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ABSTRACT OF THE DISSERTATION 

 

Structural details and mechanism of filamentous actin organization by the isoforms 

vinculin and metavinculin 

 

by 

Maria Elisabeth Janssen 

Doctor of Philosophy in Molecular Pathology 

University of California, San Diego, 2010 

 

Professor Dorit Hanein, Chair 

Professor Sanford Shattil, Co-Chair 

 

 Vinculin and its splice variant metavinculin are actin binding proteins involved in 

the organization of actin filaments, which is necessary in cellular processes such as 

cell migration, division and differentiation. Vinculin is essential in formation of a stable 

link between the actin cytoskeleton and the cell membrane via proteins such as talin 

and α-catenin. A lack of vinculin causes cells to adhere less and have a higher 

motility, while in vivo this results in impaired neuronal development and heart 

malfunction causing early death. In this dissertation, I characterized the structural 

details of how vinculin and metavinculin organize actin filaments.  

 Transmission electron microscopy is the only technique to obtain high resolution 

structural information on actin-vinculin assemblies, since these are too large to solve 

with NMR and are non-crystallizable. A near-atomic model generated by electron 
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microscopy, computational docking and biochemistry reveals the structural details of 

the actin-vinculin tail interaction. Furthermore, binding to actin filaments causes a 

conformational change in the vinculin tail domain which exposes its dimerization site 

and subsequently induces actin bundling. A combinatorial input of two or more 

ligands has been proposed to activate vinculin. In the presence of F-actin, full length 

vinculin is activated by α-catenin’s CD3 domain and several talin domains. CD3 turns 

out to be the most efficient activator. A slightly smaller, constituently active vinculin 

construct binds F-actin similar to the vinculin tail. In addition, the smaller construct 

induces formation of comparable actin bundles except that it leads to a larger spacing 

between filaments owing to the presence of the head domain. 

 Despite an additional 68aa insert in the metavinculin tail domain, both vinculin 

isoforms bind actin filaments similarly. Interestingly, biochemical and biophysical 

techniques indicate that the metavinculin tail does not bundle, but instead severs 

actin filaments in a dose dependent manner. This severing activity is not affected by a 

cardiomyopathy related mutation in the metavinculin tail insert. However, this 

mutation might influence the affinity between the head and tail domains.  

 These studies have lead to a molecular model for actin organization by vinculin in 

adhesion sites and describe a new function for the isoform metavinculin.  



 

Chapter 1 

Background: Vinculin and metavinculin 

 

 Macromolecular organization of actin filaments is important for many cellular 

processes such as cell motility, division, shape, and differentiation. 

vinculin and metavinculin 

the formation of stable 

like adhesion junctions, dense plaques, intercalated disks and costameres

structures are able to confer mechanical strength to tissue

dynamic and coordinated.

characterize the molecular details of how activated 

actin filaments in these cellular structures. 

  

Fig 1-1. Schematic representation of Vinculin and Me
domains start at amino acid 879. Metavinculin shows the position of the insert in the 
tail domain. PPP: proline
 

Localization and function 

 Vinculin plays a major role in connecting the ends of actin filaments to the 

cytoplasmic domains of either cadherins via 

Kroemker et al. 1998) or of integrins via talin in cell

1 

Background: Vinculin and metavinculin  

Macromolecular organization of actin filaments is important for many cellular 

processes such as cell motility, division, shape, and differentiation. 

inculin and metavinculin (Fig 1-1) are essential actin binding proteins 

stable actin filament assemblies. They are present in cell structures 

like adhesion junctions, dense plaques, intercalated disks and costameres

able to confer mechanical strength to tissue and they need to be highly 

and coordinated. A primary motivation for the current study was to 

the molecular details of how activated vinculin and metavinculin 

in these cellular structures.   

Schematic representation of Vinculin and Metavinculin. Both C
domains start at amino acid 879. Metavinculin shows the position of the insert in the 
tail domain. PPP: proline-rich region, V: Vinculin, MV: Metavinculin. 

Localization and function in-vivo 

Vinculin plays a major role in connecting the ends of actin filaments to the 

cytoplasmic domains of either cadherins via α-catenin in cell-cell adhesions (Weiss, 

Kroemker et al. 1998) or of integrins via talin in cell-matrix adhesions (Burridge and 

Macromolecular organization of actin filaments is important for many cellular 

processes such as cell motility, division, shape, and differentiation. The isoforms 

are essential actin binding proteins that regulate 

present in cell structures 

like adhesion junctions, dense plaques, intercalated disks and costameres. These 

they need to be highly 

A primary motivation for the current study was to 

vinculin and metavinculin organize 

Both C-terminal tail 
domains start at amino acid 879. Metavinculin shows the position of the insert in the 

Vinculin plays a major role in connecting the ends of actin filaments to the 

cell adhesions (Weiss, 

matrix adhesions (Burridge and  
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Mangeat 1984). It was one of the first proteins discovered to be part of focal 

adhesions, Fig. 1-2 (Geiger, Tokuyasu et al. 1980), but many other cytoplasmic 

plaque proteins were revealed since. Vinculin interacts with several different proteins, 

such as VASP (Brindle, Holt et al. 1996), vinexin (Kioka, Sakata et al. 1999), ponsin 

(Mandai, Nakanishi et al. 1999), α-actinin (Kroemker, Rudiger et al. 1994), talin 

(Johnson and Craig 1994), PIP2 (Johnson, Niggli et al. 1998) and paxillin (Turner, 

Glenney et al. 1990). Interestingly, talin and α-actinin both couple actin filaments to 

integrins and they also both bind the vinculin head domain via helical bundle 

conversion. Binding both actin and talin or α-actinin is one way in which vinculin could 

stabilize focal adhesions. Another way involves modulation of FAK and paxillin 

signaling by vinculin. The C-terminal tail region of vinculin resembles the C-terminal 

focal adhesion targeting region of FAK and they both bind overlapping sequences in 

paxillin (Bakolitsa, de Pereda et al. 1999). Vinculin moderates the FAK-paxillin 

interaction, which in turn causes decreased paxillin phosphorylation and leads to 

reduced cell motility and survival mediated by ERK1/2 (Subauste, Pertz et al. 2004). 

Phosphorylation of two tyrosines (Y100 and Y1065) in vinculin by Src kinases 

decreases cell spreading (Zhang, Izaguirre et al. 2004). Y1065 phosphorylation 

enhances the exchange dynamics of vinculin, enabling the focal adhesion junction to 

grow upon external force application. During maturation vinculin gets 

dephosphorylated and stably incorporated into these junctions, which then become 

highly mechanically resistant (Diez, Kollmannsberger et al. 2009; Mohl, Kirchgessner 

et al. 2009). 

 Vinculin has been studied extensively over the last two decades, but not much is 

known about its isoform, metavinculin. The vinculin gene contains an exon that codes 
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for the metavinculin-specific insert, which is alternatively spliced to obtain both 

vinculin and metavinculin mRNA (Byrne, Kaczorowski et al. 1992; Koteliansky, 

Ogryzko et al. 1992). Vinculin is expressed ubiquitously, whereas metavinculin is only 

found in platelets (Turner and Burridge 1989) and muscle tissue (Saga, Hamaguchi et 

al. 1985; Glukhova, Kabakov et al. 1986; Belkin, Ornatsky et al. 1988; Belkin, 

Ornatsky et al. 1988; Gimona M. 1988). Muscle specific isoforms of actin regulating 

proteins are common in mammals. UNC-60B, an ADF/cofilin family actin binding 

protein of Caenorhabditis elegans, is specific for muscle tissue, yet its splice variant 

UNC-60A is expressed in various tissues. UNC-60B has a stronger actin severing 

activity and induces faster pointed-end depolymerization than UNC-60A (Yamashiro, 

Mohri et al. 2005). Also, the expression of twinfilin isoform Twf2b is restricted to 

striated muscle, butTwf2a is expressed in most non-muscle tissues. The difference 

between these isoforms is a higher affinity for ADP-G-actin of Twf2a. (Nevalainen, 

Skwarek-Maruszewska et al. 2009). However, the reason for a muscle specific 

isoform of vinculin remains to be elucidated. 

 Metavinculin co-localizes with vinculin in membrane-associated dense plaques of 

smooth muscle and in intercalated disks and costameres of cardiac muscle (Belkin, 

Ornatsky et al. 1988; Witt, Zieseniss et al. 2004). The amount of metavinculin varies 

depending on the muscle type. In skeletal muscle metavinculin accounts for ~6-8% of 

the total vinculin pool, in smooth muscle ~40-50%, and in cardiac muscle ~20% 

(Belkin, Ornatsky et al. 1988). Human fetal aortas contain ~5-7% metavinculin, a two 

month old child aorta contains 10%, after six months this is increased up to 31% and 

a 1.5 year old child aorta contains as much as 39% (Glukhova, Frid et al. 1990). 

Expression of metavinculin in vivo is closely related to the differentiation of muscle 
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cells, whereas vinculin expression is equally high during embryogenesis (Saga, 

Hamaguchi et al. 1985; Glukhova, Frid et al. 1990). During the cultivation of smooth 

muscle cells in vitro the amount of metavinculin decreases in time. Metavinculin is 

present in all focal contacts when the cells just finish spreading, but then disappears 

when cells no longer contract (Glukhova, Kabakov et al. 1986; Belkin, Ornatsky et al. 

1988; Sobue, Hayashi et al. 1999). This suggests a role for metavinculin in force 

transduction.  

 

 

Fig. 1-2  Vinculin localizes at the ends of actin bundles at focal adhesion sites. (Left) 
Fluorescently labeled F-actin (red) running through a C2C12 myoblast cell and 
fluorescently labeled vinculin (green) associated with focal adhesion sites. (Imaged 
by Z. Al-Rekabi, webpage Pelling laboratory). (Right) Hypothetical molecular model of 
a focal adhesion contact (Zamir and Geiger 2001). 

 

The biological significance of vinculin and metavin culin 

 The importance of vinculin has been shown by vinculin knock-out F9 embryonic 

mouse carcinoma cells and mouse embryonic fibroblasts that were less adhesive, 

had less and smaller focal adhesions, and had increased motility on 2D substrates 
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and had a rounder shape (Xu, Baribault et al. 1998). They also exhibited higher talin 

and paxillin concentrations and FAK activity compared to wild-type cells. Over-

expression of vinculin induces stronger adhesion and less motility (Rodriguez 

Fernandez, Geiger et al. 1992). This protein in fact has been shown to act as a tumor 

suppressor (Rodriguez Fernandez, Geiger et al. 1992). In addition, vinculin null mice 

(lacking both vinculin and metavinculin) do not survive beyond embryonic day 10 due 

to heart malfunction and impaired development of the neuronal system. 

Heterozygous inactivation of vinculin (and thus metavinculin) induces stress-induced 

heart problems. Although talin is the key regulator of integrin regulation, vinculin is 

suggested to be essential for focal adhesion growth by recruiting other focal adhesion 

components and forming a stable link to the actin cytoskeleton (Humphries, Wang et 

al. 2007).  

 Besides the structural role that vinculin plays in connecting the actin cytoskeleton 

to cell adhesion associated proteins, there is evidence that vinculin also has 

important regulatory roles. For example, vinculin binds Arp2/3 without F-actin binding 

being involved and this interaction is stimulated by induction of lamellipodia formation 

(DeMali, Barlow et al. 2002). Binding to vinculin recruits Arp2/3 to the leading edge of 

migrating cells and is suggested to localize actin assembly to newly engaged 

integrins (DeMali, Barlow et al. 2002). In addition, vinculin recruits paxillin to focal 

adhesions and thereby regulates cell survival and migration (Subauste, Pertz et al. 

2004).   
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Structure of vinculin and metavinculin  

 Vinculin is a 116kD protein, that has been shown by early electron microscopy 

and biochemical studies to consist of a globular head (residues 1-835) and a tail 

domain (residues 896-1066), connected by a flexible proline-rich region (Winkler, 

Lunsdorf et al. 1996). The crystallographic model of vinculin shows that the head 

domain consists of four subdomains (D1-4), the first three of them comprise two, four-

helix bundles in which a central helix traverses the length of the subdomain. Domain 

4 is a four-helix bundle that packs end to end with the vinculin tail domain (domain 5) 

and is linked via a proline-rich region, see Fig. 1-1 (Bakolitsa, Cohen et al. 2004; 

Borgon, Vonrhein et al. 2004).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-3  Crystallographic model of vinculin in its auto-inhibited state. The vinculin tail 
domain is shown in red. (Bakolitsa, Cohen et al. 2004). The insert in metavinculin is 
located between helix I and II of Vt.  
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 Vinculin is highly conserved among species and the sole difference between 

vinculin and metavinculin is a 68 amino acid acidic insert in the tail domain. The insert 

is located between helix I and II of the tail domain, just after amino acid 914 (Fig. 1-1). 

It is flanked on both sides by a KWSSK-motif and the C-terminal part of the insert 

contains a repeat of a region located just N-terminal of the insert. It is striking that the 

second half of the insert containing this repeat is highly conserved between species 

(Fig. 1-4). No atomic model of metavinculin is available yet, but some predict the 

insert to consist of two α-helices interspaced by three coil regions (Gimona, Small et 

al. 1988), or of three α-helical regions interspaced by two loops (Olson, Illenberger et 

al. 2002).  

 

 
human           MAARQLHDEARKWSSK-PGI---PAAEVGIGV--------VAEADAADA  
chicken         MAARQLHDEARKWSSK-PVT---VINEAAEAV-------DIDEEDDAD- 
pig             MAARQLHDEARKWSSK-PGN---PAAKVGIGV--------VAEADAADA  
frog            -----------KWSSKSPGNYDYPAPQGREAVISEVEQAQEEEEEEA-S  
                           ***** *        :   .*          * : *   
 
human           DYEPELLLMPSNQPVNQPILAAAQSLHREATKWSSKG aGFPVPPDMED 
chicken         DYEPELLLMPTNQPVNQPILAAAQSLHREATKWSSKG VEFSLPSDIED 
pig             DYEPELLLMPSSQPVNQPILAAAQSLHREATKWSSKG VGFPVPSDMED 
frog            DYEPELLLVPEGQPVNQPMLAAAQSLHREATKWSSKG VEFALSSDIED 
                ********:* .******:****************** . *.:..*:** 

 
Fig. 1-4  Alignment of the Metavinculin insert region among several species. Residues 
898-993 are shown. (CLUSTAL FORMAT for T-COFFEE Version_7.71 
[http://www.tcoffee.org] [MODE: regular ], CPU=0.21 sec, SCORE=88, Nseq=4, 
Len=97). 
 

Vinculin and metavinculin activation 

 As described earlier, numerous vinculin binding ligands have been characterized. 

Examples are talin, α-actinin, α- and β-catenin binding the vinculin head domain, 

Arp2/3, VASP, ponsin and vinexin binding the proline-rich region, and PIP2, paxillin 
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and actin binding the tail domain (Zamir and Geiger 2001; Zamir and Geiger 2001; 

DeMali, Barlow et al. 2002). However, most of these ligand binding sites are masked 

by an intramolecular interaction between the vinculin head and tail domain. In this 

state vinculin is called inactive. Vinculin is active when it is rendered in an open 

conformation and can bind its ligands. Forster resonance energy transfer (FRET) was 

used to show that vinculin is in an inactive state in the cell cytoplasm, but that it 

undergoes a conformational change resulting in the active vinculin form at the focal 

adhesion sites (Chen, Cohen et al. 2005).  

 As seen in the crystallographic structure (Fig. 1-3), the tail domain is held in an 

auto-inhibited state by Domains 1 and 3. The top of the vinculin tail five-helix bundle 

structure makes an extensive hydrophobic contact with Domain 1. Two additional 

contacts with the top of Domain 4 and a mostly polar interaction with Domain 3 

increase the binding affinity from 20-50 nM between Domain 1 and Vt to less than 1 

nM between the complete head domain and Vt in the full length protein (Bakolitsa, 

Cohen et al. 2004). The vinculin tail domain binds F-actin with an affinity of about 1 

µM (Johnson and Craig 1995) and its interactions with talin or α-actinin are even 

weaker. This leads to the proposal of a vinculin activation mechanism that describes 

the necessity of a combinatorial input of two or multiple vinculin binding ligands 

(Bakolitsa et al. 2004). Vinculin is not unique in exploiting such an auto-inhibitory 

mechanism. Myosin II, Src kinase and ezrin are also proteins that need to be 

activated in order to expose their otherwise cryptic binding sites (Chambers and 

Bretscher 2005; Ozkirimli and Post 2006; Vicente-Manzanares, Ma et al. 2009). 

However, these proteins are activated upon phosphorylation, whereas vinculin is 

suggested to be activated synergistically by multiple ligands. Binding of an 
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appropriate ligand has to induce dramatic movements, rearrangements and 

distortions in the N-terminal vinculin head domain, thereby disrupting the vinculin 

head-tail interaction from a distance. Provoking these dramatic changes in the 

conformation of α-helices is referred to as helical bundle conversion (Izard, Evans et 

al. 2004).  

 Metavinculin exhibits a similar head-tail interaction (Witt, Zieseniss et al. 2004), 

but one that is weaker owing to the acidic nature of the insert in the tail domain (Witt, 

Zieseniss et al. 2004).  Metavinculin has an extra tyrosine phosphorylation site and 

has been reported to be phosphorylated ~8-fold higher than vinculin in vivo (Siliciano 

and Craig 1987; Gimona M. 1988). The functional significance for this is not yet 

understood, but phosphorylation could potentially influence the head-tail interaction. 

 

Vinculin and Metavinculin in Dilated- and Hyper Car dio-Myopathy 

 Cardiomyopathy is the most common cause of sudden cardiac death. Dilated and 

Hypertrophic  Cardiomyopathy (DCM and HCM) are the two most common types of 

cardiomyopathy in the U.S. affecting about 1 in every 500 people. In dilated 

cardiomyopathy the heart cavity is enlarged and stretched, impeding the normal 

pumping activity. DCM is frequently associated with arrhythmias, which eventually 

leads to heart failure. In hypertrophic cardiomyopathy the muscle mass of the left 

ventricle is enlarged, which can obstruct the blood flow, cause leakage of heart 

valves, or cause arrhythmias, that can also lead to sudden death. Both diseases are 

attributed to multiple factors, such as valvular heart or coronary artery disease, 

excessive alcohol use, pregnancy, viral infections etc, but genetics also play a role 

(www.americanheart.com). Both cardiomyopathies have been associated with 
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mutations involving a number of cytoskeletal proteins, such as actin, β-myosin heavy 

chain, myosin-binding protein C, troponin T, titin, α-tropomyosin, etc. (Towbin 1998). 

