetkov previously 

demonstrated that the absence of clathrin also increases actin tail length (Humphries 

et al., 2012, Snetkov et al., 2016). Knockdown of septins in HeLa cells infected with 

the A36 ΔNPF1-3 virus, which is deficient in clathrin recruitment, further increased 

actin tail length (Allstar 3.3 ± 0.1 µm versus SEPT7 4.8 ± 0.1µm, Figure 5.1B). This 

is additional evidence that clathrin and septin act independently of each other at the 

virus. Actin tail length is influenced by actin polymerisation and depolymerisation 

rates beneath the virus and in the actin tail respectively. Given this, it is possible that 

longer actin tails are induced by an increase actin polymerization rate, which would 

be reflected by an increase in virus speed. To test whether this was the case, I 

performed live-cell imaging on HeLa cells treated with Allstar and SEPT7 siRNA. I 

then automatically determined the speed and directionality of viruses being propelled 

by actin tails using a Fiji plug-in particle tracker (Abella et al., 2015). There was no 

detectable difference in the speed of actin-based virus movement between control 

cells (185.8 ± 2.4 nm/sec) and septin-depleted cells (188.5 ± 2.1 nm/sec). Equally 

there was no difference in the directionality of the virus (Figure 5.1C). This data 

suggests that decreased depolymerisation, rather than increased polymerization, 

leads to longer actin tails in the absence of septins. Assuming that the actin 

depolymerisation machinery itself is unchanged in the absence of septin, it is more 

likely that the architecture of the tail is different. Lack of septins might result in the 

formation of a denser actin tail potentially with a higher density of Arp2/3 branches, 

making the actin structure more resistant to depolymerisation. Detailed analysis of 

the actin structure as well as photo-activation experiments of polymerized actin will 

be needed to dissect the underlying mechanisms. 
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Figure 5.1 Depletion of SEPT7 impairs actin tail formation 

A Quantification of WR CEV inducing an actin tail in control and SEPT7-depleted 
cells. B Representative immunofluorescence images showing actin stained with 
phalloidin in green and CEV in red in HeLa cells infected with WR and ΔNPF virus 
for eight hours. Scale bar = 2 μm. The graph shows actin tail length in control and 
SEPT7-depleted cells. C Quantification of speed and directionality of actin-
dependent movement of vaccinia. D Quantification of time to induce an actin tail. E 
Quantification of life-time of actin tails. Error bars represent SEM from three 
independent experiments; for A, B, C and E over 100 events and for D over 30 
events were analysed; n.s. p-value > 0.05; **** p < 0.0001.   
 

Given that septins are recruited after fusion and prior to actin tail formation one idea 

was that septins could impede and slow down the initiation of local actin 

polymerization without affecting the steady state velocity of the tail. In the case of 

clathrin it was shown that its absence increases the time between delivery of the 

virus to the cell periphery and actin tail initiation (Humphries et al., 2012, Snetkov et 

al., 2016). To test whether septin depletion has a similar effect on tail formation, I 
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determined the time between the end of microtubule-based movement and the onset 

of actin-based motility of the virus in the absence of SEPT7. Comparing cells 

transfected with Allstar and SEPT7 siRNA no significant difference in time to form an 

actin tail was observed (Figure 5.1D).  

However, when I determined the life-time of actin tails in control and septin-depleted 

cells, I found that actin tails existed for 3.0 ± 0.1 minutes in the presence of septins, 

whereas without septins the average life-time of an actin tail was 3.8 ± 0.1 minutes 

(Figure 5.1E). This data shows that actin tails formed in the absence of septin are 

more robust with an increased life-time. A denser actin network would not only 

impede depolymerisation leading to longer tails but also better ensures that plenty 

of mother filaments are available from which new daughter filaments can be 

branched off, making the tail less susceptible to perturbations.  

 

5.2.2 Septins inhibit virus release and spread 

From the siRNA screens, it is known that knockdown of septins results in more 

infected cell and more total amount of virus. This could either be due to an increase 

or acceleration in virus entry and replication or due to an increase in virus release or 

spread independent of more virus progeny. Therefore, I performed a single-step 

growth analysis. This technique allows to study one single replication cycle, covering 

virus entry and production of new virus particles. Septins were depleted in A549 cells 

using SEPT7 siRNA. The knockdown was confirmed by immunoblot analysis at 72 

hours after transfection (Figure 5.2A). Cells were infected with a high multiplicity of 

infection (MOI =10) to ensure that each cell is infected and will start producing new 

progeny virus. Cells were then harvested at 5, 9, 18 and 24 hours post-infection and 

the total amount of intracellular and cell-associated virus was determined by plaque 

assays performed on confluent monolayers of BS-C-1 cells. There was no significant 

difference in the virus titer between control and septin-depleted cells at any of the 

measured time points (Figure 5.2B). These data indicate that septins do not play a 

role during virus entry and replication. 
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Figure 5.2 Depletion of SEPT7 does not impact on virus growth 

A Western blot analysis confirming SEPT7 depletion in A549 cells after 72 hours of 
treatment; Grb2 was added as a loading control. B Virus titer during single step 
growth curve determined at 5, 9, 18 and 24 hours WR infection in A549 cells treated 
with control and SEPT7 siRNA. Error bars represent SEM from three independent 
experiments. 
 

Since septins are found on cell associated virus particles after fusion with the plasma 

membrane, septin depletion might impact on virus release and/or spread. Virus 

spread can be measured performing a plaque assay on confluent cell monolayers. I 

therefore infected confluent monolayers of A549 cells at a very low multiplicity of 

infection (MOI=0.005). To maintain a substantial knockdown of septin 7 over the 

course of three days, I transfected the confluent cells with siRNA 72 and 5 hours 

before infecting them with vaccinia and confirmed the knockdown by immunoblot 

analysis (Figure 5.3A). In order to measure only cell-to-cell spread and inhibit 

diffusion of the virus through the media, I covered the cells with a semi-solid overlay 

of 1.5% methylcellulose. The infection was then allowed to progress for 72 hours 

before the cells were fixed. The plaques that formed in the cell monolayer were then 

visualized by immunostaining against the viral protein B5 (Figure 5.3B) and the 

diameter of the plaques was measured.  In Allstar treated siRNA cells WR formed 

1.56 ± 0.01 mm sized plaques whereas RNAi-mediated loss of SEPT7 led to larger 

1.94 ± 0.02 mm sized plaques (Figure 5.3B). This data shows that loss of septins 

increases the cell-to-cell spread of the virus. In parallel, I also performed plaque 

assays using media as a liquid overlay allowing virus diffusion. Under these 

conditions WR formed plaques with a diameter of 1.60 ± 0.02 mm in control infected 
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cells and 2.23 ± 0.03 mm sized plaques in septin-depleted cells. In addition to 

significantly larger plaques, I observed also an increase in the number of the so 

called “comets”. Spontaneous flows in the media cause non-uniform diffusion of the 

virus, thereby allowing these trails of infected cells to form around the plaques, as 

seen in Figure 5.3C. Increased comet formation are indicative of higher levels of EEV 

release (Horsington et al., 2013, Mathew et al., 1999, McIntosh and Smith, 1996).  

Given that septins and actin tails seem to compete with each other, I wanted to see 

if the observed increase in spread depends on the actin-based motility of the virus.  

To investigate this matter, I analysed the size of plaques formed by the A36-YdF 

virus, which is deficient in actin tail formation (Frischknecht et al., 1999b, Moreau et 

al., 2000, Rietdorf et al., 2001, Ward et al., 2003), in the presence and absence of 

SEPT7. Again, a significant increase in virus spread following septin depletion was 

observed under both the semi-solid and the liquid overlay (semi-solid overlay: Allstar 

0.96 ± 0.01 mm, SEPT7 1.17 ± 0.01mm; liquid overlay: Allstar 0.91 ± 0.01 mm, 

SEPT7 1.40 ± 0.03 mm), see Figure 5.3D and E. These results demonstrate that the 

accelerated cell-to-cell spread of vaccinia upon septin depletion does not require 

vaccinia-induced actin tail formation. 
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Figure 5.3 Septin depletion increases virus spread 

Western blot analysis confirming the knockdown of SEPT7 in A549 cells at the 
terminal point of the plaque assay; Grb2 is included as a loading control B Virus 
plaques formed under semi-solid overlay in control and SEPT7-depleted A549 cells 
infected with WR for 72 hours. C Virus plaques formed under liquid overlay in control 
and SEPT7-depleted A549 cells infected with WR for three days. D, E Virus plaques 
formed under semi-solid or liquid overlay in control and SEPT7-depleted A549 cells 
infected with YdF for three days. All graphs show the quantification of plaque 
diameter. Scale bar = 1 cm. Error bars represent SEM from three independent 
experiments in which over 190 plaques were analysed; p-value of <0.0001 is 
indicated by ****. 
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Virus spread depends on several parameters, one of which is the amount of released 

virus. Extracellular enveloped virus particles (EEV) are released from the cell by 

fusion of intracellular enveloped viruses (IEV) with the plasma membrane from 6 

hours post infection onwards (Payne, 1980, Payne and Kristenson, 1979, Smith and 

Law, 2004). To assess EEV release, I transfected A549 cells with Allstar and SEPT7 

siRNA and subsequently infected them after 72 hours with a high multiplicity of 

infection (MOI=10) of WR or A36-YdF virus. After 1eight hours of infection the media 

containing the released EEV was collected and their titer determined using plaque 

assays. In parallel the infected cells were also harvested and the amount of 

intracellular and cell-associated virus was measured. Experiments were performed 

in duplicate in three independent experiments. Virus levels varied slightly between 

experiments on different days but the technical replicates were consistent. To 

account for these variations, I also calculated the relative amount of virus released 

in addition to the absolute number of virus particles released. Overall there was 

significantly more virus released from cells depleted of septin compared to the 

control, for both WR and YdF infected cells (Figure 5.4). The increase in virus release 

occurred despite a slight decrease in intracellular virus, indicating that while virus 

production is not increased, the process of virus egress is improved.  Furthermore, 

it was worth noticing that in the case of WR the amount of released virus was three 

logs below the intracellular virus, consistent with previous observations (Smith and 

Law, 2004). In addition, a reduction in A36-YdF release was observed compared to 

the wild type virus (Figure 5.4), as previously reported (Horsington et al., 2013). 