Recently, three different mutations in metavinculin were found to be associated with 

both cardio-myopathies (Olson, Illenberger et al. 2002; Vasile, Will et al. 2006). It is 

interesting to note that these three mutations, A934V, L954del and R975W, all occur 

in the insert region. The R975W substitution is the most dramatic mutation and was 

shown to disrupt intercalated disks significantly (Olson, Illenberger et al. 2002; Vasile, 

Will et al. 2006). However, this observation was made in an explanted heart which 

had in-stage heart failure. Metavinculin deficiency was also linked to dilated cardio-

myopathy and heart failure (Maeda, Holder et al. 1997), as was vinculin deficiency 

(Xu, Baribault et al. 1998; Zemljic-Harpf, Ponrartana et al. 2004; Vasile, Edwards et 

al. 2006; Zemljic-Harpf, Miller et al. 2007). Recently, a missense mutation in vinculin, 

L277M, was found to be involved in hypertrophic cardiomyopathy (Vasile, Ommen et 

al. 2006).  

 

Determining how vinculin and metavinculin organize a ctin filaments 

 The preceding sections gave a brief overview of what is known about vinculin and 

metavinculin and the roles they serve in cell adhesion. It is clear that significantly 

more research has been conducted on vinculin than metavinculin; nevertheless there 

are still many unanswered questions. The observation that vinculin is essential in 

formation  of a  stable link between the actin cytoskeleton and the cell membrane via 

proteins like talin and α-catenin, led me to study the structural details of this 

interaction. Vinculin’s actin binding site is known to be located in its tail domain. 

However, the tail domain shows no resemblance to other actin binding domains 
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(Puius, Mahoney et al. 1998). So, what is the exact location of this site in the tail 

domain? And does vinculin binding to F-actin introduce any conformational changes 

in the actin filament, or in vinculin itself? Its dimerization site was shown to be located 

in the tail domain as well (Huttelmaier, Bubeck et al. 1997). But how exactly does 

vinculin dimerize in order to induce actin bundling? There is no evidence for large 

conformational changes in the vinculin tail domain upon actin binding (Bakolitsa, de 

Pereda et al. 1999). In addition, vinculin is a monomer in solution, but vinculin not 

only binds to actin filaments, it also bundles them. Since vinculin has only one actin 

binding domain, it must be able to homodimerize when it is bound to actin in order to 

crosslink filaments. A smaller, more subtle conformational change may be introduced 

in the vinculin tail domain upon F-actin binding, allowing it to form homodimers only 

when bound to actin. Transmission electron microscopy in combination with helical 

reconstruction, docking of atomic models into the obtained electron density maps and 

mutagenesis are the preferred techniques to help answer such questions. It is the 

only way to obtain high resolution structural information on actin-vinculin assemblies, 

because these structures are to large to solve with NMR and they do not crystallize 

for x-ray diffraction analysis.  

 The questions raised in the preceding paragraph were initially addressed (in 

chapter 3) using the vinculin tail domain. This is possible as this domain contains the 

actin binding domain and the dimerization site, but also because the structure of the 

isolated tail domain is identical to the tail domain in the full length protein structure 

(Bakolitsa, de Pereda et al. 1999; Bakolitsa, Cohen et al. 2004). However, how does 

full length vinculin crosslink actin filaments? The full length vinculin protein has to be 

activated in order to bind F-actin. The hypothesis, which will be tested in this work 
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(chapter 4), is that vinculin can be activated by combinatorial binding of F-actin and a 

second ligand, such as talin and α-catenin (Bakolitsa, Cohen et al. 2004). Since the 

actin binding sites are known and are similar for both the vinculin tail domain and full 

length vinculin, full length vinculin is expected to bind F-actin like the vinculin tail 

domain. However, due to the presence of the large head domain, dimerization and 

thus crosslinking might be different.  

 The third part of this work (chapter 5) addresses questions concerning vinculin’s 

isoform metavinculin. As described earlier, vinculin is expressed ubiquitously, but the 

expression of metavinculin is restricted to muscle tissue and platelets. This leads to 

the question of why is there a muscle (and platelet) specific vinculin isoform? Like the 

actin binding domain, the insert is located in metavinculin’s tail domain. This means 

that actin binding of vinculin and metavinculin might differ and hence potentially affect 

actin organization differently. Conversely, the insert might affect dimerization and 

thereby prevent metavinculin from crosslinking actin filaments. Again, transmission 

electron microscopy and helical reconstruction techniques were used to elucidate this 

mechanism. Once the normal function of the metavinculin tail is known, one can ask 

a second question, namely how does the R975W mutation, associated with 

cardiomyopathy, affect metavinculin’s function? This mutation possibly affects the 

way in which metavinculin organizes actin filaments. If metavinculin turns out not to 

crosslink F-actin, the mutant could actually restore this bundling activity. Chapter 2 

provides background regarding actin and actin binding proteins and explains how 

actin assemblies are visualized and analyzed using transmission electron microscopy 

and image reconstruction techniques. 
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Chapter 2 

Background: Actin and actin binding proteins and th eir analysis using 

transmission electron microscopy and image reconstr uction techniques 

 

 Tight regulation of actin dynamics is at the heart of important cellular processes 

such as cell migration, adhesion, division, transport, signaling, and maintaining cell 

shape. The diversity of these processes requires the existence of multiple filamentous 

actin structures with distinct properties. For example, an activity like cell migration, 

which plays a key role during embryonic development, cancer, wound healing and 

immune responses, is a highly orchestrated, multistep process. In a characteristic 

polarized cell, a morphology is adopted with extended protrusions in the direction of 

extracellular cues. These protrusions are broad lamellipodia or spike-like filopodia 

that serve as traction sites as the cell moves forward, and they are disassembled at 

the cell rear allowing the cell to detach. The type of actin assembly depends on the 

protrusion: filopodia are formed of large actin bundles, whereaslamellipodia consist of 

a branching actin network. Formation and disassembly of these actin structures is 

controlled by numerous actin-regulatory proteins that function in binding, cross-

linking, capping, severing, depolymerization, and nucleation of actin (Pollard and 

Borisy 2003; Le Clainche and Carlier 2008).  

 

Structural details on monomeric and filamentous act in  

 Actin is the major component of the microfilament system in the cell. It is an 

abundant, highly conserved, globular, 42kD protein and in vivo exists in roughly equal 

amounts as monomeric actin (G-actin) and filamentous actin (F-actin). G-actin, 
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which contains one molecule of non-covalently bound ATP, is polymerized to F-actin 

and ATP is hydrolyzed to bound ADP and free inorganic phosphate, Pi, under 

physiological conditions (dependent on pH, temperature, Mg2+ concentration, ionic 

strength, etc). Polymerization starts slowly due to the small unstable oligomers, but 

once filaments are formed polymerization is fast and almost complete. Even after 

polymerization has reached a steady-state condition, addition and loss of actin 

monomers at F-actin ends continues. This process is called treadmilling. Net 

polymerization is higher at the barbed end of the filament, while net depolymerization 

is higher at the pointed end of the filament. Overall (de)polymerization depends on 

the concentration of free actin monomers in the cell (Korn, Carlier et al. 1987; 

Steinmetz, Stoffler et al. 1997; Pollard and Cooper 2009).  

 Approximately 25 crystal structures of monomeric actin have been published. All 

these structures were complexed with other proteins such as DNAseI (Kabsch, 

Mannherz et al. 1990) or vitamine  D binding protein (Otterbein, Cosio et al. 2002) or 

were chemically modified (Otterbein, Graceffa et al. 2001; Kudryashov, Sawaya et al. 

2005) in order to prevent polymerization and make crystallization possible. 

Subsequently, an ECP32-cleaved actin was crystallized, and this form of actin retains 

many features of the intact protein, including its ability to polymerize in its Mg-ATP 

bound form.  In its Ca-ATP bound form it is virtually non-polymerizable (Klenchin, 

Khaitlina et al. 2006) (Fig. 2-1).  
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Fig. 2-1 Structure of monomeric and filamentous actin. (A) Main chain structures of 
ECP monomers A and B (red and blue) are superimposed on the structure of actin in 
complex with DNAseI (yellow). The nucleotide binding cleft is indicated in the center 
of the molecule and actin subdomains 1-4 are labeled. (Klenchin, Khaitlina et al. 
2006) (B) Holmes model of F-actin including 9 actin subunits (Holmes, Popp et al. 
1990). (C) Structure of five neighboring actin residues after fitting them to electron 
density maps (Holmes, Tirion et al. 1993).  
 

 These crystal structures all display a relatively consistent model of monomeric 

actin, consisting of a ‘large’ domain (left side) and a’ small’ domain (right side) (Fig. 2-

1A). Each domain can be further divided into two subdomains that are held together 

by salt bridges and hydrogen bonds to the phosphate group of the bound nucleotide 

and to its divalent cation at the bottom of the cleft, in the center of the molecule. 

Subdomain 2 is significantly less massive than the other domains and renders the 

molecule polar in the direction from subdomain 1 and 3 (barbed end) toward 

subdomains 2 and 4 (pointed end) (Fig. 2-1A). An F-actin filament is build up from 

these actin subunits and consists of two intertwined, “long pitch”, right-handed helical 

strands. One helical turn in the filament contains 13 actin subunits and the axial 

subunit repeat is 2.75nm, resulting in a pitch of 71.5nm. The two helical strands are 
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axially staggered by half the axial subunit spacing, meaning that they cross each 

other every 35.75nm. The F-actin filament can also be described as a structure with a 

single, left-handed, “shallow pitch” helical strand with 13 subunits per 6 turns, 

resulting in a similar cross-over distance of 35.75nm (Bremer and Aebi 1992; Lorenz, 

Popp et al. 1993; Steinmetz, Stoffler et al. 1997).  

 Since actin filaments cannot be crystallized due to their varying lengths and 

complexes larger than ~100kD cannot be characterized by NMR, no high resolution 

structure of F-actin is available. However, several models exist for F-actin. The 

original (‘Holmes’) model assumes that there are no large conformational changes 

between G-actin as a monomer and G-actin incorporated into the helical strand of an 

actin filament (Fig. 2-1). The only change is a movement of a hydrophobic loop from 

the body of the actin subunit to form a contact with subunits on the opposite long-

pitch strand. This model was generated using a translational and rotational search for 

placement of the monomeric actin crystal structure into a helical filament so that it fits 

the observed x-ray fiber diffraction pattern from an oriented F-actin gel (~8Ǻ 

resolution) (Holmes, Popp et al. 1990). The ‘Lorenz model’ emerged a couple of 

years later and is a refinement of the ‘Holmes model’ (Lorenz, Popp et al. 1993). The 

earlier Holmes model was adjusted to fit high resolution EM density maps of F-actin 

and showed that the G- to the F-actin transition introduces some substantial 

conformational changes (Holmes, Tirion et al. 1993). In this model a crystal structure 

of G-actin (Otterbein, Graceffa et al. 2001) was used in which subdomain 4 was 

rotated inwards by 15o and subsequently flattened to give the best fit. This is also the 

F-actin model that was used for docking into EM density maps in my studies (chapter 

3 and 5). A more recent F-actin model (‘Oda model’) is based on x-ray fiber diffraction 
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studies at a resolution of 3.3-5.6Ǻ (Oda, Iwasa et al. 2009). This higher resolution 

was obtained by controlling filament length by adding gelsolin and controlling filament 

orientation using a superconductive magnet. This model shows a relative rotation of 

the two major domains of ~20o, giving  the subunits in F-actin a flatter structure 

compared to G-actin. A second difference is the open loop conformation of the 

DNAseI binding loop in subdomain 2. Recently, molecular dynamics simulations were 

used to compare the structure and properties of filamentous actin according to the 

Holmes and Oda models (Pfaendtner, Lyman et al. 2009). This study suggested that 

the Oda model better describes the interactions between subunits and gives rise to 

more stable filament dynamics. In addition, it describes how polymerization-induced 

flattening of actin subunits promotes ATP hydrolysis by locating one of the side 

chains closer to the γ-phosphate of ATP and that dissociation of γ-phosphate induces 

changes in the DNAse I-binding loop, which leads to destabilization of the filament.  

 

 



23 

 

 
Fig. 2-2 Structures of actin and diagrams of fundamental reactions. (A) Ribbon and 
space filling model of G-actin (pdb: 1ATN). (B) Spontaneous nucleation and 
elongation. Dimers and trimers are unstable, rapid growth at barbed ends and slow 
growth at pointed ends. (C) G-actin binding proteins. (D) Nucleation and elongation. 
(E) Nucleation of new filaments. (F) Reactions of actin filaments: capping, severing 
and cross-linking. (G) Transportation along actin filament. (Pollard and Cooper 2009). 
 
 
 

Regulation of the actin cytoskeletal organization 

 Assembly and function of actin are controlled by numerous actin-regulatory 

proteins. Many of these proteins bind F-actin in similar ways, namely by interacting 

with actin subdomains 1 and 2, which form the ‘outer’-domain of the filament helix 

and is more readily accessible for binding than subdomains 3 and 4. In addition, a 

‘hot spot’ (the hydrophobic pocket at the front end of the hydrophobic cleft in actin) 

exists for binding of actin regulatory proteins (Dominguez 2004).  Actin binding 

proteins (ABPs) are multi-domain proteins consisting of an actin binding domain, and 

often also signaling and other protein-protein interaction domains. The large numbers 

of ABPs are classified into different structural families according to their actin binding 
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domains, such as the gelsolin homology fold, profilin-homology domain, calponin-

homology domain, myosin motor domain, and Wasp-homology domain (Hanein, 

Volkmann et al. 1998; Van Troys, Vandekerckhove et al. 1999; Kureishy, Sapountzi 

et al. 2002; Dominguez 2004). These ABPs regulate actin in a number of ways (Fig. 

2-2). For example, thymosin-β4 can bind to monomeric actin and decrease the critical 

concentration for actin polymerization, preventing spontaneous polymerization (Fig. 

2-2c). Thymosin-β4 competes for G-actin binding with profilin. By creating a large 

pool of G-actin, it co-operates with profilin and promotes rapid filament assembly. As 

opposed to thymosin-β4, profilin does not block all assembly reactions. It inhibits actin 

polymerization from the pointed end, but promotes nucleotide exchange that 

facilitates polymerization at the barbed end (Sun, Kwiatkowska et al. 1995). However, 

Cofilin, yet another example of a G-actin binding protein (Fig. 2-2c), sequesters G-

actin to prevent polymerization and nucleotide exchange. Cofilin also severs F-actin 

to further promote disassembly of filaments. This in turn increases the number of 

filaments and might increase profilin-driven polymerization. A tight regulation of 

activities is necessary to control the assembly of required actin structures. This is 

often achieved by factors such as protein concentration or pH (Maciver, Zot et al. 

1991; Blanchoin and Pollard 1999; Andrianantoandro and Pollard 2006). Another 

actin regulatory mechanism is the initiation of polymerization from free G-actin by 

formins (Fig. 2-2d). Formins remain associated with the growing barbed end and 

cause partial inhibition of barbed end elongation (Harris, Li et al. 2004; Papp, Bugyi et 

al. 2006). In addition, mouse formins sever actin filaments (although not very 

efficiently) (Harris, Li et al. 2004) and formins in yeast, bundle actin filaments (Lew 

2002). At the leading edges of the cell, actin filament branching is initiated by the 
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actin-related protein 2/3 (Arp2/3) complex (Fig.2-2e) (Rouiller, Xu et al. 2008). Cofilin, 

in turn, competes with arp2/3 for the binding sites on actin and can subsequently 

dissociate the Arp2/3 complex and branches (Chan, Beltzner et al. 2009). Other 

reactions include capping by proteins such as capping protein (Fig. 2-2f), and 

severing and cross-linking as described in more detail below. 

 

F-actin severing proteins 

 F-actin severing proteins are important for rapid turnover of actin filaments, 

especially at the leading edge of motile cells. Filaments need to be disassembled to 

recycle G-actin for polymerization of new F-actin. Also, severing can increase the 

number of filament ends on which new actin can be nucleated. Filament length is 

regulated by severing, and also by filament end capping and acceleration of F-actin 

depolymerization or polymerization. Most severing proteins exhibit one of these 

activities in addition to severing. Based on their sequences, these proteins have been 

grouped into distinct categories or families such as the gelsolin family, which includes 

proteins such as gelsolin, villin, and severin (containing 3-6 gelsolin-like domains) 

(Ono 2007). These proteins bind, sever, and cap the barbed end, and depend on pH, 

calcium concentration, phosphorylation and nucleotide state (Yin and Stossel 1979; 

Brown, Yamamoto et al. 1982; Khurana and George 2008). For example, gelsolin’s 

stoichiometric severing activity is stimulated by Ca2+. When gelsolin’s tail domain 

binds Ca2+ a conformational change is induced that exposes the actin binding sites in 

gelsolin. After severing, gelsolin remains attached to the barbed end of the filament 

and functions as a cap. On the other hand, gelsolin severing is inhibited by binding to 

phophophoinositide 4,5-biphosphate (PIP2) (Sun, Yamamoto et al. 1999).  Villin in this 
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family bundles actin filaments in addition to severing (Hampton, Liu et al. 2008). The 

ADF/Cofilin family represents a second group of severing proteins, which are smaller 

in size than the first group of F-actin severing proteins and contain a single ADF-

homology domain, and includes proteins such as cofilin, actophorin, and twinfillin. 

These proteins also bind actin, sever, and influence actin (de)polymerization, and 

depend on protein concentration and pH (Maciver, Zot et al. 1991; Blanchoin and 

Pollard 1999; Andrianantoandro and Pollard 2006; Moseley, Okada et al. 2006; 

Pavlov, Muhlrad et al. 2006). Cofilin severs and promotes disassembly of F-actin from 

the pointed end. It works together with the Arp2/3 complex in reorganizing the actin 

filaments by increasing the amount of barbed ends while simultaneously increasing 

the G-actin pool. This provides free barbed ends for further polymerization and 

nucleation by the Arp2/3 complex (Ichetovkin, Grant et al. 2002).  

 Severing mechanisms differ for each severing protein. Gelsolin initiates severing 

after binding to the sides of the actin filament (Sun, Yamamoto et al. 1999). Electron 

cryomicroscopy and helical reconstruction showed that gelsolin bridges two 

longitudinally associated monomers in F-actin, causing large conformational changes 

in both gelsolin and actin, leading to a kink in the actin filament (McGough, Chiu et al. 

1998). This only happens when F-actin is freely available in solution (Dawson, Sablin 

et al. 2003). Another severing mechanism is that of cofilin, which binds 

substoichiometriccally to F-actin. By sparsely binding to the filament, cofilin changes 

the filament twist, causing strain and fragmentation (McGough, Pope et al. 1997; 

Andrianantoandro and Pollard 2006). Opposite from gelsolin, actin filament flexibility 

has to be restricted for optimal severing by cofilin, probably because of the higher 

strains that can be reached in the filament (Pavlov, Muhlrad et al. 2006). Actophorin 
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belongs to the same group as cofilin, but its severing mechanism is different. 

Severing by actophorin mainly occurs at pre-existing bends in the filament. F-actin is 

mechanically disrupted by intercalation of actophorin between two adjacent actin 

monomers in the filament. This mechanism is dependent on the bending-flexibility of 

F-actin, which is in turn dependent on the bound divalent cation (Ca2+ or Mg2+) and 

nucleotide (ATP or ADP) (Maciver, Zot et al. 1991; Rebello and Ludescher 1998). 

  

Actin crosslinking proteins 

 Actin bundling represents another form of actin organization. Actin bundles are 

prominent in filopodia, but large tightly organized actin bundles are also found around 

the nucleus and form the cellular geodome, in microvilli, and stressfibers. Bundle 

characteristics, such as packing, flexibility, and polarity, depend on the size and 

bundling strategy of the type of ABP that is involved. A large ABP that is capable of 

self-association, like α-actinin (~100kD), induces the formation of loose bundles 

(Meyer and Aebi 1990; Tseng, Fedorov et al. 2001). On the other hand, an ABP that 

has two suitable actin binding domains, such as fimbrin (~67kD) or fascin (~55kD), 

induces tight unipolar bundles dependent on the distance between the two actin 

binding sites (Volkmann, DeRosier et al. 2001; Kureishy, Sapountzi et al. 2002).   

 Actin crosslinking proteins, like severing proteins, are also regulated by external 

factors. For example, within the α-actinin family the non-muscle isoforms are 

regulated by Ca2+, whereas the muscle-specific isoforms are Ca2+-insensitive. Fimbrin 

is also regulated by Ca2+. Fimbrin only induces actin bundling in absence of Ca2+ and 

does not crosslink actin filaments in the presence of Ca2+. Another way of regulating 

actin bundling is through phosphorylation. The bundling activity of fascin is inhibited 
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by phosphorylation at residue Ser-39 by protein kinase C (Yamakita, Ono et al. 

1996). The length of actin bundles and their growth rate are subsequently determined 

by capping, severing, and nucleating proteins such as the ones described above. 

 While both α-actinin and fimbrin are both members of the same spectrin 

superfamily and both their actin binding domains (ABDs) consist of two consecutive, 

calponin homology domains, their bundling mechanism is different. α-Actinin, which is 

composed of one ABD linked to a C-terminal calmodulin-like domain via four spectrin 

repeats, forms an antiparallel homodimer. As a result, this dimer has an actin binding 

domain at both ends, allowing it to crosslink actin filaments into bundles. Due to the 

flexibility of the linker domain, α-actinin is able to arrange actin filaments in diverse 

arrays. It can induce highly ordered anti-parallel actin arrays or variable orientations 

of filaments in an actin network. (Taylor and Taylor 1993; Hampton, Taylor et al. 

2007; Sjoblom, Salmazo et al. 2008). Fimbrin, like α-actinin, is composed of a C-

terminal calmodulin-like domain, a spectrin linker and, unlike α-actinin, two tandem 

pairs of ABDs at the N-terminus. These ABDs are arranged on the same polypeptide 

chain, without any spacers and this enables fimbrin to organize actin filaments into 

densely packed bundles (Volkmann, DeRosier et al. 2001). Fascin belongs to the β-

trefoil family of proteins and contains two actin binding sites, one at the N-terminus 

and the second about 300 amino acids C-terminal of the first binding site. This allows 

fascin to bundle actin filaments into highly ordered, tightly-packed, parallel bundles 

(Kureishy, Sapountzi et al. 2002). Vinculin is an actin crosslinking protein, which 

organizes filaments into bundles (Jockusch and Isenberg 1981; Huttelmaier, Bubeck 

et al. 1997). As described in chapter 1, the mechanism of actin bundling by vinculin 

and the subsequent bundle characteristics are not yet known.  
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Analysis of crosslinked actin arrays 

 Three-dimensional F-actin bundles are often disordered and polymorphic and 

hence difficult to analyze. I used a method that helps constrain disorder and 

polymorphism to two dimensions and facilitates detailed structural studies on actin-

protein crosslinking interactions (Ward, Menetret et al. 1990). Positively-charged lipid 

layers were used as a substrate for formation of highly-organized two-dimensional 

(2D) F-actin arrays (‘rafts’). Actin filaments bind these lipid monolayers and allow 

intercalation of the actin bundling protein between them. Although actin bundles in 

vivo have more constrains due to their crosslinking in three-dimensions, the better 

ordered 2D actin rafts have the potential to yield higher resolution structural 

information on actin bundling. These 2D rafts allow for the visualization and analysis 

of individual filaments and crossbridges by electron microscopy.  

  The analysis of these two-dimensional actin rafts is described in (Sukow and 

Derosier 1998). Optical diffraction patterns obtained from electron micrographs 

provide information about the geometrical arrangements of subunits in the specimen, 

in this case the actin filaments and their crossbridges. The diffraction patterns of 

electron microscopy images of highly organized, paracrystalline actin-crosslinker 

arrays provide information on interfilament spacing and rotation, axial translation, 

polarity of the filaments ,and crosslinker spacing. A diffraction pattern of crosslinked 

actin arrays (Fig. 2-3) consists of horizontal lines (layer lines) that arise from the 

helical symmetry of the actin filaments. A single filament would give rise to continuous 

lines, but because of the paracrystalline nature of the filaments in the raft, the layer 

lines appear as sharper spots. The distance between these spots correlates with the 

reciprocal distance between the filaments. Doubling of row line sampling means that 
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the repeat distance is twice the distance between filaments, indicating that 

neighboring filaments in the array have opposite polarity. The repetition within the 

filament due to its pitch and the distance between successive crosslinkers gives rise 

to spots on the vertical lines (row lines). The angle and position of these spots shows 

the spatial relationship (axial shift, rotation) between neighboring filaments in the raft, 

see Fig. 2-3. (Sukow and DeRosier 1998; Volkmann, DeRosier et al. 2001). In 

addition to providing information on the specimen itself, diffraction patterns also 

provide information on the image quality, such as resolution, radiation damage, 

astigmatism, focus, and drift.  

 
 

 
Fig. 2-3  Example of a two-dimensional F-actin array crosslinked by an actin bundler 
and its diffraction pattern (Volkmann, DeRosier et al. 2001). (A) F-actin raft indicating 
the distances between repetitive units and showing the crosslinker in grey. (B) 
Diffraction pattern of the raft in A. 
 

Although a large amount of data can be derived form these diffraction patterns, they 

don not provide all information. Visualizing the actin assemblies by imaging and 
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subsequently using the appropriate reconstruction technique will provide additional 

information how the crosslinkers are positioned in the actin monolayers. 

 

Helical reconstruction technique 

 Due to the size and the helical nature of filamentous actin, conventional methods 

such as NMR spectroscopy and x-ray crystallography respectively are not suitable for 

studying actin complexes. However, transmission electron microscopy combined with 

image reconstruction techniques is an excellent tool to determine the structure of 

these large molecular assemblies. In contrast to single particles, one image of a 

helical polymer often provides all the different orientations needed to reconstruct the 

three-dimensional (3D) structure to moderate resolution. For the analysis of helical 

structures, such as actin filaments bound by the vinculin or metavinculin tail domain in 

this work, reconstructions can be generated using standard helical reconstruction 

techniques (Owen, Morgan et al. 1996). The Brandeis Helical Package is a group of 

programs used for analysis of electron micrographs of helical objects using the 

Fourier-Bessel method. First, single filaments have to be boxed out from a digitized 

image. Filaments are then rotated to a standard orientation, straightened, and images 

more tightly boxed and apodized (smoothening of the sharp box edges). These 

images are then Fourier transformed and layer line data are extracted. At this stage, 

filtering and CTF-correction can be applied, as well as phase origin correction. CTF 

stands for contrast-transfer-function and arises form artifacts generated by the 

microscope system such as lens aberration and defocus. Layer line data are either 

separated into near- and far-side data (resulting from the 2 helices), after which all 
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files are merged, aligned, averaged, and 3D maps are generated by Fourier Bessel 

inversion.   

 A more recent development in helical reconstruction techniques is a hybrid 

procedure that combines single particle reconstruction approaches with helical 

symmetry (Egelman 2000). The filament straightening as described for conventional 

helical reconstruction has the potential to introduce artifacts, for example, by 

assuming there is no coupling between bending and twisting or by assuming the 

filament undergoes a merely elastic, normal mode of bending, etc. In addition, F-actin 

does not have a precisely defined helical symmetry. To avoid these difficulties, single 

particle methods can be applied to helical filaments. In this real-space reconstruction 

method, small overlapping segments of actin filaments are selected from digitized 

electron micrographs. These segments are aligned against reference projections that 

were generated from a helically-symmetric reference structure. The aligned images 

are subsequently used to generate a 3D reconstruction by back projection. Helical 

symmetry of the volume is determined and imposed to generate a new helically-

symmetric reference volume. This procedure is iteratively refined until convergence is 

reached with no further improvements in the 3D reconstruction. (Egelman 2000; 

Egelman 2007).  

 Using these procedures, helical reconstructions can be obtained from cryo-EM 

data with a resolution around 10Ǻ (Galkin, Orlova et al. 2008; Low, Sachse et al. 

2009). For comparison: at low resolution (~20-30Ǻ) individual proteins can be 

detected in a multiprotein complex and its shape can be determined. At ~8-9Ǻ α-

helices are just visible, at ~5Ǻ β-strands are visible, and at a resolution of ~3-4Ǻ 

densities of individual amino acid side chains can be detected (Auer 2000).  However, 
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most biological specimens do not reach this kind of resolution. Nevertheless, atomic 

models can be generated using high resolution structures of individual molecules in a 

macromolecular complex that are obtained using techniques such as NMR or x-ray 

crystallography combined with the lower resolution structure of the entire complex 

that was obtained by electron microscopy (Baker and Johnson 1996). The atomic 

structures have to be docked into the density provided by electron microscopy. This 

can provide information on intermolecular interfaces and large conformational 

changes of individual molecules upon complex formation.  

 

Electron tomography 

 The reconstruction methods described in the preceding section are not useful for 

2D actin arrays crosslinked by ABPs. Although the actin arrays contain information 

from all orientations of F-actin due to its helical symmetry, the crosslinkers in between 

the filaments are fixed in one orientation due to their constriction by the monolayer. A 

powerful tool to obtain 3D reconstructions of the actin-crosslinker arrays is electron 

tomography. Electron tomography is the only technique that can provide structural 

information of larger complexes and supramolecular assemblies, whether they are 

ordered or not. In this technique images of the sample are recorded under different 

orientations of the object with respect to the electron beam and are then 

computationally merged to obtain a 3D reconstruction (Fig. 2-4). The resolution of 

tomograms is ~20 (Lučić, Förster et al. 2005) and is dependent on the number of 

projections and their alignment. The degree of rotation that can be achieved is 

dependent on physical constrains imposed by the specimen holder and the sample 

itself and causes nonisotropic resolution. Full structural information on a sample can 
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be obtained by tilting the specimen over an angular range of 180o
. However, in 

general the sample can only be physically tilted from -70o to 70o with respect to the 

electron beam. This limited tilt range results in missing data in a wedge-shaped 

region and causes distortions in the 3D reconstruction. In order to improve 

reconstruction quality, a second set of data can be collected after rotating the 

specimen by 90o about the optic axis of the microscope. The pyramidal-shaped 

region of missing data is smaller than the wedge-shaped region and this data 

collection strategy improves the quality of the 3D reconstruction. This missing data is 

especially visible in single tilt tomography of helical assemblies: filaments that lay 

perpendicular to the tilt axis will be strongly affected by the missing wedge, and will 

not appear in the reconstruction. In double tilt tomography this information will be 

added from the second tilt series. In addition, the tilt increment also determines the 

quality of the image reconstruction. Small tilt increments improve final resolution (Fig. 

2-4d).  
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Fig. 2-4  The principal of single axis tomography (Baumeister, Grimm et al. 1999). (a) 
Two-dimensional projection images are recorded while tilting the sample with respect 
to the electron beam. (b) The backprojection body for each image is calculated after 
which all backprojections are combined to calculate the 3D reconstruction. (c) The 
specimen cannot be tilted over the full range of 180o due to technical constraints. 
Various kinds of distortions in the 3D reconstruction are caused by the absence of 
data in this wedge-shaped region, often referred to as missing-wedge artifacts.  (d) 
The quality of the 3D reconstruction depends on tilt angle and increment as shown by 
these four images. The first image (left) demonstrates a nearly perfect reconstruction 
obtained with a ±90o tilt range and 2o tilt increment. In the second image the 
maximum tilt angle was ±60o. The details in the reconstruction perpendicular to the z-
direction are smeared out due to the missing wedge. The two reconstructions on the 
right were obtained by recording images with tilt increments of 5o over a tilt angle of 
±90o and ±60o, respectively. Compared with the first two images, the resolution is 
lower, and the images are more degraded. 
  

 Another point of caution in electron tomography is the large amount of images 

that need to be collected. The electron dose should be minimized and this results in a 

very low signal-to-noise ratio in each projection image. Electron tomography, 

however, has the advantage that the signal-to-noise ratio will increase after 

combining the data in all projections. Further improvement of data quality involves the 

sample preparation technique. A commonly used method is staining the sample with 

heavy metals to increase the contrast in electron microscopy. In negative staining, 
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these metals are deposited around the molecules of the specimen and in cavities. 

Thus, the specimen appears light, while it is surrounded by a dark envelope of heavy 

metals. What is seen is not biological material but stain. In addition, the stain causes 

artifacts like flattening or collapsing of the specimen due to the stain deposit and 

dehydration. To avoid staining artifacts, specimens can be prepared by cryofixation. 

In this technique, samples are rapidly frozen under cryogenic temperatures in liquid 

ethane. This causes the proteins to be embedded in a vitrified layer of water, which 

preserves the protein’s native environment. Using cryo-electron tomography, the 

specimen can be investigated in its frozen-hydrated state. Low-dose techniques, high 

electron voltage and energy filters are aids that are commonly used to protect the 

specimen against too much radiation damage. For a review see (Lučić, Förster et al. 

2005). 
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Chapter 3, in full is a reprint of the material as it appears in Molecular Cell, January 

2006, Mandy E.W. Janssen, Eldar Kim, Hongjun Liu, L. Miya Fujimoto, Andrey 

Bobkov, Niels Volkmann and Dorit Hanein, 21(2): 271-281. Janssen, Volkmann and 

Hanein conceived the project, designed the experiments, and wrote the paper. 

Janssen performed most of the experiments. Kim assisted and conducted in some of 

the biochemical molecular and cell  biology studies  Liu  assisted and provided in the 

image analysis studies, Fujimoto and  Bobkov assisted and performed  some of the 

biophysical characterization studies. 
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Chapter 4 

Structural details of vinculin activation 

 

Summary 

 Binding of vinculin to F-actin and other ligands is mediated by an intramolecular 

head-tail interaction in vinculin. The auto-inhibited state of vinculin renders the protein 

inactive by masking its binding sides for other binding partners. A combinatorial input 

of F-actin and a second ligand is proposed to activate vinculin (Bakolitsa, Cohen et al. 

2004). In this study, a combination of transmission electron microscopy and 

biochemical analysis was used to compare vinculin activation by F-actin in 

combination with constructs of talin and of α-catenin, which are part of the cell-matrix 

and cell-cell adhesion junctions respectively. None of the talin constructs was able to 

significantly activate vinculin in-vitro. However, the α-catenin construct (CD3) was 

able to induce considerable actin bundling by vinculin when present in low molar 

ratios.  

 In parallel, actin bundling by vinculin was assessed using a vinculin construct, 

V∆153, which lacks the first 153 N-terminal amino acids and is therefore constituently 

active. Dual axis electron tomography and image analysis show that V∆153 induces 

actin bundles like the vinculin tail, and that the head domain is flexible upon 

crosslinking and induce a larger interfilamental spacing. 
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Introduction 

 In order to activate vinculin a mechanism was proposed in which F-actin and a 

second ligand simultaneously bind the head and tail domain and subsequently disrupt 

the vinculin intermolecular interaction (Bakolitsa, Cohen et al. 2004). Talin is one of 

the proteins reported to bind the vinculin head domain (Vh) (residues1-258) (Izard, 

Evans et al. 2004) and in the presence of F-actin has been suggested to release the 

Vh-Vt interaction (Bakolitsa, Cohen et al. 2004). Talin is a 270kD, elongated 

antiparallel dimer, with a small globular N-terminal head domain and a flexible rod 

domain that contains 11 vinculin binding sites (Gingras, Ziegler et al. 2005). In this 

study I used isolated vinculin binding domains (VBSs) to activate vinculin instead of 

the full length talin protein or the talin rod domain. The reason for this is that the 

vinculin binding sites are not readily accessible in talin due to the inhibitory interaction 

between its rod and head domains (Goksoy, Ma et al. 2008).   

 Three of the talin VBSs have been described in detail and were previously used in 

assays to activate vinculin (Bass, Smith et al. 1999; Gingras, Ziegler et al. 2005).  

These include VBS1 (residues (607-636), VBS2 (residues 852-879), and VBS3 

(residues 1944-1969). The vinculin binding site in talin is defined by a short peptide 

sequence that forms an amphipathic helix with basic and hydrophobic faces (Bass, 

Smith et al. 1999; Gingras, Ziegler et al. 2005). X-ray crystal structures have been 

determined for the VBSs of talin (Izard, Evans et al. 2004; Izard and Vonrhein 2004; 

Fillingham, Gingras et al. 2005), the VBS of α-actinin (Bois, Borgon et al. 2005), and 

of the IpaA invasion protein of S. Flexneri (Nhieu and Izard 2007), all interacting with 

the vinculin head domain. (Fillingham et al. 2005) determined what happens to the 

talin VBS2 domain (residues 755-889) upon binding to Vh (residues 1-258). VBS2 is 
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a left-handed, amphipathic, four-helix bundle in which the amino acids that are 

important for vinculin binding are buried in the core of the helical bundle. Therefore a 

significant conformational change is required upon binding the vinculin head domain. 

VBS2 helices H1, H3, and H4 are immobilized, whereas helix 2 completely unfolds 

and exposes the hydrophobic surfaces of H1, H3 and H4. This suggests that VBS2 is 

able to bind multiple vinculin head constructs simultaneously (Fillingham, Gingras et 

al. 2005).    