Taken together, these data show that septins exert their anti-viral role by restricting 

vaccinia release and spread.  
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Figure 5.4 Depletion of SEPT7 increases virus release from infected A549 cells 

A Quantification of WR virus titer released from control and SEPT7-depleted A549 
cells after 18 hpi. Virus release is increased while the amount of intracellular virus is 
slightly decreased. B Quantification of YdF virus titer released from control and 
SEPT7-depleted A549 cells after 18 hpi. Virus release is increased while the amount 
of intracellular virus is not significantly changed. Error bars represent SEM from three 
independent experiments; n.s. p-value >0.05; * p-value < 0.05; ** p-value < 0.01; *** 
p-value < 0.001. 
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5.2.3 Dynamin has multiple roles during vaccinia replication 

In the previous chapter I showed that the recruitment of dynamin to CEV leads to the 

displacement of septins. In this chapter, I found that septin depletion leads to 

increased virus release and spread (Figure 5.3 and Figure 5.4). I next set out to 

investigate whether I could revert this phenotype by removing dynamin from the cells.  

First, I repeated the EEV release assay in the Dyn +/+ and Dyn -/- cells.  As septins 

inhibit virus release but are displaced by dynamin, virus release should be reduced 

in the absence of dynamin. This hypothesis was confirmed, as Dyn -/- cells release 

about 60% fewer EEV than Dyn+/+ parental cells 18 hours post-infection (Figure 

5.5A).  However, quantification of the intracellular virus revealed that dynamin 

knockout cells produced 70% less virus compared to the parental cells (Figure 5.5A). 

The decreased level of intracellular virus indicated that dynamin plays an additional 

role before virus release. It was not clear whether the decrease in virus release was 

due to lack of septins displacement by dynamin or due to the reduced number of 

total virus inside the cells.  

 

To follow up on these release experiments, I also performed a single-step growth 

curve to examine virus replication by infecting the Dyn +/+ and Dyn -/- cells with WR 

at a high multiplicity of infection (MOI=10). Comparing total virus titers at 5, 9, 18 and 

24 hours post-infection reveals that dynamin knockout cells consistently produced 

less virus than the dynamin parental control cells (Figure 5.5B). This confirms that 

dynamin impacts on an earlier step during virus replication prior to virus release.  
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Figure 5.5 Virus release and replication is reduced in the absence of dynamin 

A Quantification of released and intracellular WR virus in control and Dyn -/- cells 
after 18 hpi. Virus release is increased while the amount of intracellular virus is 
slightly decreased. B Virus titer during single step growth curve determined at 5, 9, 
18 and 24 hpi from WR infected control and Dyn -/- cells. Error bars represent SEM 
from three independent experiments; ** p-value < 0.01; *** p-value < 0.001. 
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Reduced virus production and release should also result in smaller virus plaques.  

Plaque assays on confluent control and dynamin knockout fibroblasts revealed a 

significant decrease in plaque diameter in the absence of dynamin for both WR 

(Dyn+/+ 2.15 ± 0.02mm versus Dyn-/- 1.33 ± 0.03nm) and YdF infected cells (Dyn+/+ 

1.32 ± 0.02mm versus Dyn-/- 0.79 ± 0.02nm) see Figure 5.6.  Moreover, it was 

noticeable that in the dynamin knockout cells fewer plaques were also formed. 

Normalized to the parental cells only 48 ± 7 % and 30 ± 12% of WR and A36-YdF 

viruses respectively could establish an infection and go on to form a plaque (Figure 

5.6). In order for a plaque to be detected more than one cell has to be infected. 

Hence it is not clear if loss of dynamin results in an entry defect or whether replication 

and spread are so severely impaired that the side of infection remains too small to 

be detected. Further experiments are needed to determine whether dynamin is 

involved in virus entry and/or replication. However, any effects of dynamin during 

virus egress are obscured by the earlier involvement of dynamin.  
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Figure 5.6 Absence of dynamin results in smaller and fewer plaques 

A Virus plaques formed under semi-solid overlay in control and Dyn -/- cells infected 
with WR or YdF. Quantification of plaque diameter and amount. Fewer and smaller 
plaques are formed in the absence of dynamin. Error bars represent SEM from three 
independent experiments; ** p-value < 0.01; **** p-value < 0.0001. 
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5.2.4 Borg2 regulates septins at the CEV and has additional pro-viral effects 
on virus release and spread 

Septins can be regulated in a variety of ways, for example by post translational 

modification such as phosphorylation (Cvrcková et al., 1995, Longtine et al., 1998, 

Versele and Thorner, 2004, Dobbelaere et al., 2003 Garcia, Garcia et al.) and 

SUMOlation (Johnson and Blobel, 1999, Johnson and Gupta, 2001, Makhnevych et 

al., 2007, Martin and Konopka, 2004). Since septins are GTPases, their guanine 

nucleotide binding states is also thought to impact on their behaviour (Kim et al., 

2012, Mendoza et al., 2002, Sirajuddin et al., 2009). Alternatively, direct interaction 

with other proteins can influence their function. The Borgs, also named Cdc42 

effector proteins (CDC42EP 1-5), are a family of proteins that regulate both septin 

and actin downstream of Cdc42 (Hirsch et al., 2001, Joberty et al., 1999, Joberty et 

al., 2001). Borg2 can act as “molecular glue” and connect actin and septin filaments 

(Calvo et al., 2015). I therefore decided to investigate the potential role of Borgs 

during vaccinia infection, since it is possible they are responsible for recruiting 

septins to the virus.  

 

Given its ability to interact with actin and septin filaments, I focused on Borg2. 

Unfortunately, I was not able to find an antibody that was suited for 

immunofluorescence. Next, I expressed GFP-tagged Borg2, kindly provided by 

F.Calvo (Calvo et al., 2015) in HeLa cells stably expressing mCherry-SEPT6 and 

LifeAct-iRFP. I found that the localization of Borg2 very much resembles SEPT6 

localization and Borg2 was also transiently recruited to vaccinia virus particles 

(Figure 5.7). 
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Figure 5.7 Borg2 co-localizes with SEPT6 and is also recruited to vaccinia 

Stills from live cell imaging of an infected HeLa cell expressing mCherry-SEPT6, 
LifeAct-iRFP and GFP-Borg2. Yellow arrow highlights the displacement of Borg2 and 
SEPT6 by the forming actin tail. The time is indicated in seconds. Scale bar = 2µm.  
 

As a next step, I used a pool of four different siRNA oligos to deplete Borg2. Cells 

were either treated with Allstar, SEPT7, Borg2 or Borg2 + SEPT7 siRNA and the 

knockdown efficiency was confirmed by immunoblot analysis on whole cell lysates 

(Figure 5.8A). Depletion of Borg2 did not change the overall level of SEPT7 or 

SEPT2 in the cell, neither did septin depletion alter the level of Borg2 expression. 

Nevertheless, Borg2 depletion reduces the number of functional septin structures in 

SETP7 stained cells. In the control 12.7 ± 2.8% of WR and 64.6 ± 6.2% of A36-YdF 

CEV co-localized with SEPT7 only 3.2 ± 2.2% of WR and 19.0 ± 4.5% of YdF CEV 

recruited septins in Borg2-depleted cells (Figure 5.8B). As expected SEPT7 siRNA 

treatment also led to reduced levels of septin recruitment (WR 1.5 ± 1.0% and YdF 

10.4 ± 3.2%,). The double knockdown further decreased the number of septin 
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positive CEV (WR 1.3 ± 0.6% and YdF 5.9 ± 2.5%).  These data suggest that Borg2 

is involved in septin recruitment to the virus.  

 

 
Figure 5.8 Depletion of Borg2 decreases septin recruitment to vaccinia 

A Western blot analysis showing Borg2, SEPT2 and SEPT7 protein levels under the 
indicated knockdown conditions; Grb2 is included as a loading control. B 
Representative image of YdF infected HeLa cells stained for SEPT7 in green and 
CEV in red under the indicated knockdown conditions. Scale bar = 5 μm. The graph 
shows the % of CEV recruiting SEPT7. Error bars represent SEM from two and one 
independent experiments, in which 600 or 300 particles for WR and YdF infected 
cells were analysed, respectively. 
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In agreement with this, I also found that Borg2 and SEPT7 depletion had similar 

effects on actin tails (Figure 5.9A). Loss of Borg2 resulted in slightly more CEV 

inducing an actin tail (34.1 ± 5.6%) and the average tail length was significantly 

increased (4.1 ± 0.1 µm). The same effect was observed in the double knockdown 

(Figure 5.9A). The dynamics of actin tails, however, did not change upon either 

septin or Borg2 depletion compared with control cells. In the absence of Borg2 

viruses moved with a speed of 183.2 ± 3.5 nm/sec and a directionality of 0.76 ± 0.01, 

whereas SEPT7 and Allstar knockdown led to speeds of 183.4 ± 3.1 and 176.3 ± 3.1 

nm/sec and directionalities of 0.78 ± 0.01 and 0.79 ± 0.01 respectively. As seen with 

the septin depletion, knockdown of Borg2 significantly increased the life-time of actin 

tails (Allstar 2.9 ± 0.1min SEPT7 3.8 ± 0.1min Borg2 4.2 ± 0.1min Borg2+SEPT7 4.5 

± 0.2min). These data suggested that Borg2 and septins work together and influence 

vaccinia induced actin tails in a similar fashion.  
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Figure 5.9 SEPT7 and Borg2 depletion enhance actin tail formation 

A Quantification of number and length of actin tails in control cells and SEPT7, Borg2 
and SEPT7+Borg2-depleted cells. B Quantification of virus speed and directionality 
during actin-based movement in WR infected HeLa cells. C Quantification of the life-
time of vaccinia induced actin tails in control and SEPT7, Borg2 and SEPT7+Borg2 
HeLa cells. Knockdown of Borg2 and SEPT7 have similar effects on actin tail 
formation. Error bars represent SEM from three independent experiments; n.s. p-
value > 0.05; *** p-value < 0.001; **** p-value < 0.0001. 
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These data show that Borg2 is involved in septin recruitment at the CEV. Given 

septins-mediated inhibition of vaccinia spread, loss of Borg2 should increase the 

spread and release of vaccinia by reducing the amount of septins recruited to the 