 A conformational change in Vh is introduced upon binding to talin VBSs (Izard, 

Evans et al. 2004; Izard and Vonrhein 2004). Talin VBS3 binds Vh (residues 1-258) in 

a 1:1 molar ratio. It does not activate vinculin by competing with Vt interaction, but it 

distorts the Vh-Vt interface from a distance. VBS3 is a single amphipathic α-helix that 

inserts between helices H1 and H2 of Vh, with its hydrophobic face contacting the 

hydrophobic core of the N-terminal helical bundle of Vh. This requires conformational 

changes in the vinculin head. The C-terminal helical bundle has a stable conformation 

and serves as an anchor, whereas helix H1, H2, and H4 of the N-terminal helical 

bundle undergo dramatic movements, rearrangements and distortions upon formation 

of the new five-helix bundle in the Vh-VBS3 complex. This process is referred to as 

helical bundle conversion in which dramatic changes occur in the conformation of α-

helices (Izard, Evans et al. 2004). Talin VBS1, VBS2 and VBS3 have considerable 

variation in sequence, yet they bind the same site in Vh, albeit with different binding 

affinities (Table 4-1) (Izard and Vonrhein 2004). 

 A similar mechanism was found for the interaction between α-actinin and vinculin. 

The VBS domain in the central rod domain of α-actinin binds between helices H1 and 

H2 of the N-terminal helical bundle of Vh, and forces H1 into the Vh-Vt interface. 
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Similar to the VBSs of talin, the α-actinin VBS induces a helical bundle conversion in 

the N-terminal bundle of Vh, but the C-terminal bundle remains unaffected. However, 

the α-actinin VBS runs in opposite direction and is shifted compared to talin’s VBSs 

and causes a unique structural change in Vh (Bois, Borgon et al. 2005). Binding of 

vinculin by either of the talin VBSs or by the α-actinin VBS results in a similar mode of 

vinculin activation, whereby the vinculin tail is displaced from a distance. The unique 

structural changes show flexibility in Vh that ensures distinct identities when bound to 

different ligands.  

 It is notable that the crystal structure of a region, consisting of two VBSs in IpaA, 

bound to Vh shows another mechanism of α-helix-helical bundle interaction besides 

helical bundle conversion. This mechanism is helix addition (Nhieu and Izard 2007). 

The C-terminus of IpaA contains two high affinity VBSs for vinculin, IpaA-VBS and 

IpaA-VBS2. IpaA-VBS binds between helices H1 and H2 of the N-terminal helical 

bundle in Vh and induces the helical bundle conversion described above. On the 

other hand, IpaA-VBS2 binds to the hydrophobic patch between helices H2and H3 of 

the C-terminal helical bundle. The structure of the C-terminal helical bundle is 

unaffected upon IpaA-VBS2 binding; a helix is simply added from IpaA-VBS2 to the 

vinculin C-terminal helical bundle.  This addition by itself does not activate vinculin, 

but might be necessary to stabilize the IpaA-vinculin complex. A similar scenario is 

suggested for some of talin’s VBSs. (Nhieu and Izard 2007).  
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Table 4-1 Binding affinities within vinculin and between vinculin and its ligands. Vh = 
vinculin head; Vt = vinculin tail (aa 884-1066).   
 Protein interaction  Binding Literature  
Vt-Vh (aa1-258) ~11.5 µM (Cohen, Chen et al. 2005) 
Vt-proteolytic Vh (aa1-858)  ~50 nM (Johnson and Craig 1994) 
Vt-Vh (aa1-851) ~93 nM (Cohen, Chen et al. 2005) 
Vt-full length vinculin <1 nM (Bakolitsa, Cohen et al. 
Talin VBS1 (aa607-636) – Vh (aa1-258) ~14.7 nM (Izard and Vonrhein 2004) 
Talin VBS2 (aa852-879) – Vh (aa1-258) ~32.8 nM (Izard and Vonrhein 2004) 
Talin VBS3 (aa1943-2157) – Vh (aa1-258) ~39 nM (Bass, Patel et al. 2002) 
Talin VBS3 (aa1944-1969) – Vh (aa1-258) ~3.1 nM (Izard and Vonrhein 2004) 
Talin VBS3 (aa1944-1969) – Vh, D1-3 ~400 nM (Bakolitsa, Cohen et al. 
Vinculin-F-actin >>50 µM (Johnson and Craig 1995) 
Vt-F-actin ~1 µM (Johnson and Craig 1995) 
α-actinin VBS – Vh (aa1-258) ~1.7 nM (Bois, Borgon et al. 2005) 
IpaA-VBS+VBS2 – Vh (aa1-258) ~3.1 nM (Nhieu and Izard 2007) 
IpaA-VBS2 – Vh (aa1-258) ~30.2 nM (Nhieu and Izard 2007) 
 

 The objective of this study was to determine if the full length vinculin protein 

bundles actin filaments in a similar way as the vinculin tail domain (Vt) does by 

obtaining high resolution structural information using transmission electron 

microscopy. Vt comprises only 1/6 of the total molecular weight. One goal was to see 

where the rest of vinculin (~100kD) is located in the cross-linked F-actin and if it 

influences vinculin dimerization and subsequently affects actin bundle characteristics. 

I used the following VBS constructs to activate the full length vinculin protein in the 

presence of F-actin: talin’s VBS2- and VBS3-domain, talin’s VBS3-peptide, and α-

catenin’s CD3-region. In addition to wild-type vinculin, I also used the T19 vinculin 

mutant described previously (Cohen, Chen et al. 2005).  In parallel with the use of full 

length vinculin, I also used a slightly shorter vinculin construct and determined its 

actin bundling characteristics.  This construct, V∆153, lacks the first 153 N-terminal 

amino acids and is therefore constituently active.  
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Experimental Procedures 

Protein Preparation 

Rabbit skeletal muscle actin was used from two different sources; it was generated as 

described in (Volkmann, Hanein et al. 2000) or provided by Cytoskeleton Inc 

(AKL99). Lab prepared actin was generally used within 2-3 weeks of preparation. His-

tagged full length vinculin, kindly provided by Dr. R. Liddington, was recloned to 

remove the his-tag. The DNA sequence corresponding to the first 130 amino acids of 

chicken vinculin was made using primers 5’-catgccatgggcagca 

gcatgcctgtcttccacacacgcacc-3’ and 3’-ccaggttgctgacagcggcctgcacggc cgacacg-5’. 

The product was amplified by PCR and cloned into vector pET15b containing the his-

tagged vinculin construct using the Nco1-Eag1 restriction sites. The absence of his-

tag and errors was confirmed by DNA sequencing. The vinculin mutant T19 (K1047A, 

R1049A and D1051A) was made using the QuikChange Multi Site-Directed 

Mutagenesis Kit and primers 5’-gaagcagcatccattgcgatagcaacagctgccggattcactctg-3’ 

and 5’-cagagtgaatccggcagctgttgctat cgcaatggatgctgcttc-3’. Both vinculin proteins 

were expressed in E.coli strain BL21(DE3). Cell cultures were induced with 0.1 mM 

IPTG (16 hr,15ºC) and pellets frozen at -80ºC. Upon thawing, 2 mM PMSF, 1 

protease inhibitor tablet [Roche] and 0.1% TWEEN-20 were added. Cells were 

homogenized at 15,000 psi, cell debris was removed by centrifugation. Purification of 

the proteins from cleared cell lysates was achieved by ion exchange chromatography 

on a 5 ml HiTrap Quaternary ammonium (Q SepharoseTM HP) column (GE 

Healthcare) at pH 7.5 and pH 8.5, followed by purification on a 5 ml HiTrap 

Sulfopropyl (SP Sepharose TM HP) column (GE Healthcare) at pH 5.0 and 7.5. 
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Purified proteins was dialyzed against 20 mM Pipes, pH 7.5, 50 mM NaCl, 1 mM 

MgCl2 and stored at -80ºC until further use.  

V∆153 is a vinculin construct lacking the first 153 N-terminal amino acids and was 

kindly provided by Dr. R. Liddington as a His-tagged construct in pET-15GX. Due to 

its low binding affinity to nickel beads, V∆153 was recloned into pGEX4T1 

Ecor1/Not1 to obtain a GST-tagged construct. V∆153 was expressed in E.coli strain 

BL21(DE3). The cell culture was induced with 0.1 mM IPTG (16 hr, 15ºC) and the 

pellet was frozen at -80ºC. Upon thawing, 0.1% TWEEN-20, 1 tablet of protease 

inhibitors, 1 mM DTT and 2 mM PMSF were added. Cells were homogenized at 

15,000 psi, cell debris was removed by centrifugation. V∆153 was purified from 

cleared cell lysates on a glutathione-sepharose affinity column (Amersham). The 

GST-tag was cleaved on the column by biotinylated thrombin and removed by 

streptavidin agarose. The purified protein was dialyzed against 20 mM Pipes, pH 7.5, 

50 mM NaCl, 1 mM MgCl2 and stored at at -80ºC until further use. 

The plasmids pET15b, which encodes amino acids 755-885, and pET151-DTOPO, 

which encodes amino acids 1843-1973 of mouse talin, called VBS2 and VBS3 

respectively, were kindly provided by Dr. D. Critchley. The plasmid pET15b, which 

encodes amino acids 277-510 of mouse a-catenin, called CD3, was kindly provided 

by Dr. R. Liddington. VBS2, VBS3 and CD3 were expressed in E.coli strain 

BL21(DE3). Cells were grown to early log phase, induced with 1 mM IPTG (3 hrs, 

37ºC) and the pellets frozen at -80ºC. Upon thawing, 2 mM PMSF, 1% Tween-20 and 

1 tablet of protease inhibiters were added. Cells were homogenized at 15,000 psi, cell 

debris was removed by centrifugation. Purification of the proteins from the cleared cell 

lysate was achieved by metal chelate affinity chromatography on a 5 ml Hi-Trap 
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Nickel column (Amersham). The his-tag on VBS2 and CD3 was cleaved with 

biotinylated thrombin and removed with streptavidin agarose. They were further 

purified by ion-exchange chromatography on a 5 ml HiTrap Quaternary ammonium 

column (Amersham). The his-tag on VBS3 was cleaved with acTEVTM Protease 

(Invitrogen) and removed by rerunning the protein on a 5 ml Hi-Trap Nickel column. 

VBS2, VBS3 and CD3 were dialyzed into 20 mM Tris pH 7.5, 150 mM NaCl and 

stored at -80ºC until further use. The synthetic VBS3 peptide, corresponding to amino 

acids 1945-1970 of talin, was kindly provided by Dr. Satterthwait and Dr. Chen 

(BIMR).  

 

Cosedimentation Assays 

Binding and crosslinking of actin filaments by V∆153 or vinculin in combination with 

VBS3, VBS2, CD3, or VBS3 peptide were characterized in cosedimenation assays 

using differential centrifugation in which the crosslinked actin filaments were 

recovered from low-speed pellets (20 krpm, 17,380 x g, 15 min), and filaments were 

recovered from high-speed pellets (80 krpm, 278,100 x g, 30 min). The samples were 

incubated with preformed actin filaments for 1 hr at 4ºC. (1 concentration unit is equal 

to 4 µM). All assays were performed in F-actin buffer (10mM Tris [pH 7.5], 50mM 

NaCl, 2mM DDT, and 2mM MgCl2). Pellets and supernatants were recovered using a 

Beckman TLA100 rotor at 4ºC at the respective speed. The samples were analyzed 

on 4%–20% Tris-Glycine gels. Each experiment was repeated at least once.  
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Size-exclusion chromatography 

Complex formation of VBS3 and Vfl was analyzed by FPLC analysis using a 

SuperdexTM S200 10/300 GL size-exclusion column (GE Healthcare) on an ÄKTA-

FPLC (UPC900/Frac920) with software package Unicorn 5.10 (GE Healthcare). Vfl 

and VBS3 were pre-spinned at 278,100 x g for 30 minutes at 4oC. VBS3 was added 

to Vfl in a 20-fold molar excess and incubated for 30 minutes on ice before running 

the sample over the column.  

 

Electron Microscopy 

Actin-Vinculin-Activator Complexes 

Actin was diluted to ~0.03 mg/ml with 50 mM Imidazole (pH 7.0), 100 mM NaCl, 10 

mM MgCl2, 10 mM EGTA, 0.5 mM DTT, and 0.2 mM ATP and incubated with vinculin 

and activator in appropriate molar ratios for 10 minutes on ice. 5µl sample was 

absorbedto a glow-discharged ,400-mesh copper grid, coated with a carbon film. 

After a 1 min incubation in a humid chamber, the samples were stained with 2% 

uranyl acetate and air dried. Low-dose images were recorded with a Gatan 1k CCD 

camera on a Tecnai 12 electron microscope (FEI Electron Optics) at nominal 

magnifications of 52,000, 42,000 and 26,000 (all at 120 keV) and ~1.5 µm defocus for 

vinculin-activator complexes or with a Gatan 2k CCD camera on a Tecnai F20 

electron microscope (FEI Electron Optics) at a nominal magnification of 13,500, at 

200kV and ~4µm defocus  for V∆153 (electron dose ~10 e/Å2).  

 

Actin-V∆153 Arrays 
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Arrays were grown (24 hrs) at 4ºC on positively charged lipid layers consisting of a 

3:7 w/w solution of di-lauryl-phosphatidylinositol and didodecyldimethylammonium 

bromide dissolved in chloroform (Taylor and Taylor, 1992; Volkmann et al., 2001). 

The lipid and surfactant mixture was layered over the polymerization buffer prior to 

the injection of G-actin (~0.1 mg/ml) for producing the arrays. The polymerization 

buffer contains 20 mM Na2PO4, 50 mM KCl, 1 mM ATP, 2 mMMgCl2, 1mMEGTA, 

1mMDTT (pH 7.0) and ~0.06 mg/ml of V∆153. The monolayers were transferred to 

200-mesh copper grids coated with lacey carbon films. Specimens were stained with 

2% uranyl acetate and air dried. Dual  axis tomographic tilt series were recorded at 

magnifications of 29,000 (low dose) with tilt angles ranging from -60º to +60º and 

increments of 2º (at ~3.5 µm defocus) on a Tecnai TF20  (FEI Electron Optics) using 

the SerialEM 2.8.1 tomography package (Mastronarde 2005), the advanced 

tomography Holder from Fischione,PA, and a Gatan 2K CCD camera. The exposure 

on the sample was ~160 e/tomogram.  

 

Analysis of Tomograms 

The tomographic reconstructions were generated with IMOD (Kremer, Mastronarde et 

al. 1996). Two tilt series of the same sample, rotated 90o about the microscope axis, 

were aligned and then merged to reduce artifacts caused by the missing wedged 

data, which is especially visible in filamentous structures (chapter 2). This alignment 

was done by tracking 15nm gold fiducials that were deposited on one side of the 

sample. Densities of two adjacent actin filaments with a cross-linker between them 

were segmented from the tomographic reconstruction using a 3D watershed 

segmentation algorithm (Volkmann 2002). 
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Results 

Vinculin activation by F-actin and talin VBSs 

 VBS2 is composed of amino acids 755-889, whereas VBS3 contains amino acids 

1843-1973. The synthetic VBS3-peptide consists of the C-terminal α-helix of the 

VBS3 domain (aa 1945-1970). Fig. 4-1 shows the location of these regions within the 

talin protein. 

 
Fig. 4-1  Schematic representation of talin. The locations of the VBS2 and VBS3 
domains and the VBS3-peptide are indicated.  
 

Vinculin activation by F-actin and VBS3 

 Talin’s VBS3 domain has a high binding affinity for vinculin head Domain 1 (~39 

nM). 25-fold more VBS3 than vinculin was used to activate vinculin in the presence of 

actin filaments. To distinguish actin bundling form single filament binding, I performed 

an actin cosedimentation assay in which protein solutions were first centrifuged at low 

speed to isolate the actin bundles with their bound proteins and then centrifuged at 

low speed to recover the single actin filaments and bound proteins. Vinculin by itself 

induces a minimal amount of F-actin bundling, but mostly binds single actin filaments. 
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Addition of VBS3 induces more vinculin binding to actin filaments and a slight 

increase in F-actin bundling (Fig. 4-2).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-2  Analysis of vinculin activation in the presence of F-actin and VBS3. Actin 
binding and bundling are detected by a co-sedimentation assay with vinculin and talin 
domain VBS3. ls: low speed pellet; hs: high speed pellet; s: supernatant. (1) actin = 4 
µM; (2) actin:Vinculin = 4:1 µM; (3) actin:vinculin:VBS3 = 4:1:20 µM; (4) 
actin:vinculin:VBS3 = 4:1:500 µM; (5) actin:VBS3 = 4:500 µM. 
 

Vinculin activation by F-actin and talin’s VBS2 domain 

 Talin’s VBS2 domain has a slightly higher binding affinity for vinculin head 

Domain 1 (~32 nM) than the VBS3 domain, and was suggested to be able to bind 

three vinculin proteins simultaneously (Fillingham, Gingras et al. 2005). I repeated the 

actin cosedimentation assay described for VBS3 to see if VBS2 might bind vinculin 

better and induce more actin bundling than VBS3. Addition of VBS2 causes more 

vinculin to bind single actin filaments and more actin bundling. VBS2 seems to induce 
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more actin bundling than VBS3. However, VBS2 by itself also induces bundle 

formation indicated by the appearance of a higher amount of actin in the low speed 

pellet when VBS2 is present than in the control (Fig.  4-3). 

 

Fig. 4-3  Analysis of vinculin activation in the presence of F-actin and VBS2. Actin 
binding and bundling are detected by a co-sedimentation assay with vinculin and talin 
domain VBS2. ls: low speed pellet; hs: high speed pellet; s: supernatant. (1) actin = 4 
µM; (2) actin:Vinculin = 4:1 µM; (3) actin:vinculin:VBS2 = 4:1:20 µM; (4) 
actin:vinculin:VBS2 = 4:1:500 µM; (5) actin:VBS2 = 4:500 µM. 
 
 
 Since VBS2 induces actin bundling formation by itself, I continued with the 

activator VBS3. Fig. 4-2 shows that, at 500-fold molar excess to vinculin, VBS3 

induces some actin bundling. In fact, a 500-1000-fold molar excess to vinculin was 

suggested for VBS3 to activate vinculin (Cohen, Chen et al. 2005). A molar excess of 

VBS3 to vinculin of 50 was used for electron microscopy studies to image bundle 
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formation by vinculin and talin VBS3 (Fig. 4-4). Unfortunately, even at this 

concentration it is difficult to obtain images with a reasonable low background that will 

not interfere with image analysis (Fig. 4-4c). Fig. 4-4d shows that VBS3 by itself 

aggregates and interacts with F-actin.  

 

Fig.  4-4  Visualization of actin-vinculin-VBS3 assemblies. Electron microscopy 
images of negatively stained actin filaments alone (a), or in the presence of vinculin 
(b), vinculin and VBS3 (c), or in the presence of VBS3 alone (d). Scale  bar is 100nm.  
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 Increasing the VBS3 concentration is not a viable option due to the high amount 

of background it produces in the images. Lower concentrations of VBS3 do not seem 

to induce significantly more actin bundling, but according to Fig. 4-2 the amount of 

vinculin that binds F-actin is increased in the presence of a 20-fold excess of VBS3. 

In order to determine if VBS3 actually interacts with vinculin at this concentration, size 

exclusion chromatography was performed. Vinculin and VBS3 were incubated in a 

1:20 molar ratio and run over a S200 10/300 sizing column (Fig.  4-5). Vinculin and 

VBS3 do not significantly bind each other at this ratio. In addition, VBS3 forms 

multimers. Even after high speed centrifugation to remove these multimers, no 

significant interaction was observed between vinculin and VBS3. 

 

Fig. 4-5  Analysis of vinculin assemblies by size-exclusion chromatography. Overlay 
of chromatograms show that Vinculin and VBS3 do not form a complex in solution.  
 

Vinculin activation by F-actin and talin’s VBS3-peptide 

 In order to avoid the high background of particles in electron microscopy due to 

the high concentration and relatively large size (~14kD) of the talin VBS3 domain, I 
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decided to use a synthetic VBS3-peptide. The peptide is only ~2.9kD in size and has 

a binding affinity of ~3.1 nM for vinculin head domain 1 (Izard, Evans et al. 2004; 

Izard and Vonrhein 2004), and ~400 nM for vinculin head domain 1-3 (Bakolitsa, 

Cohen et al. 2004). Due to the smaller size, higher concentrations can be used 

without causing too much background in electron microscopy images. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4-6  Analysis of vinculin activation in the presence of F-actin and VBS3-peptide. 
Actin binding and bundling are detected by a co-sedimentation assay with vinculin 
and talin’s VBS3-peptide. ls: low speed pellet; hs: high speed pellet; s: supernatant. 
(1) actin = 4 µM; (2) actin:Vinculin = 4:1 µM; (3) actin:vinculin:VBS3-peptide = 4:1:260 
µM; (4) actin:VBS3-peptide = 4:260 µM; (5) VBS3-peptide 260 µM. 
 

I originally started out with 1000-fold molar excess of VBS3-peptide. At this 

concentration the peptide heavily aggregates. After high speed centrifugation to 

remove aggregates, a 260-fold molar excess to vinculin could be reached. The 
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peptide induces substantially more vinculin binding to F-actin and more actin 

bundling. However, the same amount of actin bundling was obtained by VBS3-

peptide alone (lane 4, Fig. 4-6).  

 

Vinculin mutant T19 activation by F-actin and talin  VBS2 or VBS3 

 In an effort to use a lower amount of activator and thus get less background in 

EM-images, I generated a vinculin T19 mutant (Fig. 4-7). The charge-to-alanine 

mutations (K1047A; R1049A; D1051A) in the basic patch of the base of the vinculin 

tail helical bundle increase the Kd for vinculin head binding by a factor of 42-fold, 

while still being able to bind F-actin (Cohen, Chen et al. 2005).  

 

Fig. 4-7  Summary of analysis of several vinculin tail mutants. (a) Strength of the 
head-tail interaction and (b) actin binding activity of several vinculin tail mutants 
(Cohen, Chen et al. 2005).  
 

Fig. 4-8 confirms loss of basic residues (lower pI) in the T19 mutant, but no increased 

exposure of Vt that would indicate activation. This is expected since the Vt-Domain 1 

interaction is still intact.  
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A            B 

 

 

 

 

            C 

 

 

Fig. 4-8  Analysis of T19 vinculin mutant. The crystal structure of vinculin (A) indicates 
the location of the T19 mutations (K1047A; R1049A; D1051A) between the base of Vt 
and Domain 4. Differential scanning calorimetry shows that T19 is less stable than wt-
vinculin (B) and an IEF gel (C) confirms loss of basic residues occurring in this 
mutant. 
 

Activation of T19 in presence of F-actin and one of the talin VBS2 or VBS3 activators 

or VBS3-peptide was assessed by differential actin cosedimentation assays.  
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Fig. 4-9  Analysis of T19 activation in the presence of F-actin and VBS2 or VBS3. 
Actin binding and bundling were detected by a co-sedimentation assay with vinculin 
mutant T19 and talin’s VBS2- and VBS3-domain. ls: low speed pellet; hs: high speed 
pellet; s: supernatant. (1) actin:vinculin = 4:1 µM; (2) actin:V∆153 = 4:1 µM; (3) 
actin:T19 = 4:1 µM; (4) actin:T19:VBS2 = 4:1:5 µM; (5) actin:T19:VBS2 = 4:1:50 µM; 
(6) actin:T19:VBS3 = 4:1:5 µM; (7) actin:T19:VBS3 = 4:1:50 µM.  
 

The vinculin mutant T19 binds significantly better to F-actin in the presence of VBS2. 

However, the reason for using a vinculin mutant was to reduce the activator 

concentration. At low concentrations of VBS2 F-actin bundling by T19 is not better 

than by wild-type vinculin. On the other hand, actin bundling is much improved in the 

presence of VBS3. However, in the presence of VBS3 the total amount of T19 
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binding to actin is much less than wild-type vinculin. I will use the VBS3-peptide to 

determine if this activator induces more T19 to bind F-actin and induces increased 

actin bundling. 

 

Vinculin mutant T19 activation by F-actin and VBS3-peptide 

 Activation of the vinculin mutant T19 was also tested in the presence of the 

synthetic VBS3 peptide and F-actin. Fig.  4-10 shows the actin cosedimentation 

assay of these proteins. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. 4-10  Analysis of vinculin/T19 activation in the presence of F-actin and VBS3-
peptide. Actin binding and bundling were detected by a co-sedimentation assay with 
vinculin or T19 and talin’s VBS3-peptide. ls: low speed pellet; hs: high speed pellet; s: 
supernatant. . (1) actin = 4 µM; (2) actin:T19 = 4:1 µM; (3) actin:T19:VBS3-peptide = 
4:1:260 µM; (4) actin:VBS3-peptide = 4:260 µM; (5) actin:vinculin = 4:1 µM; (6) 
actin:vinculin:VBS3-peptide = 4:1:260 µM.  
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As seen in the previous experiment with VBS2 as activator, T19 binds F-actin better 

than wt-vinculin (lane 3 and 6, Fig. 4-10). In presence of the VBS3-peptide, actin 

bundling is increased. However, there is no significant difference seen between wt-

vinculin and the T19 mutant. As was shown for the VBS3 domain, the VBS3-peptide 

induces actin bundling or forms large aggregates (lane 4, Fig. 4-10). Since no 

significant difference was detected between wt-vinculin and T19 mutant activation 

and actin bundle formation, I decided to evaluate actin bundle formation by vinculin in 

the presence of the VBS3-peptide using electron microscopy. As can be seen in Fig. 

4-11, the VBS3-peptide aggregates and induces actin bundles/aggregates on its own, 

even when vinculin is not present (as was also seen in the actin cosedimentation 

assays). 

  

 
Fig. 4-11  Visualization of actin-vinculin-VBS3-peptide assemblies. Electron 
microscopy images of negatively stained actin filaments in the presence of vinculin 
(left), vinculin and VBS3-peptide (middle), and VBS3-peptide (right).   
 

Vinculin activation by α-catenin’s CD3-region 

 A region of α-catenin containing the vinculin binding site, CD3, was shown to bind 

vinculin very weakly (Yang, Dokurno et al. 2001; Bakolitsa, Cohen et al. 2004). In the 
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presence of F-actin this affinity increases significantly (Janssen, Kim et al. 2006). I 

repeated the actin cosedimentation assay with vinculin in the presence of CD3 (Fig. 

4-12).  

 

Fig. 4-12  Analysis of vinculin activation in the presence of F-actin and CD3. Actin 
binding and bundling are detected by a co-sedimentation assay with vinculin and α-
catenin’s CD3-domain. LSP: low speed pellet; HSP: high speed pellet; Sup: 
supernatant. (1) actin:vinculin:CD3 = 1:1:1 µM; (2) actin:vinculin:CD3 = 1:1:5 µM; (3) 
actin:vinculin:CD3 = 1:1:10 µM; (4) actin:vinculin = 1:1 µM; (5) actin:CD3 = 1:5 µM; 
(6) vinculin = 1 µM; (7) CD3 = 5 µM; (8) actin = 1  µM.  
 

Compared to a mixture of vinculin and actin alone, in the presence of CD3 more 

vinculin is incorporated in actin bundles and actin bundling is increased. CD3 by itself 

does not induce actin bundling/aggregation. The increase of actin bundling in the 

presence of a 10-fold molar excess of CD3 is significant and suggests that CD3 is a 

better activator than talin’s VBS2-, VBS3-domain, and VBS3-peptide.  
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Fig. 4-13  Visualization of actin-vinculin-CD3 assemblies. Electron microscopic 
images show (a) actin in the presence of vinculin (1:1 molar ratio), actin in the 
presence of both vinculin and CD3 (1:1:10  molar ratio) (b-d) on lipid layers over holey 
formvar grids.  
 

 Fig. 4-13b-d show how vinculin cross-links actin filaments in the presence of CD3. 

The size of the densities between the actin filaments, which should correspond to 

vinculin and CD3, is irregular and so are the distances between adjacent filaments. 

The specimen mostly resembles the organization as seen in Fig. 4-13b-c. Only in few 
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places an assembly such as in Fig. 4-13d is seen. Optimization of this system is 

required to verify if the latter is a reproducable phenomenon.  

 

Filamentous actin cross-linking by V ∆153 

 V∆153 is a vinculin construct consisting of amino acids 154-1066. The region that 

includes the first 153 N-terminal amino acids of vinculin forms a major interface with 

the tail domain. Without this intramolecular interface the construct is likely to be 

constituently active. Indeed, in the presence of V∆153 actin bundles are formed (Fig. 

4-14), comparable to bundle formation by Vt (for Vt bundles see Fig. 5-10d).  

 
Fig. 4-14  Visualization of actin-V∆153 assemblies. Electron microscopy images of 
actin (a) and actin in presence of V∆153 (b) were taken at a defocus of -4µm and 
magnification of 11,000x.  
 

In order to determine the structural details of how V∆153 bundles actin filaments, I 

used electron microscopy to visualize two-dimensional arrays of actin cross-linked by 

V153. As previously explained (chapter 3), restraining the assembly process in the 

third dimension allows for high resolution analysis. Using dual axis electron 

tomography, 61 images were collected of different angles of such an array from -60o 
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to 60o, every 2o, after which the sample was rotated 90o and a second series was 

collected (Fig. 4-15).  

  



85 
 

 
 

Fig. 4-15  Dual axis electron tomography of F-actin-V∆153 arrays. Images were taken 
every 2o from -60o to 60o. (a) Three different angles of the first tomography series, (b) 
similar angles of the same sample but rotated over 90o. Data was collected at ~3.5µm 
defocus and a magnification of 29kx. Tilt axis was vertical in all images. 
 

The 3D reconstruction of this array was calculated (Fig. 4-16).  
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Fig.  4-16  Tomographic reconstruction of a 2D actin array crosslinked by V∆153. The 
red highlighted circle indicates some V∆153 binding a single filament; the yellow 
highlighted area represents an area of organized actin filaments crosslinked by 
V∆153.  
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Fig. 4-17  Analysis of the actin-V∆153 crosslink. (a) A small region of the tomographic 
reconstruction of actin cross-linked by V∆153. (b) Five examples of individual V∆153 
crosslinks cut out of the tomogram (left sides) and filtered (right sides). (c) Example of 
watershed segmentation of one such V∆153 crosslink from the front and rotated by 
90o. Actin monomers can be identified as different colored segments in two actin 
filament areas. The yellow/pink segment in between the two actin filaments can be 
attributed to V∆153. (d) For comparison the Vt-actin crosslink is shown, see chapter 
3. 
 

Although V∆153 does not crosslink filaments everywhere in the raft, the areas that 

are highly organized are crosslinked and show a preference for a slanted orientation 

(Fig. 4-16 and 4-17a). The distance between filaments crosslinked by V∆153 is 

approximately 3 times larger than when F-actin is crosslinked by Vt. V∆153 

crosslinkers appear to be regularly spaced in the raft, however, there is variation in 

the distance between successive crosslinkers as seen in Fig. 4-17b. This might be 

due to the flexibility of the head domain. Paired up with these individual crossbridges 

are their filtered images. These show about 13 actin subunits between successive 
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crosslinkers (Fig. 4-17b). Fig. 4-17c shows an example of an isolated V∆153 

crosslinker. The segment in yellow/pink that is located between the two actin 

filaments can be attributed to V∆153. The size of the cross-linker roughly 

corresponds to one V∆153 molecule (~100kD). In order to obtain more structural 

information on the position and orientation of actin filaments cross-linked by V∆153, I 

analyzed several diffraction patterns from regions of negatively-stained arrays (Fig. 4-

18). The paracrystalline order of the arrays is poorer than the arrays cross-linked by 

Vt (see chapter 3). As was true for Vt, the diffraction pattern of the V∆153-actin arrays 

shows a single meridonal reflection at a height corresponding to the actin cross-over 

repeat (1/38 nm). This corresponds to the image in Fig.4-18a which also shows a 

single cross-linker per actin cross-over. In addition, actin filaments cross-linked by 

V∆153 run unipolar as is deducted from the distance between the diffraction spots in 

relation to the filament distance. This is consistent with actin filaments cross-linked by 

Vt and with observations in cells (Geiger, Yehuda-Levenberg et al. 1995). The inter-

filament distance in the array is ~13.3nm, which is about 3-fold larger than the 

spacing between filaments that are crosslinked by Vt.  

 
Fig. 4-18  Comparison of diffraction patterns of V∆153 and Vt. (a) 2D actin array 
cross-linked by V∆153 and (b) its corresponding diffraction pattern. (c) Diffraction 
pattern of an actin-Vt array and the actin-Vt raft (d) for comparison.   
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Discussion 

Full length vinculin activation  

 In the previous chapter I determined the structural details of vinculin tail cross-

linking actin filaments. Here, I extended this study and determined the structural 

details of actin bundling by full length vinculin. Several protein constructs were used 

to activate vinculin in the presence of F-actin. The talin VBS3 domain is shown to 

activate vinculin only at concentrations of 500-1000-fold molar excess to vinculin 

(Cohen, Chen et al. 2005). Here, I also showed that, at a 500-fold molar excess to 

vinculin, the VBS3-domain of talin induces more vinculin to bind single actin 

filaments. However, there is only a slight increase in actin bundling as compared to 

the control sample without the VBS3-domain. The VBS2-domain of talin contains 

three vinculin binding sites, instead of only one in the VBS3-domain (Fillingham, 

Gingras et al. 2005). For this reason an increase of vinculin activation and 

subsequent actin bundling was expected. Indeed, the VBS2-domain induces 

increased actin bundle formation. However, it induces the same amount of actin 

bundling when vinculin is not present. The large amount of background in electron 

microscopy images due to the large excess of activator (VBS3-domain) makes it 

difficult to analyze these images. In addition, the VBS3-domain does not interact with 

vinculin at a lower molar ratio such as 1:20 (vinculin to VBS3). To circumvent this 

problem I used a VBS3-peptide which is only ~2.9kD in size and should be less 

visible in electron microscopy when added in large quantities. This peptide induced 

increased vinculin binding to actin filaments and a higher degree of actin bundling 

compared to the larger VBS3-domain, but as was the case for the VBS2-domain, the 

VBS3-peptide induces actin bundling on its own, even when vinculin is not present. 
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Since this peptide consists of only the vinculin binding region it was not expected to 

bundle actin filaments so heavily. An increase in salt concentration from 50 to 300mM 

NaCl did not lower non-specific binding of this peptide to actin or lower actin 

bundling/aggregation.  

 In order to use lower amounts of activator and make it easier to activate vinculin, 

a vinculin mutant with decreased binding affinity between the head and tail domains 

was used. Several vinculin tail domain mutants were shown to have less affinity for 

the head domain, but are still able to bind actin (Cohen, Chen et al. 2005). One of 

these is the K1047;R1049;D1051A mutant (T19), which was chosen because it 

increases the Kd of the head-tail interaction 42-fold and its mutations are farthest 

from the actin binding sites (Cohen, Chen et al. 2005). Activation of T19 in the 

presence of the VBS2- or VBS3-domain of talin did not result in significantly better 

actin bundling than when wt-vinculin is activated. The talin VBS3-peptide also did not 

result in increased bundling formation as compared to wt-vinculin. This study showed 

that the talin constructs do not significantly induce actin bundling through vinculin.  

 The most efficient activator of vinculin is α-catenin’s CD3 construct, which bundles 

actin filaments at a 10-fold molar excess. Optimizing this system and eventually using 

electron cryo-tomography might allow characterization of F-actin bundling by full 

length vinculin in the presence of a second ligand. A possible explanation for the 

ability to activate vinculin in the presence of α-catenin’s construct, but not by talin’s 

constructs might involve their structure and destination. α-Catenin might induce a 

slightly different conformational change in the vinculin head domain than talin and is 

able to activate vinculin in the presence of F-actin, thereby forming stable cell-cell 

contacts. On the contrary, an additional step might be required prior to activation of 
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vinculin by talin in the presence of F-actin. Vinculin is known to be highly 

phosphorylated in nascent focal adhesion sites, but is much less phosphorylated in 

mature focal adhesions (Mohl, Kirchgessner et al. 2009).  Phosphorylation might 

induce initial activation of vinculin after which ligands such as F-actin and talin 

stabilize its conformation and induce formation of stable focal contacts. On the other 

hand, vinculin phosphorylation might weaken the head-tail interaction just enough for 

talin and F-actin to fully activate vinculin. 

 

Cross-linking of actin filaments by V ∆153 

 Parallel to the study of full length vinculin activation, a constituently active vinculin 

construct was used, called V∆153. This construct does not need the presence of an 

activator, but instead lacks the first 153 N-terminal amino acids necessary for the high 

affinity between vinculin’s head and tail domain. Highly ordered actin-V∆153 arrays 

were obtained and showed that V∆153 crosslinks F-actin into slanted arrays and that 

it binds actin filaments once every crossover and crosslinks them in a unipolar 

manner. The latter is consistent with how Vt crosslinks actin filaments (chapter 3) and 

how vinculin bundles actin in the cell (Geiger, Yehuda-Levenberg et al. 1995). 

Furthermore, V∆153 seems to bind two neighboring actin subunits along the filament 

similar to Vt. To confirm this more analysis is required. Data of V∆153 bound to F-

actin can be collected and a 3D reconstruction can then be generated to verify that 

the actin binding sites are still similar to Vt. Another observation was that, although 

the V∆153 crossbridges seem to appear at regular distances from each other in the 

raft, a closer look revealed some variation in these distances. This might be due to 

the vinculin head domain which is connected to the tail domain via a flexible region. 
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The head domain might be positioned in different orientations, which might make up 

for the discrepancy in the distances between two successive V∆153 crosslinks. 