CEV. To investigate if this is the case, I analysed the size of WR and YdF induced 

plaques in A549 cells depleted of SEPT7, Borg2 or both proteins. Surprisingly 

knockdown of Borg2 did not phenocopy septin depletion. While lack of septin 

increase virus spread, Borg2 depletion had the opposite effect and led to smaller 

plaques, (WR: Allstar 1.60 ± 0.02 µm, SEPT7 2.23 ± 0.03 µm Borg2 1.18 ± 0.02µm, 

YdF: Allstar 0.91 ± 0.01µm SEPT7 1.40 ± 0.03µm and Borg2 0.74 ± 0.02µm) see 

Figure 5.10A. Interestingly depletion of both proteins resulted in normal sized or 

larger plaques in WR and YdF infected cells respectively (WR 1.65 ± 0.03µm and 

YdF 1.06 ± 0.02µm). Similar results were obtained under semi-solid overlay 

conditions. The inhibitory effect of Borg2 knockdown was less pronounced under 

semi-solid condition and in YdF infected cells. In those cases, the combined 

knockdown lead to larger plaques (Figure 5.10B). One explanation could be that 

Borg2 is involved in virus release. Under condition where diffusion is prevented or 

only few virus particles can exit the cell, Borg2 depletion has less impact.  
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Figure 5.10 Septin and Borg2 depletion have opposing effects on virus spread 

A Virus plaques formed under liquid overlay in WR and YdF infected A549 cells 
transfected with Allstar, SEPT7, Borg2 and SEPT7+Borg2 siRNA. Quantification of 
plaque diameter. B Quantification of plaque diameter in WR and YdF infected A549 
cells under semi-solid overlay in control and SEPT7, Borg2 and SEPT7+Borg2-
depleted conditions. Borg2 depletion increases virus spread, while SEPT7 
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knockdown has the opposite effect. Error bars represent SEM from three and one 
independent experiments in which over 190 and 70 plaques for semi-solid and liquid 
overlay respectively were analysed; n.s. p-value > 0.05; **** p-value < 0.0001. 
 

These rather unexpected results showed that overall Borg2 facilitates cell-to-cell 

spread of vaccinia. Furthermore, in the case of simultaneous depletion of SEPT7 

and Borg2 pro- and anti-viral effects could partially cancel each other out, resulting, 

in most cases, in a slight increase in plaque size. This would suggest that septins 

have a stronger impact on vaccinia spread than Borg2. However, Borg2 might also 

affect other parts of the viral replication cycle. Given that Borg2 is an effector of 

Cdc42, which in turn is regulated by the virus, vaccinia could indirectly influence 

Borgs to its advantage.  

 

Next, I also compared virus release upon SEPT7 or Borg2 depletion. While septin 

depletion led to a 1.8-fold increase in virus release, Borg2 depletion decreased virus 

release by 54%. (Figure 5.11). In case of the YdF virus, the trend was the same but 

Borg2 knockdown did not significantly reduce virus release. These data indicate that 

the decrease of virus spread when depleting Borg2 is at least partially due to reduced 

levels of virus release. Furthermore, Borg2-mediated enhancement of virus release 

and spread is more pronounced in the WR virus.  

 
Figure 5.11 Borg depletion decreases virus release 

Quantification of WR and YdF virus titer released from control, SEPT7 and Borg2-
depleted A549 cells after 18 hours of infection. Error bars represent SEM from three 
independent experiments; n.s. > 0.05; ** p-value < 0.01; *** p-value < 0.001 **** p-
value < 0.0001. 
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5.3 Summary 

After investigating septin recruitment and loss from CEV I have now explored the 

effects of septins during virus egress and spread. Knockdown of SEPT7 leads to 

more and longer actin tails with an extended life-time. On a more macroscopic scale, 

septin depletion increases the cell-to-cell spread of vaccinia. The inhibitory effect of 

septin on virus release occurs regardless of whether the virus can form actin tails or 

diffuses through the media. While septin depletion does not significantly change the 

entry and replication of the virus, more EEV are released from infected cells. In WR 

infected cells dynamin efficiently displaces septins from the virus. Therefore, virus 

release and spread should be decreased in dynamin knockout cells. Indeed, in the 

absence of dynamin there are significantly fewer and smaller plaques formed 

confirming a role of dynamin during vaccinia spread. Single-step growth curves 

revealed a supportive role of dynamin during the virus replication cycle prior to virus 

egress. Unfortunately, this additional earlier involvement of dynamin obscures later 

effects during egress. Looking at another group of proteins that have the ability to 

regulate septins, I found that Borg2 is required for septin recruitment to virus particles. 

While Borg2 knockdown phenocopies septin depletion in terms of actin tail dynamics, 

it has opposing effects on virus release or spread. Furthermore, it seems as if Borg2-

mediated enhancement of virus release and spread is more prominent in WR than 

YdF infected cells. Identifying the additional role of Borg2 during vaccinia infection 

and investigating if and how Borg2 mediates septin recruitment to the virus will be 

part of future work.   

 

 

  



Chapter 6. Discussion 

Septins are conserved components of the cytoskeleton that are involved in a variety 

of fundamental cellular processes including division, migration and membrane 

trafficking (Bridges and Gladfelter, 2015, Fung et al., 2014, Mostowy and Cossart, 

2012, Saarikangas and Barral, 2011). In addition, septins can suppress bacterial 

infection by forming cage-like structures around pathogens such as Shigella or 

Listeria (Mostowy et al., 2009a, Mostowy et al., 2010, Mostowy et al., 2011, Sirianni 

et al., 2016). In this thesis, I investigated the role of septins during vaccinia virus 

infection. I demonstrate that septins are recruited to vaccinia during viral egress 

immediately following its fusion with the plasma membrane. RNAi-mediated 

depletion of septins results in increased virus release and accelerated cell-to-cell 

spread, as well as the formation of more and longer actin tails with prolonged life-

times. Live cell imaging revealed that septins are displaced from the virus when 

vaccinia induces actin polymerization. I found that septin loss is dependent on the 

recruitment of the SH2/SH3 adaptor Nck, but not on Arp2/3-mediated actin 

polymerization. Moreover, it is the recruitment of dynamin by the third SH3 domain 

of Nck that is responsible for the displacement of septins from the virus. Furthermore, 

chemical inhibition of formins increases septin recruitment as seen with dynamin 

inhibition, indicating that formins are also involved in the displacement of septins. My 

work demonstrates that septins have an anti-viral effect and that dynamin is recruited 

to vaccinia to overcome septin “entrapment” to enhance virus release and spread. 

 

6.1 Septins are recruited to vaccinia during viral egress 

The aim of my thesis was to characterize the role of septins during vaccinia infection. 

Previous data from two siRNA screens demonstrated that knockdown of septins 

negatively impacts on replication and/or spread of vaccinia virus (Beard et al., 2014, 

Sivan et al., 2013). However, the experimental design did not define how or at which 

stage of the virus life-cycle septins exert their anti-viral effect. Given that septins are 

involved in the uptake and spread of several bacterial pathogens, including EPEC, 

Shigella and Listeria (Sirianni et al., 2016, Scholz et al., 2015, Mostowy et al., 2010, 

Mostowy et al., 2009a, Mostowy et al., 2009b), I started to explore the function of 
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septins in the context of vaccinia infection by visualizing endogenous SEPT7 in HeLa 

cells at various points of infection. Septins are recruited to vaccinia from 7 hours 

infection onwards when newly generated virus particles reach the plasma membrane 

and exit from the cell (Figure 3.2 and Figure 3.3). More specifically, septins co-

localize with a subset of viruses that have already fused with the plasma membrane 

but remain attached to the cell. These virus particles are referred to as cell-

associated enveloped viruses (CEV) (Figure 3.5). Live cell imaging revealed that 

septins are recruited to vaccinia just before the virus induces local actin 

polymerisation (Figure 3.8). These actin tails propel the virus onto neighbouring cells 

thereby greatly enhance virus spread (Frischknecht et al., 1999b, Rietdorf et al., 

2001, Ward et al., 2003, Moreau et al., 2000, Welch and Way, 2013) and their 

formation marks the loss of septins from the virus.   

A very similar behaviour has been observed previously for clathrin (Humphries et al., 

2012, Snetkov et al., 2016). Prior to actin tail formation intersectin and Eps15 are 

recruited to vaccinia virus particles via three so-called NPF motifs in A36 and 

subsequently clathrin and AP-2 also localize to the virus (Humphries et al., 2012, 

Snetkov et al., 2016). Septin and clathrin accumulate at the virus approximately four 

and two minutes prior to actin tail formation respectively. Together both proteins are 

displaced by the newly formed actin tail. Their overlapping presence at the virus 

begged the question whether septin recruitment affects clathrin at the virus or vice 

versa. My work in chapter 3.2.3 showed that neither is the case, since, septin and 

clathrin are recruited independently of one another to vaccinia.  

 

Using conventional fluorescence microscopy is limited by the diffraction limit of light 

and it is therefore only possible to separate two structures if they are spaced apart 

more 200-350 nm (Abbe, 1883, Coling and Kachar, 2001, Combs and Shroff, 2017). 

However, several “super-resolution” light microscopy techniques have been 

developed that achieve resolution far superior to traditional approaches. One of 

these methods is named structured illumination microscopy (SIM) and allows for 

lateral resolution of around 100nm (Schermelleh et al., 2008, Gustafsson, 2000, 

Gustafsson et al., 2008). Studying proteins located at vaccinia, which is 

360x270x250nm in size (Cyrklaff et al., 2005), this advanced microscopy technique 

resulted in a sub-viral resolution (Gray et al., 2016, Horsington et al., 2012, 

Humphries et al., 2012). Imaging cells infected with a virus encoding a mutated A36R 
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gene encoding two tyrosine-to-phenylalanine substitutions (YdF) (Frischknecht et al., 

1999b, Rietdorf et al., 2001, Ward et al., 2003, Moreau et al., 2000) that in addition 

expressed an RFP-tagged A3 core protein (RFP-A3L YdF) revealed that SEPT7 

appears as a ring surrounding the virus. Looking at the orthogonal views, septins are 

found all along the length of the virus (Figure 3.10C and Figure 3.11B). However, 

with SIM the resolution in z is still expected to be between 250 and 350 nm, 

(Schermelleh et al., 2010, Huang et al., 2010) This is an improvement compared to 

confocal imaging with around 800nm z-resolution, but it still does not allow for any 

conclusion about the relative positioning of septin and the enclosed virus particle 

along the z-axis. 