Averaging enough V∆153-actin crosslinks can provide better insight into the flexibility 

of vinculin’s head domain.  

 The distance between filaments is ~13.3nm which is approximately 3-fold larger 

than when filaments are crosslinked by Vt. Since there are only two actin binding 

sites identified in vinculin (both in the tail domain) an explanation would be that 

V∆153 cross-links F-actin by dimerization, like the vinculin tail, but that a large part of 

the molecule might not be located in the same plane of the actin filaments. Instead, 

most of the head domain of vinculin could be located above or below the plane of the 

actin array, while only the tail domain and a small part of the head domain of two 

V∆153 molecules are located in between the filaments. During the segmentation 

process, in which density corresponding to the sample was carved out and isolated 

form the noise, too much density might have been removed. Furthermore, to allow for 

a larger interfilament distance, a conformational change could occur in the 

dimerization site that increases the distance between actin binding site and 

dimerization site. The five-helix bundle might partially unfurl. Unfurling of this domain 

has been observed in electron microscopy studies described in (Molony and Burridge 

1985) and (Winkler, Lunsdorf et al. 1996). In order to get a more accurate 3D 

reconstruction of the V∆153 cross-linker itself, more data should be obtained and 

averaged. In addition, the atomic model of Vt-F-actin should be docked into isolated 

V∆153-F-actin crossbridges to determine if this model easily coincides with V∆153-F-

actin crosslinking. Determination of the structural details of V∆153-actin cross-linking 

can be improved using cryo-electron tomography. In this technique, V∆153-actin 
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arrays can be visualized in their native state, circumventing staining effects such as 

interaction with the sample, gap-filling and flattening effects due to drying of uranyl 

acetate stain.  It might give a more realistic indication of the localization of the V∆153-

head domain.  
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Chapter 5 

A 68 amino acid insert changes an actin bundling pr otein into an actin severing 

protein: actin organization by vinculin and metavinc ulin   

 

Summary 

 Vinculin and metavinculin are two splice variants that connect the actin 

cytoskeleton to the cell membrane. The single difference between the two isoforms is 

a 68 amino acid acidic insert in the tail domain of metavinculin. Since the tail domain 

also contains the actin binding domains, vinculin and metavinculin could potentially 

organize actin filaments differently. Here it is shown for the first time that while the 

vinculin tail domain (Vt) bundles actin filaments in vitro, the metavinculin tail domain 

(MVt) instead severs actin filaments. Electron microscopy and image analysis 

suggest that the location of the MVt insert prevents dimerization. Kinetic and 

fluorescence microscopy assays demonstrate that actin severing is concentration 

dependent and that MVt also stabilizes filaments. In addition, this study shows that a 

larger metavinculin construct bundles F-actin like vinculin does. Together, these data 

suggest a model in which metavinculin bundles actin filaments unless the acidic insert 

is exposed and can therefore sever filaments. Furthermore, the cardiomyopathy-

related R975W-MVt mutant functions similar to wild-type MVt, suggesting that this 

mutation does not affect actin binding sites or dimerization site in MVt.  
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Introduction 

 Vinculin is a highly conserved, 116kDa protein, which links actin filaments to 

cadherins and integrins in the cell membrane via α-catenin and talin in cell-cell and 

cell-matrix adhesion junctions respectively (Burridge and Mangeat 1984; Weiss, 

Kroemker et al. 1998). It plays a crucial role in brain and heart development, where it 

is required for the formation of normal cell-cell and cell-matrix adhesive complexes 

(Xu, Baribault et al. 1998; Zemljic-Harpf, Miller et al. 2007). In order to link the actin 

cytoskeleton to the cell membrane, vinculin interacts with a large number of proteins, 

such as VASP (Brindle, Holt et al. 1996), vinexin (Kioka, Sakata et al. 1999), ponsin 

(Mandai, Nakanishi et al. 1999), α-actinin (Kroemker, Rudiger et al. 1994), talin 

(Johnson and Craig 1994), PIP2 (Johnson, Niggli et al. 1998) and paxillin (Turner, 

Glenney et al. 1990). However, most of these ligand binding sites are masked by an 

intermolecular interaction between the vinculin head and tail domains and renders the 

protein inactive. The crystallographic models of vinculin determined by Dr. 

Liddington’s lab and Dr. T. Izard’s lab show the structural details of this interaction 

(Bakolitsa, Cohen et al. 2004; Borgon, Vonrhein et al. 2004). A combinatorial 

activation mechanism was proposed in which vinculin can be activated by 

simultaneously binding two or more of its ligands (Bakolitsa, Cohen et al. 2004; 

Janssen, Kim et al. 2006). 

 The existence of a second vinculin isoform was recognized nearly three decades 

ago (Feramisco, Smart et al. 1982). While extensive research has been done on 

vinculin, the function of the larger isoform, metavinculin, remains elusive. Vinculin is 

expressed ubiquitously, but metavinculin is mainly expressed in smooth and cardiac 

muscle tissue (Feramisco, Smart et al. 1982; Glukhova, Kabakov et al. 1986; Belkin, 
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Ornatsky et al. 1988). A small fraction of metavinculin also occurs in skeletal muscle 

tissue (Belkin, Ornatsky et al. 1988) and platelets (Turner and Burridge 1989), which 

is interesting since platelets also contain an abundance of the contractile proteins 

actin and myosin despite their non-muscle origin (Hathaway D.R. 1979). Both 

isoforms co-localize in dense plaques, intercalated disks, and costameres where they 

are thought to function in force transduction. The percentage of the two vinculin 

isoforms depends on tissue type, but was reported to vary between 20% metavinculin 

of the total vinculin pool in human cardiac tissue to more than 50% in human stomach 

and bladder smooth muscle tissue (Belkin, Ornatsky et al. 1988). In addition, 

metavinculin expression is closely related to differentiation of muscle cells. The 

metavinculin fraction (of the total vinculin pool) increases during development from 

5% in fetuses to 44% in adults (Koteliansky, Belkin et al. 1991). In-vitro experiments 

showed metavinculin expression in 4-5 day cultured cells, but hardly any after 24 

hours (Saga, Hamaguchi et al. 1985). These data suggest that metavinculin is 

important for force transduction since metavinculin expression appears to be directly 

correlated to the ability of differentiated muscle cells to contract.  

 The sole structural difference between the two vinculin isoforms is a 68aa acidic 

insert in the C-terminal tail domain of human metavinculin (Gimona, Small et al. 1988; 

Byrne, Kaczorowski et al. 1992). Three mutations are found in the insert region that 

are associated with dilated and hypertrophic cardiomyopathy (Olson, Illenberger et al. 

2002). The affect of these mutations on actin organization was studied by light 

microscopy (Olson, Illenberger et al. 2002). They showed that the mutations in the 

insert of MVt cause MVt to bundle actin filaments like Vt. The most dramatic effect 

was exerted by the R975W-mutation.  
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 These specific mutations indicate a specific function for the insert region. Several 

serine doublets and a tyrosine containing region have been identified in the insert 

(Gimona M. 1988). The presence of a number of potential phosphorylation sites 

corresponds to the eight fold greater phosphorylation of metavinculin as compared to 

vinculin (Siliciano and Craig 1982). However, the function of this phosphorylation is 

not understood yet. To date, no explicit binding protein for this insert has been 

reported. Since the tail domains of both isoforms include the actin binding domain, it 

has been suggested that the metavinculin tail insert influences the filamentous 

organization of actin (Rudiger, Korneeva et al. 1998).  Studies on the organization of 

actin filaments by different vinculin isoforms were performed at a resolution too low to 

yield conclusive results (Rudiger, Korneeva et al. 1998; Olson, Illenberger et al. 

2002). On the other hand, the insert region was proposed to affect metavinculin’s 

intramolecular head-tail interaction by lowering its association constant as compared 

to the head-tail interaction in vinculin (Witt, Zieseniss et al. 2004).  The specific 

function of metavinculin’s insert still remains unsolved.  

 In the present study, I used the tail domains of vinculin and metavinculin because 

these contain the actin binding sites and the insert (for metavinculin). In addition, 

using these constructs circumvents the problem of (meta)vinculin activation. Here, the 

influence of Vt and MVt on actin organization is compared in order to determine the 

effect of the additional insert in MVt. In contrast to Vt, which induces the formation of 

large highly ordered actin bundles (Janssen, Kim et al. 2006), this study shows that 

the presence of the insert prevents actin bundling, and instead makes it a severing 

protein. Besides severing in a concentration dependent manner in vitro, MVt also 

stabilizes actin filaments. This combination of severing and stabilization is not shown 
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before, since severing proteins generally have a capping and/or (de)polymerization 

function in addition to their severing activity (Ono 2007). Electron microscopy was 

used to show that the insert does not affect the actin binding itself, although 

tryptophan fluorescence experiments indicate a lower actin binding affinity for MVt 

than for Vt. Together, a new function for MVt is proposed and a model for the 

mechanism of actin organization by the full length metavinculin protein. Furthermore, 

the effect of the MVt mutant R975W on actin organization is evaluated and compared 

to wild-type MVt.  

 

Experimental Procedures 

Protein Preparation 

Skeletal muscle actin was either available in our laboratory or bought from 

Cytoskeleton Inc. Vt was purified as described in chapter III. The DNA sequence of 

the tail domain of chicken metavinculin (MVt), corresponding to amino acids 879-

1134, was kindly provided by Dr. Liddington. The metavinculin tail mutant MVt-

R795W was made using the QuikChange Multi Site-Directed Mutagenesis Kit and 

primers 5’-gcgccgagtcaggaacgtaacccttcggtg-3’ and 5’-cgcggctcagtccttgcattgggaa 

gccac-3’. MVt and MVt-R975W were expressed in E.coli strain BL21(DE3). Cell 

cultures were induced with 0.1 mM IPTG (16 hr,15ºC) and pellets frozen at -80ºC. 

Upon thawing, 2 mM PMSF, 1 protease inhibitor tablet and 0.1% TWEEN-20 were 

added. Cells were homogenized at 15,000 psi, cell debris was removed by 

centrifugation. Purification of the proteins from the cleared cell lysates was achieved 

by a 40% ammonium sulfate cut, and its pellet was dissolved in 50 mM Tris-HCl, 50 

mM NaCl, 1 mM EDTA, 2 mM DTT. Purification was continued using ion exchange 
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chromatography on a 5 ml HiTrap Quaternary ammonium (Q SepharoseTM HP) 

column (GE Healthcare) at pH 8.0, followed by purification on a 5 ml HiTrap 

Sulfopropyl (SP Sepharose TM HP) column (GE Healthcare) at pH 7.0. Purified 

proteins were dialyzed against 20 mM Tris-HCl, pH 7.5, 150 mM NaCl and stored at -

80ºC until further use. MV∆153, corresponding to amino acids 154-1135 of chicken 

metavinculin, was constructed out of full length metavinculin (kindly provided by Dr. 

Liddington) using primers 5'-ctgtggcagaagtagtagagcatatggaggatttggtgacat-3' and 3'-

gacaccgtcttcatcatct cgtatacctcctaaaccactgta-5'. The product was amplified by PCR 

and cloned into vector pET28a into the Nco1-Eag1 restriction sites. The absence of 

errors was confirmed by DNA sequencing. MV∆153 was expressed in E.coli strain 

BL21(DE3). A cell culture was induced with 0.1 mM IPTG (~16 hrs, 16ºC) and pellets 

frozen at -80ºC. Upon thawing, 2 mM PMSF, 1 protease inhibitor tablet and 0.1% 

TWEEN-20 were added. Cells were homogenized at 15,000 psi, cell debris was 

removed by centrifugation. Purification was done using metal chelating 

chromatography on a 5 ml HiTrap Nickel column (GE Healthcare), followed by ion 

exchange chromatography on a 5 ml HiTrap Quaternary ammonium column. The His-

tag was subsequently removed by incubation with biotinylated thrombin (Novagen) for 

4 hours at 4ºC, after which the thrombin was captured with streptavidin agarose 

(Novagen) and the tag removed during dialysis into 20 mM Tris-HCl, pH 7.5, 150 mM 

NaCl. MV∆153 was stored at-80ºC until further use. V∆153 was prepared as 

described in chapter 4. 
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Actin Cosedimentation Assays 

Standard actin binding assay 

G-actin was polymerized in F-actin buffer (10 mMTris pH 7.5, 50 mM NaCl, 2 mM 

DDT, 0.5mM ATP and 2 mM MgCl2) for 1 hour at RT. Proteins (MVt, R975W-MVt or 

Vt) were added to the F-actin in a 2:1 and 1:2 molar ratio and incubated for 45 

minutes on ice. The samples were centrifuged (TLA100, Beckman Coulter) at low 

speed (17,380x g, 15 minutes, 4ºC) to pellet bundled F-actin and the supernatant was 

subsequently centrifuged at high speed (278,100x g, 30 minutes, 4ºC) to pellet single 

actin filaments. Pellets and supernatants were analyzed on 4-20% Tris-Glycine gels. 

Assays were performed in F-actin buffer.  

The actin cosedimentation assay in the presence of both MVt and Vt was performed 

as described above, with the exception that Vt was added 15 minutes after MVt was 

added to F-actin and vise versa.  

 

Cosedimentation assay for measuring actin depolymerization 

G-actin was polymerized in F-actin buffer for 1 hour at RT. 4 µM F-actin was then 

incubated at RT with buffer or increasing amounts of MVt. After 60 minutes, samples 

were centrifuged at 312,530x g at 4ºC for 20 minutes. Pellets and supernatants were 

analyzed on 4-20% Tris-Glycine gels.  

 

Cosedimentation assay for measuring G-actin sequestering 

4 µM G-actin was incubated with buffer or increasing amounts of MVt for 15 minutes 

at RT. 10x Initiation-buffer (500 mM KCl, 10 mM EGTA, 20 mM MgCl2, 5 mM ATP) 
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was subsequently added and polymerization was allowed for 60 minutes at RT. 

Samples were centrifuged at 312,530x g at 4ºC for 20 minutes. Pellets and 

supernatants were analyzed on 4-20% Tris-Glycine gels.  

 

Isoelectric focusing gel-electrophoresis 

Vt, MVt, V∆153 and MV∆153 were pre-spinned at 278,100 x g for 30 min at 4oC and 

diluted to 0.5 mg/ml. Proteins were loaded on a 3-10pH IEF-gel (Criterion/Bio-Rad) 

and run for 1 hour at 100V, 1 hour at 250V and 30 min at 500V. Gels were stained 

using the IEF gel staining solution (Bio-Rad). 

 

Kinetics studies using Tryptophan fluorescence assay 

Binding kinetics between F-actin and Vt, and between F-actin and MVT, were 

measured using the naturally occurring tryptophans near the actin binding sites in Vt 

and MVt. The tryptophans were excited at 290 nm and emission was measured at 

330 nm using a fluorescence spectrophotometer (MOS-250 Biologic Science 

Instruments), the stopped-flow tool SFM-20 (Bio-Logic), and software package 

Biokine 32 (V4.07). Titration of actin binding proteins was performed by adding 0-11 

µM Vt or MVt to 3 µM F-actin in 20 mM Pipes pH 7.5, 50 mM NaCl, 1 mM MgCl2, 0.2 

mM ATP. In a control experiment Vt or MVt was added to buffer solution without F-

actin. The binding constants were calculated using SigmaPlot, with equation (2) of 

(Bobkov, Muhlrad et al. 2002): ∆F = 0.5∆FmaxA-1[(A+C+Kd)-{(A+C+Kd)2-4AC}0.5], 

where ∆F is the fluorescence change, ∆Fmax is the maximum fluorescence change (at 

a complete saturation of actin with MVt/Vt), and A and C are the concentrations of 

actin and MVt/Vt, respectively. 
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Depolymerization fluorescence assay  

Unlabeled G-actin and pyrene-labeled G-actin were mixed in G-buffer (0.2 mM CaCl2, 

10 mM Tris-HCl pH 8.0) to produce an actin stock of 3% labeled actin (3.1 µM). G-

actin was polymerized in F-actin buffer for 30 minutes at RT. Increasing amounts of 

MVt or buffer were incubated with F-actin for 30 minutes at RT. Samples were diluted 

to 0.5 µM F-actin in G-buffer to start the assay. Pyrene fluorescence was measured 

(excitation 344 nm, emission > 385 nm) on a spectrofluorometer using BioKine32. 

Time between the addition of G-buffer and start of fluorometer data collection was 

estimated to be about 10 seconds for each measurement. 

 

Polymerization fluorescence assay  

Unlabeled G-actin and pyrene-labeled G-actin are pre-spinned for 1 hour at 80 krpm 

(TLA100) at 4ºC. 1µM unlabeled G-actin is polymerized overnight on ice by adding 

10x Initiation Buffer. Add Cofilin, MVt or buffer to 50 µl 1µM F-actin in increasing 

molar ratios, gently mix and incubate for 10 minutes at RT (these conditions will be 

used as ‘seeds’). For the final reaction mix G-buffer, 1µM seeds, 1.2µM 3.4% pyrene-

labeled G-actin, and 20x KME-buffer (2M KCl, 40mM MgCl2, 4mM EGTA). Pyrene 

fluorescence (λex = 344nm, λem =>385nm) is being measured on a spectrofluorometer 

using BioKine32. Time between the addition of fresh pyrene-G-actin and start of 

fluorometer data collection was estimated to be about 10 seconds for each 

measurement. 

 

 



105 

 

 

Electron Microscopy 

Electron microscopy of actin-MVt assemblies for image reconstruction 

Actin filaments decorated with MVt were prepared at 4ºC on positively charged lipid 

layers consisting of a 3:7 w/w solution of di-lauryl-phosphatidylinositol and 

didodecyldimethylammonium bromide dissolved in chloroform (Taylor and Taylor 

1992; Volkmann, DeRosier et al. 2001). G-actin (~0.05 mg/ml) was injected through 

the lipid layer, which was deposited on top of the polymerization buffer (20 mM 

Na2PO4, 50 mM KCl, 1 mM ATP, 2 mM MgCl2, 1 mM EGTA, 1 mM  DTT (pH 7.0) 

and ~0.07 mg/ml of MVt). The actin concentration was low enough to promote growth 

of  single actin filaments bound by MVt on lipid layers. Samples were transferred to 

200-mesh copper grids coated with lacey carbon films. Specimens were stained with 

2% uranyl acetate and air dried. Low-dose images were recorded with a Gatan 1k 

CCD camera on a Tecnai 12 electron microscope (FEI Electron Optics) at a nominal 

magnification of 52,000 (at 120 keV) and ~1.5 µm defocus (electron dose ~10 e2/A2). 

A total of 46 micrographs were digitized with a SCAI scanner (Z/I Imaging 

Corporation) with an effective pixel size of 0.3 nm at the sample. 