 

Therefore, I turned to scanning electron microscopy, which has a resolution of down 

to 50 pm (Erni et al., 2009) on “unroofed” cells, a method that has been successfully 

used to visualize clathrin-coated vesicle (see chapter 2.6.4) (Heuser, 1980, Heuser, 

2000, Sochacki et al., 2017). Testing different “unroofing” and sample preparation 

protocols I was not able to preserve the structural features to the same extend as 

others had reported before. For example, I could not identify the typical clathrin lattice. 

Changing the drying step from air drying to critical point drying clearly improved the 

structural preservation, especially of actin filaments (Figure 3.16), however further 

adaptations will be required. One improvement may be to adapt the fixation step after 

the “unroofing”, such as using a combination of glutaraldehyde and PF followed by 

tannic acid and uranyl acetate, as performed by Sochacki and colleagues (Sochacki 

et al., 2017). Another option is to create platinum replica of the sample and image 

them with a transmission electron microscope (TEM), which could give better 

resolution than the platinum coat. However, my EM data indicates that some viruses 

are invaginated in a membrane pit and immunolabelling of SEPT7 suggests that 

septins surround the invaginated virus particle forming a cup-like structure that 

covers the “basolateral” sides of the virus (Figure 3.15). Given the cup-like structure, 

one can imagine how septins restrict the release of vaccinia by entrapping the virus 

particle. This could be achieved by a physical constriction of the membrane. Right 

after fusion, when the virus is still invaginated, septins might constrict the neck of the 

membrane pit and thereby the virus remains trapped in the invagination. Horsington 

and colleagues reported reduced levels of virus release in situations where actin 

polymerization is blocked, either by infecting with YdF virus or by using CytoD 
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treatment or Nck null cells or (Horsington et al., 2013). This work proposed that 

vaccinia virus particles remain trapped in a membrane pit and require local actin 

polymerization to be pushed outwards to successfully detach from the cell. It is 

tempting to suggest that septin entrapment contributes to the described retention 

during virus release. 

 

Alternatively, the septin cup surrounding the virus could inhibit virus release and 

spread by masking the cytoplasmic parts of CEV proteins. Septins might sterically 

hinder Src and downstream proteins such as Nck, WIP and N-WASP from accessing 

A36. However, this speculation raises an interesting question. Namely, how are 

septins and clathrin arranged when both are present at the virus simultaneously? 

Clathrin was shown to form a coat underneath the CEV (Humphries et al., 2012). 

Since clathrin is recruited to the virus particle after septin, it might form an outer 

lattice surrounding the septin cup. Yet, this would require the cytoplasmic tail of A36 

to extend through the septin layer to allow binding of Eps15/intersectin to the NPF 

motifs. Another possibility is that the clathrin lattice assembles between virus 

membrane and septin cup, which would require the triskelia to diffuse through the 

layer of septin. In chapter 4.2.4 I observed that septins are lost from the virus a few 

seconds before clathrin. If septins are indeed located between virus and clathrin coat, 

the disassembled septins would be required to diffuse through the clathrin coat. 

Alternatively, the delayed displacement of clathrin might be due to a slower 

disassembly rate of the clathrin coat compared with the septin “cup”. Additional high-

resolution imaging is needed to resolve the precise arrangement of both proteins at 

the virus. 

 

An invaginated virus particle has several parallels to the formation of a clathrin-

coated vesicle. Although the virus is significantly larger than an average endocytic 

vesicle, which measures around 90nm (Heuser, 1980), they both recruit clathrin, AP-

2, intersectin, Eps15, dynamin and the actin polymerization machinery, and both 

induce a branched actin network underneath (Kirchhausen et al., 2014, Robinson, 

2015, Goode et al., 2015, Humphries et al., 2012, Snetkov et al., 2016). Yet in one 

case the actin polymerization drives the object inwards (clathrin-coated vesicle) and 

in the other case it pushes the object outwards (vaccinia virus). What determines the 

opposite outcome and which mechanisms apply to both systems? Would a larger 
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vesicle or a smaller virus go the opposite way? Certainly, the orientation of the actin 

filaments determines the direction of the exerted force. In case of the vesicle, 

filaments grow parallel to the plasma membrane towards the neck of the vesicle, as 

well as away from the plasma membrane towards the cell centre (Collins et al., 2011). 

In contrast, actin filaments associated with the CEV grow towards the plasma 

membrane pushing the virus outward (Cudmore et al., 1995, Cudmore et al., 1996). 

Yet how is the orientation of actin filaments determined? Might the formin-dependent 

actin burst seen on vaccinia viruses help polarize the actin outward? Formins, such 

as formin2 and mDia1, are involved in clathrin-independent endocytosis and 

phagocytosis, but not in clathrin-mediated endocytosis (Junemann et al., 2016, 

Brandt et al., 2007, Soykan et al., 2017, Lian et al., 2016). Does dynamin collaborate 

with formins during additional cellular processes? Is dynamin also preferentially 

recruited to the rim of the clathrin patch as seen during early steps of clathrin-

mediated endocytosis and how does this correlate with Nck localization (Sodeik et 

al., 1993)?  

Answering these questions will bring useful insights into the mechanistic similarities 

and differences between clathrin-coated vesicles and septin/clathrin-coated vaccinia 

virus particles, and may provide insights of wider cell biological significance. 

 

6.2 How are septins recruited to the virus   

Seeing that septins co-localize with CEV at the cell periphery raised the question of 

how septins are recruited to the virus particle. The drastic increase in septin 

recruitment to YdF viruses (Figure 4.1) led to our hypothesis that septins could be 

recruited to non-phosphorylated A36. A36 is found in the outer membrane of IEV 

and CEV and it gets phosphorylated by Src only on CEV prior to actin tail formation 

(Smith et al., 2002, Smith and Law, 2004). However, the recruiting signal of A36 

would need to be in the context of the plasma membrane, since intracellular virions 

do not recruit septins. It has been shown that the largely disordered, cytoplasmic part 

of A36 has the ability to self-interact (Snetkov, 2015). This would allow intermolecular 

association between several A36 proteins, as well as adopting a closed conformation 

of the protein. It is not clear what could trigger the switch between closed and open 

conformation, but it would add another layer of regulation during viral egress 
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(Snetkov, 2015). Could it be possible that septins are only recruited to one of the two 

conformations? It had been speculated that the phosphorylation of A36 might impact 

on the open/closed conformation (Snetkov, 2015). Therefore, A36-YdF would only 

adopt one conformation and this might make it more efficient in recruiting septins. 

However, A36 was not required for septin recruitment and PP1 treatment in ΔA36 

infected cells had no effect (Figure 4.7A) suggesting that the phosphorylation A36 

triggers the displacement of septins from the virus. When the A36 gene was 

substituted with either the YLDV orthologue Y126 or a part of calsyntenin-1 to 

overcome the trafficking defect of the ΔA36 virus, high levels of septin recruitment 

were observed (Figure 4.7B,C) providing further evidence that A36 is not essential 

for septin recruitment.  

 

Septins are often found at membranes and it was shown that they bind directly to 

PIP2 (Bertin et al., 2010, Bridges and Gladfelter, 2015, Zhang et al., 1999). PIP2 

containing membranes can facilitate septin assembly (Bertin et al., 2010). In MDCK 

cells, septins are recruited to macropinosomes in a PI(3,5)P2-dependent manner 

(Dolat and Spiliotis, 2016). Conversely, it was shown that septins can redistribute 

PIP2 on the plasma membrane (Sharma et al., 2013). In response to ER Ca2+ store 

depletion, septins and PIP2 form clusters at ER-plasma membrane junctions to allow 

successful recruitment of ORAI1 Ca2+ channels to the septins and PIP2 free regions 

(Sharma et al., 2013). In addition, in Candida albicans septins and PIP2 are jointly 

redistributed at the plasma membrane in response to cell wall damage. Although it 

is not known whether septins recruit PIP2 or vice versa, a strong co-localization has 

been observed (Badrane et al., 2012, Badrane et al., 2016). Taken together these 

reports have given rise to the speculation that septins are recruited to PIP2, which 

might be enriched at the plasma membrane underneath CEV. Interestingly, the 

Ebola virus protein VP40 was shown to enhance PIP2 clustering (Johnson et al., 

2016, Gc et al., 2016) and PIP2 is also linked to Src and FAK signalling at focal 

adhesions (Goni et al., 2014). However, preliminary data using GFP-tagged PLCδ-

PH domain, a PIP2 reporter (Varnai and Balla, 1998, Stauffer et al., 1998), revealed 

that tagged PLCδ-PH is recruited to ~19, 25 and 7% CEV in WR, ΔNPF and YdF 

infected cells respectively. Less than 3% of all CEV show simultaneous recruitment 

of septins and the PIP2 probe (Figure 6.1A,B).  
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Figure 6.1 Septins and GFP-PLCδ-PH do not preferentially co-localize at the virus 

 A Immunofluorescence image of a HeLa cell infected with YdF for eight hours 
expressing GFP-PLCδ-PH as a marker for PIP2 (green) and stained for SEPT7 (red) 
and CEV (blue). Yellow arrow heads indicate PIP2-rich areas that are void of septins. 
Scale bar = 5 µm. B Quantification of CEV co-localizing with SEPT7, GFP-PLCδ-PH 
and both. Error bars represent SEM from over 30 particles counted in ten cells from 
one independent experiment.  
 
 
This contrasts the studies of septins and PIP2 surrounding ORAI1 channels, where 

a strong overlap of septins and the PIP2 marker was reported (Sharma et al., 2013). 

However, given that both, the PLCδ-PH domain and septins, bind to PIP2, they might 

be competing and this could result in a spatial anti-correlation. Using an antibody 

against PIP2 may determine whether or not the membrane under the CEV is enriched 

in PIP2. Further evidence for a competition between septins and PLCδ-PH domain 

may be gained by comparing recruitment of GFP-PLCδ-PH to vaccinia in control and 

septin-depleted cells. Alternatively, the levels of PIP2 can be reduced at the plasma 
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membrane to determine the level of co-localisation of SEPT7 and CEV. Live cell 

imaging using the GFP-tagged PLCδ-PH domain will reveal if septins displace the 

marker from the virus or whether PIP2 enrichment is linked to another specific step 

during viral egress. 