 

Image Analysis of actin filaments bound by MVt 

A hybrid procedure (Volkmann, Liu et al. 2005) that combines single-particle 

reconstruction approaches with helical symmetry (Egelman 2000) was used to obtain 

the reconstructions. A total of 14,396 small, overlapping segments of MVt-decorated 

actin filaments were selected from the micrographs. The data were then split into two 

arbitrary halves for independent analysis. Each set was phase corrected after fitting 
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of the contrast transfer function with EMAN (Ludtke, Baldwin et al. 1999). Our atomic 

model for undecorated F-actin was used as a starting model (Volkmann et al. 2005). 

For each of the half-data sets, about 10 iterations were performed until convergence 

was achieved. An analysis of the Fourier shell correlation between the 

reconstructions from the independent half sets shows that the curve drops below the 

0.5 threshold at a resolution of 2.1 nm.  

 

Electron microscopy of actin-V∆153, actin-MV∆153, actin-MVt, actin-R975W and 

actin-Vt assemblies 

F-actin was diluted to ~0.03 mg/ml with 50 mM Imidazole (pH 7.0), 100 mM NaCl, 10 

mM MgCl2, 10 mM EGTA, 0.5 mM DTT, and 0.2 mM ATP and mixed with V∆153, 

MV∆153, MVt, R975W, or Vt. Samples were incubated for 10 minutes on ice and 

applied to glow-discharged , 400-mesh copper grids, coated with carbon film. They 

were incubated on the grid for 1 min in a humid chamber. The samples were stained 

with 2% uranyl acetate for 1 min and air dried. Low-dose images were recorded with 

a Gatan 1k CCD camera on a Tecnai 12 electron microscope (FEI Electron Optics) at 

a nominal magnification of 52,000 (at 120 keV) and ~1.5 µm defocus. 

 

Light Microscopy 

Severing assay using fluorescence microscopy 

Actin was polymerized for 1 hour at RT in F-actin buffer. F-actin (2 µM) and 

increasing ratios of MVt were incubated for 10 minutes at RT. An equal volume of 

Alexa-488 Phalloidin (Invitrogen A12379) in F-actin buffer was added to the mixture in 

a 1:1 molar ratio with F-actin and incubated for 15 minutes at RT. The sample was 
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then diluted 50x with H2O. Samples (5µl) were absorbed to 0.01% poly-L-lysine 

coated coverslips and visualized on a Nikon Eclipse TE2000-u, using a 100x 1.4 

numerical aperture objective. Images were acquired with a Hamamatsu charged-

coupled device camera using Metamorph software. Filament length was measured 

using ImageJ. About 6 images (2 images/3 different samples) were analyzed per 

condition, and all filaments having two distinguishable ends (~1200 

filaments/condition) were measured.   

 

Dual color filament assay using fluorescence microscopy 

Actin was polymerized for 1 hour in F-actin buffer and subsequently incubated with 

MVt at a molar ratio of 1:2, actin to MVt for 10 minutes at RT. Rhodamine-labeled 

phalloidin (Sigma P1951) was added in a 1:1 molar ratio to actin and incubated for 10 

minutes on ice. Samples were diluted 10-fold with 0.5 µM alexa-488 labeled G-actin, 

incubated for 5 minutes at RT, and diluted 2-fold in F-actin buffer. Samples (5µl) were 

absorbed to 0.01% poly-L-lysine coated coverslips and visualized on a Nikon Eclipse 

TE2000-u, using a 100x 1.4 numerical aperture objective. Images were acquired with 

a Hamamatsu charged-coupled device camera using Metamorph software.   

 

Results 

Differences in the modes by which Vt and MVt organi ze filamentous actin 

 Since metavinculin has an additional 68 amino acid acidic insert region in the tail 

domain, which also contains the actin binding sites, I hypothesized that the two 

vinculin isoforms organize actin filaments differently. Consistent with previous studies 

showing that full length vinculin and also the truncated form, Vt, induce actin bundle 
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formation (Jockusch and Isenberg 1981; Janssen, Kim et al. 2006), actin co-

sedimentation assays show that Vt is a strong actin bundler (Fig. 5-1g). In the 

presence of Vt all actin ends up in the low speed pellet, which is an indication of 

heavy actin bundling. On the contrary, in the presence of MVt, most actin ends up in 

the high speed pellet, indicating that MVt is not an actin bundler but mostly binds 

single actin filaments (Fig. 5-1g).  

 Visualizing these assemblies using fluorescence microscopy, shows heavy actin 

bundling when Vt was present, but interestingly, in the presence of MVt, the actin 

filaments were significantly shorter than control actin filaments (Fig. 5-1d  to 5-1f). 

These same mixtures of F-actin-Vt and F-actin-MVt were also imaged using 

transmission electron microscopy (Fig. 5-1a  to 5-1c), again showing that Vt 

organizes actin filaments into large, highly-ordered bundles and, as seen in 

fluorescence microscopy, MVt induces the formation of short actin filaments. These 

images show that MVt not only shortens filaments, but also bind the filament sides 

(Fig. 5-1c).  
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Fig. 5-1  Influence on actin filament organization by both vinculin tail isoforms. Molar 
ratio of F-actin to vinculin tail isoform is 1:2. (a-f) Electron and fluorescence 
microscopy images of filamentous actin structures show that actin filaments are 
organized into bundles by the vinculin tail (b,e) and into short fragments by the 
metavinculin tail (c,f). (g) A differential actin cosedimentation assay confirms actin 
bundling by the vinculin tail and shows actin filament binding of the metavinculin tail.  
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The F-actin-MVt interaction is weaker than the F-ac tin-Vt interaction 

 To further investigate differences between Vt and MVt binding to F-actin, I 

determined their binding constants for actin by making use of their intrinsic tryptophan 

fluorescence. In a stopped-flow tryptophan fluorescence assay I made use of two 

tryptophans located in the vinculin C-terminal tail domain that contribute to the level of 

quenching (Bakolitsa, de Pereda et al. 1999). Increasing concentrations of MVt or Vt 

were titrated at room temperature into a solution of F-actin. To determine the 

equilibrium dissociation constant (Kd) for both MVt and actin and for Vt and actin, a 

stoichiometric binding between the proteins was assumed. The changes in 

fluorescence upon addition of one of the vinculin tail isoforms were fitted in equation II 

(see materials and methods). F-actin saturated faster in the presence of Vt. The 

dissociation constant for Vt and F-actin was calculated to be ~40-fold higher than for 

MVt and F-actin (Fig. 5-2). MVt has a higher overall fluorescence signal, which can be 

due to a difference in environment of the tryptophans in each molecule or due to the 

extra tryptophan present in the insert. In addition, the change in fluorescence signal is 

larger for MVt, suggesting either a larger conformational change in MVt upon F-actin 

binding or a greater contribution due to the additional tryptophan in MVt.  
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Fig. 5-2  Dissociation constants of Vt and MVt. A tryptophan assay shows that Vt (●) 
has a ~40x higher Kd than MVt (▲). 
 

Reconstructions of F-actin-Vt and F-actin-MVt assem blies suggest why MVt does 

not bundle actin filaments 

 The presence of the additional 68 amino acid stretch in the C-terminal domain of 

metavinculin led me to believe that the insert prevents actin bundling either by 

interfering with actin binding or with (meta)vinculin dimerization. To answer this issue, 

I wished to map the insert by collecting high resolution data on the MVt-F-actin 

complex and compare this to the Vt-F-actin data we have obtained previously 

(Janssen, Kim et al. 2006). Electron microscopy and helical reconstruction techniques 

were used to generate two independent, 3D density maps of MVt bound to F-actin. 

They were subsequently used for cross-validation purposes. Analysis of the Fourier 

shell correlation shows a resolution of 2.1nm at the 0.5 criterion. A comparison 

between the electron density maps of Vt-F-actin and MVt-F-actin suggests that Vt and 

MVt bind F-actin similarly, and attach to the filament in the same orientation (Fig. 5-3a 

and 5-3b). In a filament in which the barbed end is directed upwards, both tail 

domains bind the upper actin monomer of two consecutive monomers at the bottom 
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of subdomain 1 and the lower actin monomer at the top of subdomain 1, see also 

(Janssen, Kim et al. 2006). Fig. 5-3b shows an additional density in the region that 

was suggested to coincide with the dimerization site in the Vt-F-actin model (Janssen, 

Kim et al. 2006).  

 

 
Fig.  5-3  Comparison between the 3D reconstructions of an actin filament decorated 
with vinculin tail and with metavinculin tail. (a) Electron density map of F-actin-Vt 
complex at 2nm resolution. The inset shows the atomic models of F-actin and vinculin 
tail docked into the density map. (b) Electron density map of F-actin-MVt complex at 
2nm resolution, showing extra density near the dimerization site, which can be 
attributed to the metavinculin tail insert. (c) Schematic representation of the location 
of the insert between helix 1 and 2 in the C-terminal tail domain of metavinculin. The 
Vt model was adopted from (Bakolitsa, de Pereda et al. 1999).  
 

MVt is an actin severing protein 

 The appearance of shorter actin filaments can be caused by several mechanisms, 

such as severing, F-actin depolymerization and/or actin monomer sequestering. To 

determine if MVt induces depolymerization of actin filaments, I added increasing 

amounts of MVt to preformed F-actin and checked the supernatants for the presence 

of G-actin after centrifugation. The gel in Fig. 5-4a does not show any increased 

amount of actin in the supernatant after adding an increasing concentration of MVt, 
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suggesting that MVt does not shorten F-actin by inducing filament depolymerization. 

Fig. 5-4b shows an experiment in which we added increasing amounts of MVt to G-

actin before starting the polymerization process. No increased amount of actin was 

found in the supernatant, indicating that MVt does not retain G-actin in the 

supernatant. This supports the idea that MVt is neither a depolymerization nor an 

actin monomer sequestering protein.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-4  Co-sedimentation assay of actin in presence of increasing amounts of MVt.  
(a) Effect of MVt on F-actin depolymerization. Abbreviations are as follows: s, 
supernatant; p, pellet. The gel shows there is no actin depolymerization upon MVt 
increase. (b) Effect of MVt on G-actin sequestering. The gel shows that MVt does not 
sequester actin monomers.  
 

 F-actin severing by MVt was established using pyrene fluorescence in a 

polymerization assay. The experiment starts with either F-actin seeds or F-actin-MVt 

seeds. Adding fresh pyrene-labeled G-actin results in actin polymerization, which 

increases in pyrene fluorescence. If the short actin filaments in presence of MVt are 

produced by severing as opposed to depolymerization, more filament ends will be 
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available for nucleation upon addition of new pyrene-labeled G-actin. This in turn will 

result in a higher initial polymerization rate, giving a faster increase in pyrene 

fluorescence signal. Fig. 5-5a shows how the pyrene fluorescence changes upon 

addition of increasing MVt concentrations. Indeed, the initial polymerization rate in 

presence of MVt is higher than in the control, suggesting that more filament ends are 

available for nucleation. The optimal severing concentration in this experiment is at a 

molar ratio of 2:1, actin: MVt. In addition, F-actin severing seems to have a biphasic 

MVt concentration dependency (Fig. 5-5b). Compared to cofilin, MVt is a rather 

efficient severing protein (Fig. 5-5).  

 
 
Fig. 5-5  Effect of MVt on the initial actin polymerization rate. (a) The initial actin 
polymerization rate is dependent on the amount of actin filament ends available for 
nucleation, which in turn is dependent on MVt concentration (■). Cofilin is used for 
comparison (□). Abbreviations are as follows: A, actin; M, MVt; C, cofilin. (b) Rate of 
pyrene fluorescence increase as function of protein concentration. The optimal F-
actin severing occurs at a subsaturating MVt concentration. Error bars were compiled 
from independent experiments.  
 

 I determined how actin filament length depends on MVt concentration using 

fluorescence microscopy. MVt was incubated with F-actin before stabilizing and 

visualizing filaments with fluorescently-labeled phalloidin. This way, any stabilizing 

effect of phalloidin on actin that could alter or prevent the severing activity of MVt can 
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be avoided. Fig. 5-6 shows that actin filament length depends on MVt concentration. 

We found that filaments were, on average, more than twice as short when the 

MVt:actin molar ratio was 2:1. At a MVt:actin molar ratio of 1:2, filaments were almost 

4 times shorter and ~64% of the filaments were < 0.5µm long (as compared to ~20% 

in the actin control). This experiment shows again a biphasic MVt concentration 

dependency for F-actin severing and the optimal severing condition at a sub-

stoichiometric MVt concentration (Fig. 5-6F).  

 

Fig. 5-6  Length distribution of actin filaments in presence of MVt. (A) Fluorescence 
microscopy image of actin filaments, (B) of MVt and actin filaments at a molar ratio of 
1:2, and (C) MVt and phalloidin-stabilized actin filaments at a molar ratio of 1:2. (D) 
Filament length distribution of F-actin alone. (E) Filament length distribution of MVt 
and F-actin at a molar ratio of 1:2, showing that F-actin is about 4x as short as in the 
actin control. (F) Average filament length as function of MVt concentration. The graph 
shows that F-actin severing has a biphasic MVt concentration dependency. Error bars 
were compiled from 3 different experiments.  
 

 When actin filaments are stabilized with phalloidin before addition of MVt, 

filaments have an average length of 0.7µm at the same sub-stoichiometric MVt 
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concentration of 2:1. This means that phalloidin either decreases MVt severing or 

phalloidin prevents further depolymerization after severing (Fig. 5-6C).  

 

MVt binding stabilizes individual actin filaments 

 Another approach in identifying actin severing is a pyrene fluorescence 

depolymerization assay. Actin severing creates more filament ends, which will result 

in faster initial filament depolymerization upon sample dilution below the critical 

concentration of actin. This in turn will show a drastic decrease in pyrene 

fluorescence signal. Surprisingly however, F-actin alone depolymerizes faster than F-

actin in the presence of MVt. Increasing MVt concentrations result in decreasing 

depolymerization rates (Fig. 5-7A). This suggests that MVt, in addition to severing, 

also prevents actin from depolymerization and has a stabilizing activity. Fig. 5-7B 

shows that MVt is bound to the sides of severed actin filaments.  
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Fig. 5-7  MVt stabilizes severed actin filaments. (A) A pyrene fluorescence 
depolymerization assay shows the concentration dependent F-actin stabilization by 
MVt. (B) Electron microscopy images of negatively stained filaments show that the 
severed actin filaments are fully decorated by MVt.  
 
 
 Actin stabilization by MVt was further examined by dual color fluorescence to 

determine if this stabilization is due to binding to filament sides or to actin filament 

capping. Actin filaments severed by MVt were stabilized by rhodamine-phalloidin. 

Fresh alexa-488 G-actin was added to observe actin growth from both filament ends. 

Fig. 5-8 shows that, after actin severing by MVt, new actin still adds to both filament 

ends, suggesting that actin stabilization seen in (Fig. 5-7) is caused by filament side 

binding and not by capping.   
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Fig. 5-8   Dual color fluorescence to determine actin filament capping. New actin 
(green) grows from the ends of existing (red) actin filaments in the control (a) but also 
when severed by MVt (b). MVt severed actin filaments are diluted 4-fold to better 
distinguish filament ends. White arrows indicate examples of new actin growth from 
both pointed and barbed ends.  
 

MV∆153 bundles actin filaments 

 To determine if full length metavinculin exerts the same function as the tail 

domain of metavinculin, I generated the metavinculin deletion mutant, MV∆153. This 

mutant lacks the first 153 N-terminal amino acids, which would otherwise obscure the 

actin binding sites in the full length, auto-inhibited metavinculin protein. I visualized a 

suspension of actin filaments in the presence of MV∆153 using transmission electron 

microscopy. Surprisingly, MV∆153 does not sever F-actin, but organizes the filaments 

into bundles just like Vt (Fig. 5-9A). I hypothesized that the insert in metavinculin has 

to be available for the severing activity. In MVt the insert is available (Fig. 5-3B), but 

in MV∆153 the insert might be (partially) obscured by the head domain.  
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Fig. 5-9  Actin organization by MV∆153. (A) Electron microscopy images of negatively 
stained actin filaments alone (top) and actin filaments bundled by MV∆153 (bottom). 
(B) The isoelectric focusing gel compares Vt, MV∆153, MVt, and V∆153. MV∆153 
runs higher than expected, suggesting that the acidic insert might be occluded.  
 

 To test this hypothesis, I compared the isoelectric focusing point of Vt, MVt, 

V∆153, and MV∆153 (Fig. 5-9B). This gel shows that the isoelectric focusing point of 

MV∆153 runs higher than that of MVt, while in theory it should have been lower than 

that of MVt. This suggests that the acidic insert in shielded by the head domain of the 

construct. 

 

The R975W mutation in MVt causing does not affect a ctin organization 

 An actin cosedimentation assay shows that the mutant R975W MVt behaves like 

wild-type MVt (Fig. 5-10). R975W MVt predominantly sediments together with actin in 

the high speed pellet, indicating that R975W MVt binds single actin filaments. In 
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addition, R975W MVt induces some actin bundling, similar to MVt but to a much 

lesser extent than Vt.  

 Electron microscopy also shows that the mutant R975W MVt behaves similar to 

wild-type MVt (Fig. 5-10). The same samples were used as in the actin 

cosedimentation assay above. Electron microscopy shows that Vt forms highly 

organized actin bundles, as was already discussed in chapter 3. Actin in the presence 

of the mutant R975W appears as very short filaments, similar to the ones in the 

presence of wild-type MVt. This suggests that R975W also severs actin filaments. 
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Fig. 5-10  Effect of the R975W mutation on actin organization. (Top) Coomassie 
stained gels of an actin cosedimentation assay with the R975W-MVt mutant, 
compared to MVt and Vt. LSP: low speed pellet; HSP: high speed pellet; Sup: 
supernatant. (1) actin; (2) actin:MVt = 6:12 µM; (3) actin:MVt = 6:3 µM; (4) 
actin:R975W = 6:12 µM; (5) actin:R975W = 6:3 µM; (6) actin:Vt = 6:12 µM; (7) 
actin:Vt = 6:3 µM. (Bottom) Electron microscope images of actin alone (a), actin in the 
presence of MVt (b), actin in the presence of the MVt mutant R975W (c), and actin in 
the presence of Vt (d) show that the mutant R975W severs actin filaments similar to 
wild-type MVt.  
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Actin organization in the presence of both MVt and V t 

 Since vinculin and metavinculin were found to colocalize in muscle tissue 

(Feramisco, Smart et al. 1982; Belkin, Ornatsky et al. 1988; Witt, Zieseniss et al. 