However, the virus membrane is thought to be densely packed with viral proteins, 

and clathrin was shown to polarize A36 at the base of the virus (Humphries et al., 

2012, Payne and Kristensson, 1990, Smith et al., 2002). Therefore, it is questionable 

how many lipids are exposed and accessible.  

 

Another hypothesis to explain why septins accumulate at the virus could be that 

septins are recruited by the plasma membrane curvature at the CEV. Septins can 

induce tubulation and bending of membranes (Tanaka-Takiguchi et al., 2009), but 

more recent work has also shown that septin can sense positively curved 

membranes and show preferential binding to lipid-coated beads with a diameter of 

1-3 µm (Bridges et al., 2016). Vaccinia is only 250-300nm in size, however, septins 

were also found on slightly smaller beads with similar dimensions as vaccinia 

(Bridges et al., 2016, Cyrklaff et al., 2005). Unfortunately, confirming that the 

membrane curvature is required and sufficient to recruit septins to the virus is 

experimentally challenging. As an initial test, I used latex beads with 250 nm 

diameter and added them on top of uninfected GFP-SEPT6 cells. Interestingly, I 

found that some of the beads recruited septins in a very similar fashion as CEV 

(Figure 6.2). Live cell imaging showed that septin recruitment can remain stable over 

several minutes. My current results do not yet prove that these beads really induce 

membrane curvature and it cannot be excluded that the beads induce any other 

reactions in the cell. However, the hypothesis that the membrane curvature 

surrounding the invaginated CEV is sensed by septins remains attractive. Combined 

with the finding that YdF viruses are more often found in membrane pits than WR 

viruses, which by contrast sit on a flatter patch of plasma membrane (Horsington et 

al., 2013) this could explain the increased levels of septin recruitment to YdF.  
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Figure 6.2 Latex beads can also recruit septins 

Latex beads (red) were added on top of GFP-SEPT6 HeLa cells (green). Yellow 
arrow heads indicate the enrichment of septins associated with latex beads. Scale 
bar = 2µm.  
 
 

6.3 What causes the loss of septins from the virus?  

Given the similarities between the recruitment of clathrin and septin in respect to 

actin tail formation, I speculated that actin polymerization physically pushes the virus 

away from the septins which then disassemble, similarly to the clathrin coat 

(Humphries et al., 2012). This hypothesis was supported by experiments using the 

YdF virus, which is deficient in actin tail formation. I found that 85% of YdF CEV co-

localized with septins and it was noticeable that CEV accumulated in clusters at the 

cell periphery (Figure 4.1). However, using the Arp2/3 inhibitor CK666 I found that 

WR still recruits septins to the same extent as in control cells (Figure 4.2A). In order 

to confirm that the absence of actin tails did not change septin recruitment, I took 

advantage of the N-WASP knockout MEFs. WR had low levels of septin recruitment, 

while YdF showed high levels in both the parental and knockout cells (Figure 4.2B). 

These results further demonstrated that it is not Arp2/3-mediated actin 

polymerization itself that impacts on septin recruitment. Additionally, neither WIP nor 

N-WASP recruitment, which are recruited to A36 as a complex (Donnelly et al., 2013, 

Moreau et al., 2000, Weisswange et al., 2009), changes septin levels at the CEV. 
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One hypothesis for the differential septin levels at WR and YdF viruses, was that the 

phosphorylation of A36 or subsequent events are responsible for the loss of septins 

from the virus. Given the role for Src-dependent phosphorylation of A36 (Leite and 

Way, 2015), I investigated the potential effects of Src on septins. From my 

experiments, I could conclude that roughly 3% of all WR CEV recruit Src and SEPT7 

simultaneously and although YdF recruits five times more septin, the percentage of 

septin co-localizing with active Src is half of what is observed in WR infected cells 

(Figure 4.3A-C). Chemical inhibition of Src drastically increased septin levels at the 

CEV, mimicking the situation in YdF infected cells (Figure 4.4C). Furthermore, 

overexpression of Src-GFP strongly reduced the levels of septin recruitment at both 

WR and YdF CEV (Figure 4.4B). This lead to the hypothesis that septins might be 

regulated by phosphorylation. Unfortunately, pull-down experiments looking at 

potential phosphorylation of septins by Src could neither exclude nor confirm 

phosphorylation of septins by Src (Figure 4.5). Performing FRAP experiments on 

septins in the absence or presence of the Src inhibitor PP1 may be able to determine 

whether Src can change the dynamics of septins. To exclude indirect effects on 

septin phosphorylation and assembly from components in the cell lysate, in vitro 

experiments using purified septins and Src could in the future establish whether the 

kinase induces septin filament assembly/disassembly.  

However subsequent experiments using the Nck and Dynamin knockout cells 

indicate that septin phosphorylation by Src is not the trigger for septin displacement 

(Figure 4.8A and Figure 4.12B). Moreover, septins are only reported to be 

phosphorylated on serine or histidine residues (Longtine et al., 1998, Sinha et al., 

2007, Tang and Reed, 2002, Dobbelaere et al., 2003, Garcia et al., 2011, Egelhofer 

et al., 2008, Yu et al., 2009, Gonzalez-Novo et al., 2008, Meseroll et al., 2012, 

Meseroll et al., 2013, Cvrcková et al., 1995, She et al., 2004, Chi et al., 2007). 

Utilizing mass spectrometry comparing septins in infected and uninfected cells would 

give precise information about potential changes in septin phosphorylation.  

 

In uninfected cells, I observe a striking absence of co-localization between active Src 

and septins (Figure 4.4A). Previously, septins were shown to enhance maturation of 

focal adhesions, which also depend on and co-localize with active Src. Yet septins 

have only been observed adjacent to, but not overlapping with the focal adhesion 

marker paxillin (Dolat et al., 2014). Hence it would be interesting to investigate what 
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underlies the mutual antagonism between Src and septins. Do Src and septins 

compete for the same binding site along the actin filament or are septins directly 

regulated by Src? And what are the implication of this spatial separation in the cell?  

 

6.4 How can dynamin replace septins? 

In chapter 4.2.3 showed that in the absence of Nck, WR and YdF CEV co-localize 

with SEPT7 at similarly high levels. Reintroduction of various Nck mutants, in which 

one or all SH3 binding sites were disrupted by a single amino acid substitution, 

showed that Nck needs its third SH3 domain to efficiently displace septins from the 

virus (Figure 4.8B). This indicated that steric hindrance by Nck was less likely to be 

the cause of low levels of SEPT7 and CEV co-localization, but rather a downstream 

binding partner of Nck.  Following a literature review of proteins that have been 

reported to specifically bind to the third SH3 domain in Nck I pursued several 

potential candidates for their ability to displace septins from vaccinia. 

 

I found that depletion of DIP/SPIN90/WISH and inhibition of casein kinase 1+2, 

respectively, had no effect on septin recruitment to CEV. Immunostaining for SOS, 

another protein that interacts with the third SH3 domain of Nck (Hu et al., 1995, 

Wunderlich et al., 1999), also indicated that the protein was not present at the CEV. 

A further interesting candidate was the GTPase dynamin, which also selectively 

binds to the third SH3 domain of Nck (Wunderlich et al., 1999). Dynamin has been 

reported several times to interact with a range of pathogens, often associated with 

clathrin or actin, both of which are present at CEV (Bonazzi et al., 2011, Veiga et al., 

2007, Veiga and Cossart, 2005, Fukumatsu et al., 2012, Lee and De Camilli, 2002, 

Orth et al., 2002, Unsworth et al., 2007, Henmi et al., 2011). For instance, during 

Listeria entry, dynamin is required for successful uptake of the bacterium (Bonazzi 

et al., 2011, Veiga et al., 2007, Veiga and Cossart, 2005, Fukumatsu et al., 2012). 

There dynamin is thought to promote actin re-organization via cortactin, a regulator 

of actin which is also found in vaccinia actin tails (Abella et al., 2015, González-

Jamett et al., 2013, Bonazzi et al., 2011, Veiga et al., 2007, Veiga and Cossart, 2005). 

Furthermore, dynamin is present at and promotes the formation of Listeria-induced 

actin tails, as well as EPEC actin pedestals (Lee and De Camilli, 2002, Orth et al., 
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2002, Unsworth et al., 2007, Henmi et al., 2011). Interestingly, in the case of EPEC, 

dynamin recruitment depends on Nck and N-WASP (Unsworth et al., 2007). Because 

of these similarities to the vaccinia machinery, I investigated the potential role of 

dynamin in regulating septin recruitment to CEV. Previous work from our laboratory 

has shown that over-expressed GFP-dynamin II did not co-localize with vaccinia 

actin tails (Scaplehorn et al., 2002, Unsworth et al., 2007). Furthermore, over-

expression of the dominant negative mutant Dyn K44A or ΔPRD had no effect on 

the number of infected cells displaying actin tails, suggesting that dynamin is not 

required for actin tail formation (Unsworth et al., 2007). 

Staining for endogenous dynamin II, I found that roughly 13% of WR CEV recruited 

dynamin, whereas in YdF infected cells, where no Nck is recruited and high levels of 

septin are present, dynamin is only found on 3% of the CEV (Figure 4.9B). This, and 

the observation that in Nck-/- cells both WR and YdF CEV have high levels of septins 

and very low levels of dynamin (Figure 4.9C), supports the hypothesis that dynamin 

is recruited downstream of Nck and might be involved in displacing septins. However, 

viruses lacking the NPF motifs in A36 show a slight reduction in dynamin recruitment, 

ΔNPF ~7% and YdF ΔNPF ~1.5% (Figure 4.11E). This suggests that intersectin-1, 

a known binding partner of dynamin (Okamoto et al., 1999b, Roos and Kelly, 1998, 

Sengar et al., 1999, Yamabhai et al., 1998), also partially contributes to dynamin 

recruitment. Dynamin as well as clathrin have a preference for strongly, positively 

curved membranes (Zhao et al., 2017). It is conceivable that the membrane 

curvature induced by the invaginated virus further aids the recruitment of dynamin to 

the virus. 

Live cell imaging revealed that dynamin is recruited to WR after septin and clathrin 

but slightly before onset of actin tail formation (Figure 4.10). Given the presence of 

actin, clathrin and dynamin, I compared the protein dynamics between virus egress 

and clathrin-mediated endocytosis in Figure 6.3. 
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Figure 6.3 Comparing proteins at the CEV and on forming endocytic vesicles 

Schematic of protein intensities at CEV (A) and during CME (B) over time. Clathrin 
accumulation is terminated by a transient recruitment of dynamin and actin. B Data 
from Taylor et al., 2011; picture taken from © Ferguson and De Camilli, 2012 originally 
published in Nat Rev Mol Cell Biol 1471-0080. 
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A transient recruitment of dynamin marks the loss of septins from the virus. Actin 

polymerization peaks shortly after dynamin recruitment and following the initial actin 

burst, a typical actin tail is initiated in most cases. Yet since the fluorescence intensity 

is monitored only locally in the ROI, actin intensity decreases as the virus is propelled 

away and the filaments disassemble. Septin is present at the virus on average 4 

minutes prior to actin tail formation and clathrin is usually recruited 2 minutes before 

onset of actin tail formation. Interestingly, while septin intensity appears unchanged 

or slightly reduced, clathrin keeps accumulating until the arrival of dynamin marks 

the loss of both septin and clathrin. Dynamin is recruited for roughly 40 seconds to 

the virus. Actin accumulates together with dynamin but it reaches its peak intensity 

a few seconds after dynamin does. This might suggest that dynamin induces this 

actin polymerisation. Live cell imaging of infected Dyn knockout cells will determine 

if this actin burst relies on dynamin. Moreover, the requirement for Dynamin GTPase 

activity can be assessed by reintroduction of the GTPase-dead mutant into the 

knockout MEFs.  

 

The accumulation of clathrin followed by a transient burst of actin concomitant with 

dynamin recruitment that I observed is also reported to occur during mammalian 

endocytosis (Taylor et al., 2011). Here, the linear accumulation of clathrin appears 

steeper, but is equally terminated by a transient recruitment of dynamin, lasting 

around 40 sec. In the case of endocytosis, the maxima of actin and dynamin coincide 

and their recruitment was shown to be interdependent (Taylor et al., 2012). To my 

knowledge septins have not been reported to localize to CME. While it is easy to see 

the similarities in the protein dynamics at the virus and on forming endocytic vesicles, 

it is less clear where the functional similarities lie, particularly for dynamin. For 

example, it seems unlikely that dynamin can fulfil its function as a membrane scission 

protein at the CEV. It will be interesting to see where precisely dynamin localizes at 

the virus. Given that dynamin is also found on the rim of clathrin patches prior to its 

localization at the neck of the vesicle (Sochacki et al., 2017), one might speculate 

that dynamin is equally found at the outer border of clathrin at the CEV. Super-

resolution microscopy might be able determine the precise localization of dynamin 

at the virus. In an alternative approach, I plan to perform immunogold labelling of 
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“unroofed” cells using the dynamin antibody. However, the caveat in this experiment 

may be that the rather rare and transient nature of dynamin recruitment will be less 

advantageous when performing electron microscopy. 

 

There are a variety of chemical inhibitors for dynamin available. Dynasore, for 

example, blocks the GTPase activity of dynamin (Macia et al., 2006) but it was shown 

to have additional off-target effects (Park et al., 2013, Preta et al., 2015). Therefore, 

data obtained with this drug must be interpreted with caution. Therefore, I decided 

to use the drug MiTMAB, which prevents localization of dynamin to the plasma 

membrane without impacting on its GTPase function (Hill et al., 2004, Quan et al., 

2007). Treating the infected cells with this inhibitor significantly increased the 

percentage of CEV co-localising with SEPT7 (Figure 4.11A). Given the temporal 

order seen in live cell imaging, it suggests that dynamin can displace septins from 

the virus. However, the effect was not as prominent as with the Src inhibitor, which 

might either indicate that there is an additional factor involved that either acts in 

parallel to dynamin or has the capacity to compensate for the absence of dynamin 

at the CEV. Alternatively, it could suggest that the drug treatment only partially 

inhibits the function of dynamin. While PP1 blocks the kinase activity of Src, MiTMAB 

only prevents the recruitment of dynamin to the plasma membrane (Hanke et al., 

1996, Hill et al., 2004, Quan et al., 2007).  

In experiments using the tamoxifen-inducible dynamin triple knockout MEFs I 

showed that in the absence of any dynamin, WR and YdF CEV co-localized with 

septins to the same extent, whilst in the control cells WR showed low levels and YdF 

high levels of septin recruitment (Figure 4.12B). In agreement with the chemical 

inhibition experiment, actin tail formation was reduced in dynamin knockout cells, 

however, the average tail length was indistinguishably different (Figure 4.12C). 

Whether this difference is caused by cell type differences (HeLa vs MEFs) or whether 

increased tail length is a side effect of MiTMAB remains to be investigated. For 

example, it could also be that upon MiTMAB treatment, when dynamin is no longer 

recruited to the membrane but accumulates in the cytoplasm, it is still able to globally 

influence actin dynamics. 

 

Overall, I conclude that dynamin displaces septins from the virus. However, the 

obstructive dynamics between septin and dynamin appears to be bi-directional 
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because dynamin recruitment to CEV is enhanced in septin-depleted cells (Figure 

4.12D). This could be indicative of steric hindrance, as both proteins are recruited by 

different means to the virus but once there they would occupy the same space. In 

contrast to Nck, which is only around 50 kDa, dynamin is 100 kDa and importantly 

has the ability to self-assemble into spiral-shaped multimers, which might peel off 

the septins from the virus. 

In addition, my data supports the idea that dynamin facilitates actin tail formation, as 

seen during EPEC and Listeria infection (Henmi et al., 2011, Unsworth et al., 2007, 

Orth et al., 2002). Whether septins suppress actin tail formation and dynamin 

alleviates this inhibition, or whether dynamin promotes actin polymerization in a more 

direct manner is the key question to be resolved. 

 

6.5 Can dynamin induce formin-dependent actin 
polymerization?   

Noticeably, the loss of septin and increase of dynamin at the virus always coincides 

with a burst of actin (Figure 4.10). This transient actin polymerization can either result 

in an Arp2/3 driven actin tail or it subsides and the virus remains stationary. So far it 

remains unclear, whether this transient actin burst is Arp2/3-driven or not. Could it 

be initiated by dynamin and, unlike the actin tail, be involved in the displacement of 

septins from vaccinia? Dynamin has the capacity to directly bind actin and promote 

its polymerisation (Schafer et al., 2002, Gu et al., 2010). I showed that blocking all 

actin polymerization with CytoD or only inhibiting formins with the drug SMIFH2 

promotes septin recruitment to vaccinia (Figure 4.13). This suggests that formins are 

involved in septin displacement. Interestingly, combined inhibition of dynamin and 

formins had no additive effect, suggesting that they do not act independently of each 

other (Figure 4.13). However, up to now I have no proof that the observed effect of 

SMIFH2 is indeed due to local formin inhibition at the CEV, and not caused indirectly 

by global formin perturbation. Future experiments are needed to investigate whether 

the actin burst concomitant with dynamin recruitment is formin-driven, and whether 

formin activity at the CEV is dependent on dynamin.  
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It was reported that FHOD1 is present all along vaccinia induced actin tails and that 

it promotes downstream of the small GTPase Rac tail formation and virus spread by 

nucleating actin filaments from which Arp2/3 can branch of new daughter filaments 

(Alvarez and Agaisse, 2013). However, in my hands, knockdown of FHOD1 neither 

changed septin recruitment nor actin tail formation in WR and ΔNPF infected cells 

(Figure 6.4). However, in vitro experiments showed that FHOD1 only has capping 

activity and was neither nucleating nor elongating actin filaments (Schonichen et al., 

2013). Equally there was no effect on virus associated septin or actin following a 

combined knockdown of mDia 1+2 (Figure 6.4). Hence more work is required to 

identify which of the 15 formins are capable of displacing septins.  

 

 
Figure 6.4 Knock-down of FHOD1 or mDia 1+2 has no effect on actin tail formation 
or septin recruitment 

The graphs show the quantification of the % of CEV recruiting SEPT7 or inducing an 
actin tail. Error bars represent SEM from three independent experiments in which 
over 900 virus particles were analysed; n.s. indicates a p-value > 0.05. 
 
 
Currently it is also unknown whether dynamin can directly interact with formins. 

Mitochondrial fission, for example, is another event where septins, dynamin-related 

proteins, formins and Arp2/3-dependent actin polymerization are present at a 

membrane (Pagliuso et al., 2017). However, the temporal order and functions differ 

because during mitochondria division actin was shown to precede and recruit 

Dynamin-related protein1 (Drp1) to the side of fission, while at vaccinia dynamin 

accumulates before actin (De Vos et al., 2005, Ji et al., 2015). Drp1 can directly bind 

to actin, which at the mitochondria is nucleated by Arp2/3, inverted formin 2 (INF2), 
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as well as Spire1C (Korobova et al., 2013, Manor et al., 2015, Li et al., 2015). Like 

actin, septins can also bind Drp1 and promote mitochondria fission by guiding Drp1 

to the mitochondria (Pagliuso et al., 2016, Sirianni et al., 2016). Interestingly, Dyn II 

is transiently recruited to mitochondria downstream of Drp1 and required for the 

terminal abscission step (Lee et al., 2016). Overall, it appears that similar players 

are involved in different processes, however their interdependence and timings can 

vary.  

Furthermore, dynamin has been reported to regulate and stabilize filopodia to 

promote cell migration (Chou et al., 2014, Yamada et al., 2013, Yamada et al., 2016). 

While in one study, dynamin was shown facilitate filopodia initiation by binding to 

IRSp53 (Chou et al., 2014), other work showed that dynamin and cortactin form a 

ring around actin filaments that bundles and stabilizes filopodia (Yamada et al., 2013, 

Yamada et al., 2016). Future experiments will determine how formins facilitate tail 

formation as well as septin displacement, and whether GFP-IRSp53 is recruited to 

the virus.  

When using the formin inhibitor SMIFH2 in ΔNPF infected cells I made a surprising 

discovery (Figure 4.14). While septin recruitment was equally increased upon 

dynamin and formin inhibition as seen in WR infected cells, the effects on actin tails 

differed remarkably. Blocking formins during WR infection did not change the number 

of actin tails but slightly increased the average tail length. In contrast, in ΔNPF 

infected cells treatment with SMIFH induced the formation of many more but 

drastically shorter actin tails (Figure 4.14). This could indicate that that ΔNPF viruses 

become much more efficient in inducing an actin tail in the presence of SMIFH2, but 

the pool of available G-actin is limiting the tail length. It is currently still under debate 

whether or not monomeric actin can be a limiting factor for actin polymerization in 

the cell (Suarez and Kovar, 2016, Davidson and Wood, 2016, Raz-Ben Aroush et al., 

2017). Alternatively, it could also be that ΔNPF is impaired in actin tail formation in 

the presence of SMIFH2, only weakly inducing actin clouds, similar to the structures 

seen in Y112F infected cells (Horsington et al., 2013, Scaplehorn et al., 2002). In 

either case, it will be interesting to investigate what underlies this distinct outcome to 

the same perturbation. We know that ΔNPF viruses cannot recruit AP-2, Eps15, 

clathrin, intersectin1 or active Cdc42 (Humphries et al., 2012, Snetkov et al., 2016). 

Cdc42 is activated by intersectin1 and in turn activates and stabilizes N-WASP at 

the virus (Humphries et al., 2014, Snetkov et al., 2016). Since formins need to be 
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activated by small GTPases, this would indicate that formins, which are only 

activated by Cdc42 (such as mDia3 or INF2) are not involved in actin tail formation 

because they would not be present in ΔNPF associated tail formation and hence 

SMIFH2 would not have an effect on those actin structures. However, if the inhibitor 

is only partially blocking formin activity and Cdc42 is helping but not essential for 

formins at the virus, then the combination of partial inhibition and reduced efficiency 

might cause the rather severe tail phenotype. To shed light onto this matter, in future 

work I will investigate septin recruitment to CEV in Cdc42 knockout cells to test 

whether Cdc42 is masking the effect of SMIFH in WR infected cells or whether other 

proteins cause the opposing effects of SMIFH on WR and ΔNPF induced tails. 

Furthermore, a systematic knockdown of all formins might also be a good way of 

identifying formins that affect actin tail formation in both WR and ΔNPF infected cells. 

 

6.6 Septins suppress actin tail formation 

Depletion of septins in infected cells results in more and longer actin tails (Figure 

5.1A and B), while the time between microtubule-based transport and actin tail 

initiation is unchanged (Figure 5.1D). This suggests that the increased number of 

actin tails is not due to accelerated tail formation. It rather seems that once the tail is 

initiated, maintaining the actin polymerization is easier, since the average life-time of 

an actin tail is significantly prolonged in septin-depleted cells (Figure 5.1E). One 

possible explanation would be that the underlying architecture of the branched actin 

network is altered in a way that it leads to longer tails that are less sensitive to 

disassembly. For example, if the overall filament and/or branch density is increased, 

then there are more mother filaments available to propel the virus and allow the 

Arp2/3 complex to nucleate new daughter filaments. Increased filament density also 

slows down actin tail disassembly, since the network is less accessible to 

depolymerisation factors. Additionally, it takes longer to depolymerize all filaments 

simply due to their increased number (Pollard and Borisy, 2003, Carlsson, 2010, Lee 

and Dominguez, 2010, Svitkina and Borisy, 1999, Wachsstock et al., 1994). The very 

high density of actin filaments in a vaccinia actin tail made previous attempts to track 

and quantify the filaments unfeasible (Pfanzelter, 2013). Quantitative fluorescence 
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imaging might indicate whether the actin density along the actin tails changes (Abella 

et al., 2015).  

 

Interestingly, although actin replaces clathrin and inhibition of actin tails in WR 

infected cells leads to an increase in CEV co-localising with clathrin (Humphries et 

al., 2012), I found that YdF has the same levels of clathrin recruitment as WR (% of 

CEV co-localizing with AP-2: WR 25.6 ± 2.3% YdF 21.5 ± 1.2%; p-value > 0.05 

indicating no significant difference using over 900 particles from three independent 

experiments). This indicates that septin and clathrin are regulated in different ways 

at the virus.  

 

It is slightly surprising that actin tails propel vaccinia with the same speed and 

directionality forward in control and septin-depleted cells despite their increased 

length. Previously it was shown that in some cases longer actin tails correlate with 

faster virus movement (Abella et al., 2015, Humphries et al., 2012, Snetkov et al., 

2016). In one case, different isoforms with distinct branching abilities changed the 

actin dynamics in the tail (Abella et al., 2015). In the other case, it was shown that 

the clathrin coat formed under the virus prior to actin tail formation helps to cluster 

A36, thereby increasing the local density of binding sites for Nck, Grb2 and 

subsequently increased Arp2/3 activation (Humphries et al., 2012, Snetkov et al., 

2016). Depletion of clathrin reduces the efficiency of actin tail initiation and results in 

longer and faster actin tails due to higher turnover of N-WASP at the CEV 

(Humphries et al., 2012, Snetkov et al., 2016).  

It is possible that septins, similar to the clathrin coat change the dynamics of actin 

nucleators at the CEV through their presence prior to tail formation. Future FRAP 

experiments will determine if septin depletion changes the stability of Nck, Grb2 or 

N-WASP at the virus.  

 

The cup-like septin structure underneath the CEV could also obstruct the recruitment 

of factors required for tail formation as well as phosphorylation of A36. Using MEFs 

only expressing GFP-tagged Nck or N-WASP, it should be possible to determine the 

number of these molecules at the virus by performing quantitative live-cell imaging 

(Verdaasdonk et al., 2014, Coffman and Wu, 2012).  
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My work demonstrates that septin depletion leads to an increased percentage of 

CEV co-localizing with dynamin (Figure 4.12D). Given that dynamin was shown to 

support local actin polymerization in other systems (Gu et al., 2010, Destaing et al., 

2013, Palmer et al., 2015, Roux and Plastino, 2010, Krueger et al., 2003, Grassart 

et al., 2014) and dynamin might promote formin-driven actin polymerization, it is 

possible that the increase in dynamin recruitment, caused by septin depletion, also 

enhances actin tail formation. 

 

However, since I do not know what recruits septins to the virus I cannot change the 

levels of septins at the virus without altering the total septin pool in the cell. Hence, I 

cannot exclude that the changes in actin tails are due to a global lack of septins and 

independent of the septin “cup” recruited to the CEV.  

 

6.7 Septins inhibit virus release and spread 

It has been previously observed, based on siRNA screens, that septin depletion 

changes the propagation of vaccinia through HeLa cells (Beard et al., 2014, Sivan 

et al., 2013). However, the experimental set up did not provide any mechanistic 

insight into how or where septins impact on the virus. I therefore set out to investigate 

the effects of septin depletion on virus entry, replication, release and spread. From 

single-step growth experiments, where the amount of produced virus after one 

replication cycle is measured, I concluded that virus entry and replication is not 

affected by septin knockdown (Figure 5.2B). Next, I determined in plaque assays 

how fast the virus can spread through a confluent monolayer of cells, in conditions 

where diffusion through the liquid media was prevented or allowed (semi-solid and 

liquid overlay respectively) (Figure 5.3). In liquid conditions vaccinia spread faster, 

forming so called plaque comets, indicative of increased virus release (Horsington 

et al., 2013, Mathew et al., 1999, McIntosh and Smith, 1996). Under semi-solid 

overlay situation increased plaque sizes were also observed, indicating that the 

direct cell-to-cell spread of the virus was also accelerated. Actin tails greatly enhance 

cell-to-cell spread (Doceul et al., 2012, Doceul et al., 2010, Horsington et al., 2013, 

Ward et al., 2003), therefore the increased number and life-time of actin tails might 

explain how septin knockdown increases virus spread. However, the same boost in 
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virus spread was also observed in YdF infected cells, where no actin tails are formed. 

Septins clearly have an additional negative impact on vaccinia egress that is 

independent of actin polymerization. Release assays revealed that more EEV are 

found in the media surrounding septin-depleted cells than control cells (Figure 5.4). 

Hence it is likely that the cup-like structure around the CEV might restrict their release 

from the cell into the supernatant.  

 

6.8 Dynamin impacts on early steps of virus replication cycle 

To test whether the absence of dynamin and subsequent increase in septin 

recruitment decrease virus release and spread I performed plaque and release 

assays on dynamin knockout cells. I found that the total amount of virus produced is 

significantly reduced, which results in decreased levels of virus release (Figure 5.5). 

Plaque assays revealed that significantly fewer and smaller plaques are formed 

(Figure 5.6). Since a plaque becomes only detectable after several rounds of 

infection it is unclear whether dynamin is involved in virus entry or later steps in 

replication. From previous work, it remained controversial whether dynamin was 

involved in vaccinia uptake or not. The chemical inhibitor dynasore was used at 

concentrations ranging from 40-160µM on HeLa cells and in some cases defects in 

vaccinia entry were reported (Huang et al., 2008a, Laliberte et al., 2011, Schroeder 

et al., 2012), while other studies saw no change in virus uptake even at high 

concentrations of dynasore (Mercer and Helenius, 2008, Mercer et al., 2010a). 

Overexpression of dominant-negative dynamin also had varying effects on virus 

entry (Mercer et al., 2010a, Huang et al., 2008a, Schroeder et al., 2012). Performing 

virus entry assays with the triple dynamin knockout cells would help to resolve this 

controversy.    

 

6.9 How do Borgs affect vaccinia replication and spread? 

Borgs are effectors of Cdc42 and can regulate septins (Hirsch et al., 2001, Joberty 

et al., 1999, Joberty et al., 2001). Borg3 for example was shown to bundle septin 

filaments and overexpression of Borgs can disrupt the septin network by aggregation 

of the septins (Joberty et al., 2001). In C. difficile infection, Borgs are required to 
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recruit septins to the future protrusion site of microtubule filled extensions (Nölke et 

al.). Borg2 can interact with both septins and actin (Calvo et al., 2015), I therefore 

investigated its role during vaccinia egress. Overexpressed Borg2 had a very similar 

location in the cell as septins and was also present at CEV (Figure 5.7). Knockdown 

of Borg2 did not affect the expression level of septins, however, it drastically reduced 

the percentage of WR and YdF CEV co-localizing with SEPT7 (Figure 5.8). In 

addition, I noticed that the overall septin cytoskeleton appears changed, with fewer 

distinct structures at the plasma membrane. Depletion of Borg2 and reduced septin 

levels at the virus also led to more and longer actin tails, as seen with SEPT7 

knockdown (Figure 5.9). These data indicate that Borg2 acts upstream of septin. 

Similar effects were seen during Clostridium difficile entry, where Borgs recruit 

septins to the entry site (Nölke et al., 2016). However, virus release and spread 

assays in Borg2-depleted cells suggest that the situation is more complex. Whilst 

septins supress virus release, Borg2 enhances it (Figure 5.11). Similarly, plaques in 

Borg2-depleted cells are smaller, whereas septin knockdown increases plaque 

diameter (Figure 5.10). Combined knockdown results in slightly larger or wild-type 

plaques. However, the effect of Borg2 knockdown on plaque size is less pronounced 

in conditions where no diffusion or no actin tail formation occur (Figure 5.10). Taken 

together my data suggests that Borg2 has an additional septin-independent function 

during vaccinia infection. More work is needed to define the role of Borgs during 

vaccinia infection, since we don’t know which Borgs are expressed in our HeLa cells 

and to which degree they act redundantly. From the plaque assay no strong 

implication of Borgs in virus entry could be deduced, since the number of formed 

plaques in Borg2-depleted cells was comparable to control cells. Single-step growth 

curves will tell if the reduced release in Borg2-depleted cells is caused by impaired 

virus replication. Given that Borgs are effectors of Cdc42, it will be interesting to see 

if, when and where the small GTPase has indirect effects on vaccinia through the 

regulation of Borg2 and subsequent changes in septin behaviour. Interestingly in the 

absence of Cdc42, virus plaques are smaller however they are also decreased in 

number (Snetkov et al., 2016), indicating that Cdc42 but not Borg2 affects virus 

uptake. Furthermore, future experiments will determine whether Borgs are recruited 

to ΔNPF CEV, where no active Cdc42 is present, or to WR in Cdc42 null cells. The 

role of the other Borgs and to which degree they are redundant in the context of 

vaccinia infection is another line of future investigation. In addition, it remains to be 
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established if Borgs are essential for septin recruitment to CEV or whether the 

reduced levels of CEV co-localizing with septin upon Borg2 knockdown are not due 

to recruitment defects but rather an indirect effect of global Borg2 depletion.   

 

6.10   Future perspective 

Work presented in my thesis has clarified the inhibitory role of septins on vaccinia 

egress and spread. My studies have also shed light on the mechanism by which the 

virus overcomes the restrictive effects of septin. I have uncovered a new potential 

link between septins, dynamin and formins. New mechanisms of septin regulation 

are of great interest to the wider septin and cell biology fields, since not much is 

known about how assembly and disassembly of septins is orchestrated in the cell.  

 

An unresolved aspect of the role of septins during vaccinia infection is the 

mechanistic basis of septin recruitment. Further work is needed to examine whether 

the membrane under the CEV is enriched in PIP2 and whether this is responsible for 

recruiting septins. The alternative hypothesis that the membrane curvature at the 

invaginating virus attracts septin, will be experimentally challenging. More work is 

needed to characterize the actin burst that coincides with septin displacement by 

dynamin recruitment. Using live cell imaging to test the effects of formin or Arp2/3 

inhibition will help to identify the responsible actin nucleator. Given the suggested 

involvement of formins in septin displacement, a small siRNA screen of formins can 

quickly identify the responsible formin. Preliminary data suggest that dynamin 

induces this formin-dependent actin burst. Clarifying whether dynamin directly 

facilitates actin filament formation or whether it can recruit or activate actin nucleation 

factors, such as formins, is another important future goal. Interestingly, dynamin is 

mostly associated with branched actin networks. Identifying a potential, new link 

between dynamin and formin-driven actin polymerization would bring new and 

exciting insights into the regulation of actin and might identify additional functions of 

dynamin.  

 

The transient presence of formins prior to actin tail formation would also add to the 

current debate of how actin can convert between linear and branched networks and 
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whether one can support the other (Borinskaya et al., 2015, Carlier et al., 2015, 

Johnson et al., 2015b, Rotty and Bear, 2015). It has been previously proposed that 

formin derived filaments provide a template for the branched actin network to emerge 

and thereby facilitate vaccinia induced actin tail formation (Alvarez and Agaisse, 

2013). However, in vitro FHOD only acts as a capping protein but has no actin 

nucleation or elongation activity (Schonichen et al., 2013). Hence, it will be useful to 

investigate why actin tails lacking clathrin:AP2, intersectin and active Cdc42 are 

more sensitive to formin inhibition than wild-type tails. The ΔNPF virus might help to 

identify the formin that is responsible for the transient actin burst and the subsequent 

displacement of septins.  

 

Further research will also shed light on the involvement of Borgs during vaccinia 

replication. Dissecting septin-dependent and -independent effects of Borgs at 

different stages of the virus replication cycle will contribute to the understanding of 

this group of Cdc42 effectors.  

 

Future structural work will determine the organization of septins, clathrin and 

dynamin at the virus. It will be useful to reveal how three components that all form 

higher ordered structures independently of one another are organized, and whether 

these networks are interconnected.  
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Chapter 7. Appendix 

7.1 MATLAB script to measure septin ring diameter 

clear all 
close all 
d = dir('*.csv'); 
d = {d.name}; 
dia=zeros(1,length(d)); 
 
for i = 1:length(d) 
    b=readtable(d); 
    [PKS,LOCS,W] = findpeaks(b.Y); 
    doubleGauss = 'a*exp(-((x-b)/c)^2)+d*exp(-((x-e)/f)^2)'; 
    f1 = fit((1:length(b.Y))',b.Y,doubleGauss, 'Start', [PKS(1), LOCS(1), 2, PKS(2), LOCS(2), 2]); 
    dia(i)=abs(f1.e-f1.b); 
     
    % optionally plot fit and raw data to visually check the quality of the fit 
    plot(1:length(b.Y),b.Y); hold on; 
    plot(1:0.01:length(b.Y), f1(1:0.01:length(b.Y)));     
end 
 
dia_m=mean(dia); 
 

7.2 MATLAB script to analyse protein intensities during virus 
egress 

clear all 
close all 
e=NaN(1,600); 
y=(0:2:600); 
pic=44; 
  
c1_col = 'r'; 
c2_col = 'g'; 
c3_col = 'b'; 
  
for j = 1 : pic 
     
p(j).c1 = tiffread2(['D',num2str(j), '.tif']); 
p(j).c2 = tiffread2(['S',num2str(j), '.tif']); 
p(j).c3 = tiffread2(['A',num2str(j), '.tif']); 
  
len = length(p(j).c1); 
sz = size(p(j).c1(1).data); 
c1_data = zeros(sz(1), sz(2), len); 
c2_data = zeros(sz(1), sz(2), len); 
c3_data = zeros(sz(1), sz(2), len); 
c1_data_mean = zeros(1, len); 
c2_data_mean = zeros(1, len); 
c3_data_mean = zeros(1, len); 
for i = 1:len 
    c1_data(:, :, i) = p(j).c1(i).data; 
    c1_data_mean(i) = mean(p(j).c1(i).data(:)); 
     
    c2_data(:, :, i) = p(j).c2(i).data; 
    c2_data_mean(i) = mean(p(j).c2(i).data(:)); 
     
    c3_data(:, :, i) = p(j).c3(i).data; 
    c3_data_mean(i) = mean(p(j).c3(i).data(:));    
end 
  
order = 5; 
framelength = 11; 
gol = @(x) sgolayfilt(x, order, framelength); 
nor = @(x) (x-min(x))/(max(x)-min(x)); 
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p(j).c1_mean = nor(c1_data_mean); 
p(j).c2_mean = nor(c2_data_mean); 
p(j).c3_mean = nor(c3_data_mean); 
  
p(j).c1_filt = nor(gol(c1_data_mean)); 
p(j).c2_filt = nor(gol(c2_data_mean)); 
p(j).c3_filt = nor(gol(c3_data_mean)); 
  
[m, in] = max(p(j).c1_filt); 
p(j).in = in; 
  
q(j).c1_m_align=e; 
q(j).c2_m_align=e; 
q(j).c3_m_align=e; 
  
for k = 1:len 
q(j).c1_m_align(250-p(j).in+k)=p(j).c1_mean(k); 
q(j).c2_m_align(250-p(j).in+k)=p(j).c2_mean(k); 
q(j).c3_m_align(250-p(j).in+k)=p(j).c3_mean(k); 
end 
  
 
Dm(:,j)= q(j).c1_m_align; 
Sm(:,j)= q(j).c2_m_align; 
Am(:,j)= q(j).c3_m_align; 
  
  
% optionally plot normalized intensity profiles of each movie 
  
% figure 
% hold on; 
% plot(p(j).c1_mean, c1_col, 'LineWidth', 3) 
% plot(p(j).c2_mean, c2_col, 'LineWidth', 3) 
% plot(p(j).c3_mean, c3_col, 'LineWidth', 3) 
%   
% pause 
end 
  
Actm=nanmean(Am,2); 
Dynm=nanmean(Dm,2); 
Septm=nanmean(Sm,2); 
  
Actme=nanstd(Am'); 
Dynme=nanstd(Dm'); 
Septme=nanstd(Sm'); 
  
figure 
hold on; 
 
errorbar(y(1:71),Dynm(210:280),Dynme(210:280), 'k','LineWidth', 1) 
errorbar(y(1:71),Septm(210:280),Septme(210:280), 'k', 'LineWidth', 1) 
errorbar(y(1:71),Actm(210:280),Actme(210:280),'k', 'LineWidth', 1) 
xlabel('sec') 
ylabel('intensity [a.u.]') 
  
plot(y(1:71),Dynm(210:280), c1_col,'LineWidth', 3) 
plot(y(1:71),Septm(210:280),c2_col, 'LineWidth', 3) 
plot(y(1:71),Actm(210:280), c3_col, 'LineWidth', 3) 
xlabel('sec') 
ylabel('intensity [a.u.]') 
legend('Dynamin','Septin', 'Actin') 
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