2004), it would be interesting to see whether both MVt and Vt form heterodimers and 

how they influence actin organization when they are both present in the same 

mixture. Analytical ultracentrifugation was used to determine if the tail domains of 

both isoforms heterodimerize. Although this technique was able to show some minor 

MVt- and Vt-homodimerization, it could not distinguish MVt-Vt heterodimerization 

from homodimerization. Size-exclusion chromatography on the other hand was better 

suited and showed two single peaks in the MVt-Vt mixture that correspond to the 

peaks of Vt and MVt alone. No additional peak that would correspond to MVt-Vt 

heterodimers was seen (Fig. 5-11). 
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Fig. 5-11  Analysis of MVt-Vt complex formation by size-exclusion chromatography. 
Similar peaks for Vt and MVt are seen for the MVt-Vt mixture as for MVt and Vt alone. 
No additional peak for MVt-Vt dimers was detected, suggesting MVt and Vt do not 
heterodimerize.  
 

 A cosedimentation assay was performed to determine what happens to the actin 

organization when both MVt and Vt are added to F-actin (Fig. 5-12). Adding both 

isoforms at the same time results in actin bundling similar to the bundling that 

happens in the presence of Vt alone. This is not surprising, since the Kd of Vt for F-

actin is ~40-fold higher than the Kd of MVt for F-actin (Fig. 5-2). Adding MVt to a 

mixture of F-actin and Vt does not make a difference, MVt does not seem to affect the 

actin bundling by Vt. Adding Vt to a mixture of F-actin and MVt results in bundling or 

formation of other large actin assemblies.   

 Electron microscopy was used to visualize these assemblies. Fig. 5-12 shows that 

there is still formation of actin bundles, but actin bundles are less tight. Furthermore, 

the mutant R975W-MVt also behaves similar to the wild-type MVt in the presence of 

Vt.  
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Fig. 5-12  Actin in the presence of both Vt and MVt. (Top) Coomassie stained gels of 
an actin cosedimentation assay with Vt and MVt. LSP: low speed pellet;HSP: high 
speedpellet; Sup: supernatant. (1) actin:Vt:MVt=1:1:1 µM; (2) actin:Vt=1:1 µM, 1 µM 
MVt is added after 10 minutes; (3) actin:MVt=1:1 µM, 1 µM Vt is added  after 10 
minutes; (4) actin:Vt=1:1 µM; (5)  actin:MVt=1:1 µM; (6) actin alone; (7) MVt:Vt=1:1 
µM. (Bottom) Electron microscopy images show actin severing by MVt (a), actin 
bundling by Vt (b) and less severe bundling by both Vt and MVt together (c) or 
R975W-MVt and Vt together (d).  
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Discussion 

Prevention of actin bundling by MVt  

 Muscle specific isoforms of actin regulating proteins are common in mammals. 

UNC-60B, an ADF/cofilin family actin binding protein of Caenorhabditis elegans, is 

specific for muscle tissue, whereas its splice variant, UNC-60A, is expressed in 

various tissues. UNC-60B has a stronger actin severing activity and induces faster 

pointed-end depolymerization than UNC-60A (Yamashiro, Mohri et al. 2005). Also, 

the expression of twinfilin isoform Twf2b is restricted to striated muscle, whereas 

Twf2a is expressed in most non-muscle tissues. The difference between these 

isoforms is that Twf2a has a higher affinity for ADP-G-actin than Twf2b. (Nevalainen, 

Skwarek-Maruszewska et al. 2009). However, no other isoforms of actin binding 

proteins are known to display such a dramatic change on actin organization as 

happens with Vt and MVt.  

 The C-terminal domain of metavinculin contains the 68 amino acid acidic insert as 

well as the actin binding sites (Gimona, Small et al. 1988; Janssen, Kim et al. 2006). 

The insert is located between Trp912 and Ser913 in the loop between helix 1 and 2 of 

the tail domain (Gimona, Small et al. 1988). This location does not directly interfere 

with the actin binding sides or the proposed dimerization site (Janssen, Kim et al. 

2006), but because of their close proximity I hypothesized that metavinculin 

influences actin organization in a manner different than vinculin. The data in this work 

indeed show a large difference in F-actin organization by both isoforms. Vt induces 

formation of large, highly organized actin bundles, whereas MVt exhibits no actin 

bundling activity. F-actin bound by MVt is significantly shorter than control actin 

filaments. The electron microscopy reconstructions indicate that the insert most 
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probably prevents actin bundling due to its location near the N-terminal strap, which 

was suggested to play a role in dimerization (Janssen, Kim et al. 2006). A recent 

study showed reduced MVt dimerization after PIP2 induction as compared to Vt. But it 

was suggested that this was caused by the negative charges of the insert affecting 

initial PIP2 binding to the hydrophobic finger (Witt, Zieseniss et al. 2004). This study 

indeed suggests that the insert prevents MVt dimerization. Although the insert does 

not physically seem to disrupt either of the actin binding sites, its proximity to the 

lower binding site might also explain the lower dissociation constant for F-actin that 

we see in our kinetics study.  

 

Mechanism of actin severing by MVt 

 In this study, MVt is shown to have a double activity: actin severing and 

stabilization. Many severing proteins have multiple activities like F-actin 

depolymerization, nucleation, G-actin sequestering and/or filament end capping 

(Ichetovkin, Han et al. 2000; Harris, Li et al. 2004; Andrianantoandro and Pollard 

2006; Moseley, Okada et al. 2006; Revenu, Courtois et al. 2007; Klaavuniemi, 

Yamashiro et al. 2008). Several assays were used to show that the appearance of 

short actin filaments in the presence of MVt is a result of F-actin severing as opposed 

to F-actin depolymerization or G-actin sequestering. Stabilization of actin filaments is 

most probably due to the binding of MVt to the sides of F-actin. Pointed end capping 

would be another way in which MVt could stabilize these filaments. Recently, vinculin 

was suggested to partially cap barbed ends of filaments in the presence of the C-

terminal domain of the Shigella secretion protein IpaA (Ramarao, Le Clainche et al. 

2007). There is no direct evidence available to support the hypothesis that MVt caps 
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F-actin. I showed that actin is still able to add to both actin filament ends. However, to 

determine if MVt is a leaky pointed end capper, gelsolin or capZ can be added to cap 

barbed ends. Pyrene fluorescence polymerization assays can subsequently show at 

what rate filaments are able to grow from the pointed ends, which would show if MVt 

is a leaky capper or not. Stabilization of severed actin filaments could provide very 

stable short filaments that can be readily incorporated into new actin structures.  

 Like cofilin (Pavlov, Muhlrad et al. 2007), MVt promotes F-actin fragmentation 

most efficiently at substoichiometric concentrations. In addition, MVt severing has a 

biphasic concentration dependency. It first increases and then decreases upon 

adding MVt. This suggests a severing mechanism in which sparsely bound MVt is 

able to alter the helical twist of actin filaments, like cofilin (Andrianantoandro and 

Pollard 2006); (McGough, Pope et al. 1997). Changing the twist of an actin filament 

by binding to it is a common mechanism by which many severing proteins act (Galkin, 

Orlova et al. 2003; Prochniewicz, Janson et al. 2005). However, the 3D 

reconstruction of MVt bound to F-actin did not show any alteration in filament twist. A 

change in twist would have resulted in a change in F-actin crossover length 

(McGough, Pope et al. 1997). Actin flexibility seems to affect the actin severing ability 

of MVt. Actin filaments tethered to a glass surface or an electron microscopy grid 

were not severed by MVt. Like gelsolin (Dawson, Sablin et al. 2003), the filaments 

have to be freely available in solution for MVt to sever them. Cofilin acts in an 

opposite manner since actin filament flexibility has to be restricted for optimal 

severing (Pavlov, Muhlrad et al. 2007). Thus, MVt might sever mainly at pre-existing 

bends in the actin filament. In this mechanism, actin filaments are mechanically 

disrupted by intercalation of MVt between two adjacent actin monomers within the 
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filament. This process depends on the bending-flexibility of F-actin, which is in turn 

dependent on the bound divalent cation (Ca2+ or Mg2+) and nucleotide (ATP or ADP) 

(Rebello and Ludescher 1998).  

 Two motifs are known within the actin severing protein group of gelsolin, villin, 

fragmin and severin that are involved in actin severing. These motifs are GFKHV and 

LDDYLGG (Southwick FS 1995; McLaughlin, Gooch et al. 1993). I could not find any 

sequence similarity between the first motif and the MVt insert sequence. Part of the 

second motif, DDY, was an exact match with a region in the insert and is also highly 

conserved among species. Furthermore, the sequences LKSKM and DAIKKKL are 

basic actin binding motifs that are found in cofilin. They do not show any sequence 

similarities with the MVt insert. However, peptides containing these motifs compete 

for actin binding with a gelsolin peptide containing helix DESGAAIVQLDDYL 

(McLaughlin, Gooch et al. 1993). This actin binding helix in gelsolin binds actin 

between subdomains 1 and 3 (Burtnick and Urosev et al. 2004). The sequence of this 

motif shows 58% similarity with a region in the MVt insert (Kalign, gap open penalty 

11.0, gap extension penalty 0.85, terminal gap penalty 0.45) (Lassmann and 

Sonnhammer 2005):  

 

 AA I FTVQ - - - MDDYL 

 AAGFPVPPDMEDDYE 

 

Again, the similarities (underlined) involve mainly conserved residues (in bold). It may 

be that this represents a third, weaker actin binding site within the MVt insert. If an 

actin filament bends just enough to expose some additional surface, this MVt region 
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could potentially bind between subdomains 1 and 3 and sever actin filaments by 

intercalation. It would be informative to test if mutation of the DDY sequence affects 

MVt severing of actin filaments.  

 

Actin organization by full length metavinculin 

 Vinculin has to be activated in order to unmask its ligand binding sites, meaning 

that the intramolecular interaction between the head and tail domains has to be 

relieved (Bakolitsa, Cohen et al. 2004). The vinculin tail forms a large, intramolecular 

hydrophobic contact with the N-terminus of domain 1, a smaller contact with the C-

terminus of domain 4, and a smaller, polar contact with the domain 1-3 interface 

(Bakolitsa, Cohen et al. 2004). These contacts all contribute to the high affinity 

(<1nM) of Vt for Vh. It was shown that metavinculin is also regulated by an 

intramolecular head-tail interaction, but that there is a decreased affinity of the 

vinculin head domain for MVt as compared to Vt (Witt, Zieseniss et al. 2004). There is 

no atomic model for full length metavinculin, but we assumed that the residues in the 

head domain that help maintain this intramolecular interaction are similar for both 

vinculin isoforms. To determine if the full length metavinculin protein functions similar 

as MVt, but at the same time avoiding any potential problems linked to metavinculin 

activation, we designed MV∆153, which lacks the first 153 N-terminal amino acids 

that are crucial for the high affinity of the head-tail interaction. In contrast to MVt, 

MV∆153 bundles but does not sever actin filaments. The isoelectric focusing point 

experiment suggests that the acidic insert is partially obscured by the head domain of 

MV∆153. It suggests that metavinculin is a severing protein when the insert is fully 

exposed and a bundling protein when the protein is only partially activated. In 
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summary, the data presented here reveals a new function for metavinculin in vitro. 

The fact that MVt severs and stabilizes actin filaments, suggests a very efficient way 

to reorganize F-actin. Older filaments can be severed and the resulting short F-actin 

can then be readily incorporated into new actin bundles, enabling a fast reaction to 

sudden force generations needed in muscle tissue and platelets.  

 

R975W-MVt affects actin organization in a manner sim ilar to wild-type MVt 

 R975 in the metavinculin-specific exon of vinculin is a highly conserved residue 

and the missense mutation R975W leads to both dilated and hypertrophic 

cardiomyopathy (Vasile, Will et al. 2006). It was previously shown by light microscopy 

that the R975W mutation in MVt causes actin bundling like Vt (Olson, Illenberger et 

al. 2002). Here, however, it is shown that R975W-MVt does not bundle actin 

filaments, but actually severs them like wild-type MVt. This study shows no difference 

in actin organization between R975W-MVt and wild-type MVt. It is interesting to note 

that in the study of Olson et al. a different R975W-MVt construct was used (aa 858-

1134 versus aa 879-1134 in this study). Our construct lacks the proline-rich region 

interspaced with some arginine and lysine residues that could potentially form 

electrostatic interactions with the acidic insert in MVt. Hence, the acidic insert in MVt 

in this study is probably exposed and gives MVt its actin severing activity, whereas 

the insert in the other construct might be shielded by the proline-rich region. The 

observation that MV∆153 (includes the proline-rich region) does not sever but 

bundles actin filaments, makes this hypothesis now plausible. It also supports the 

notion that metavinculin has a dual function: an actin severing protein when fully 



131 

 

activated (and the insert is exposed) and a bundling protein when only partially 

activated.  

 

Actin organization in the presence of both Vt and MV t 

 The isoforms vinculin and metavinculin co-localize in muscle tissue in dense 

plaques, intercalated disks and costameres (Feramisco, Smart et al. 1982; Belkin, 

Ornatsky et al. 1988; Witt, Zieseniss et al. 2004). In addition, immunoprecipitates 

indicate that both isoforms are present in the same complex (Witt, Zieseniss et al. 

2004).  Here, I showed that MVt and Vt do not form heterodimers in solution. 

However, they are able to heterodimerize after Vt is activated by PIP2 (Witt, Zieseniss 

et al. 2004). Vt was found to homodimerize after F-actin binding induces a 

conformational change in the Vt C-terminal region (Janssen, Kim et al. 2006). It may 

be that the isoforms can heterodimerize after similar conformational changes occur in 

each isoform upon binding to F-actin.  

 Actin filaments in the presence of both MVt and Vt induce formation of actin 

bundles, but bundles are less compact than those formed solely in the presence of 

Vt. The Kd of Vt for F-actin is ~40-fold higher than the Kd of MVt for F-actin, thereby 

suggesting that MVt does not compete with Vt for actin binding. The precise 

mechanism is still unclear, but a high concentration of fully activated metavinculin that 

severs actin filaments might be beneficial in generating short stable actin filaments 

that can be readily incorporated into new actin bundles. In this scenario activation of 

vinculin and metavinculin has to be tightly regulated and interdependent. Another 

mechanism is one in which metavinculin severs Vt-F-actin assemblies and generates 
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short actin bundles.  This phenomenon was sporadically observed in the electron 

microscopy images, but not enough to be conclusive.  

 

Chapter 5, in part is currently being prepared for submission for publication of the 

material. Mandy Janssen, Hongjun Liu, Robert Jeng, Larnele Hazelwood, Niels 

Volkmann and Dorit Hanein. Janssen and Hanein conceived the project, designed the 

experiments and will finalize the write up of the paper.  Janssen performed most of 

the experiments.  Jeng provided some of the reagents and technical help. Hazelwood 

provided some of the EM samples, Liu assisted and provided some of the image 

analysis studies,   Bobkov assisted with pyrene fluorescence experiments, Volkmann 

provided significant input on image analysis. 
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Chapter 6 

Conclusion and future directions 

 

Mechanism of actin bundling by the vinculin tail do main 

 Cell adhesions, whether cell-cell or cell-matrix adhesion sites, determine 

structural integrity of the cell, sense mechanical forces exerted by the environment, 

and are involved in processes such as migration, contraction, differentiation and 

proliferation. Among the many proteins that are involved in formation of these 

adhesion sites, vinculin and its isoform metavinculin are key players. It was shown 

that vinculin null fibroblasts have fewer and smaller focal adhesions, but their turnover 

is faster (Xu, Baribault et al. 1998). Although vinculin is not necessary for the 

formation of focal adhesions, it plays a major role in their stabilization. Vinculin forms 

a platform for many binding ligands, such as paxillin, PIP2, Arp2/3 and VASP (Zamir 

and Geiger 2001; DeMali, Barlow et al. 2002). The essential role that vinculin plays in 

generating stable cell adhesions by connecting the actin cytoskeleton to integrins or 

cadherins via talin or α-catenin (Burridge and Mangeat 1984; Weiss, Kroemker et al. 

1998) led me to study the mechanism of actin organization by vinculin.   

 The vinculin tail domain was shown to bind and bundle actin filaments, and to 

contain both the actin binding sites and the dimerization site (Johnson and Craig 

1995; Johnson and Craig 2000; Subauste, Pertz et al. 2004). However, the exact 

positions of these sites had not been determined and nothing was known about the 

nature of this interaction. This led to the first aim of this study, namely the 

determination of an atomic model of how the vinculin tail binds to and bundles actin



140 

 

filaments. No large conformational changes have been detected upon F-actin binding 

(Bakolitsa, de Pereda et al. 1999). In this study, two distinct actin binding sites in the 

vinculin tail domain were shown to interact with two actin monomers along a filament. 

One site is located at the top of helices H2 and H3, and the is at the base of helix H3 

and includes some residues near the C-terminus. The upper binding site is partially 

occluded by head domain D1 in full length vinculin, whereas the lower site is fully 

exposed, explaining the low affinity of vinculin for F-actin and the possible role of F-

actin in the combinatorial input activation hypothesis.  

 Although no large conformational change in the vinculin tail was detected upon F-

actin binding, 3D reconstructions of Vt-cross-linked F-actin filaments showed severe 

clashes between the C-terminal loop of one Vt molecule and the N-terminal strap of 

another. A mutagenesis study confirmed the involvement of these regions in dimer 

formation. This led to the proposed mechanism in which binding of Vt to F-actin 

triggers a conformational change in the C-terminal loop and N-terminal strap of Vt, 

exposing its dimerization site and enabling Vt to dimerize with another F-actin-bound 

Vt molecule. Crosslinking actin filaments at sites where talin and α-catenin link F-actin 

to integrins and cadherins, respectively, might greatly enhance the stabilization of 

these structures. 

   

Evaluating the combinatorial input hypothesis to ac tivate vinculin  

 The vinculin tail is an excellent system for studying the detailed mechanism by 

which it binds and bundles actin its. However, to gain a more complete picture of how 

vinculin regulates the formation of actin assemblies, the full length vinculin has to be 

studied. Most of vinculin’s ligand binding sites are masked by an intramolecular head-
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tail interaction (Johnson and Craig 1994; Johnson and Craig 1995). This interaction 

has to be relieved in order to activate vinculin and expose its ligand binding sites. The 

major contacts the tail domain makes with the head domain are the N-terminal bundle 

of head domain D1 and the neck region (top of D4 and part of D3) (Bakolitsa, Cohen 

et al. 2004). Vinculin was suggested to be activated by a combinatorial input of two or 

multiple ligands binding vinculin simultaneously (Bakolitsa et al. 2004). As shown in 

chapter 3, the upper actin binding site in vinculin is partially shielded by vinculin head 

domain D1, but the lower binding site is exposed. To bind F-actin tightly, vinculin must 

be activated. However, since vinculin binds actin filaments weakly in its inactive 

conformation, F-actin could be one of the potential activators in the combinatorial 

input hypothesis. This led to the second aim of this work, in which I studied the 

activation of vinculin in the presence of F-actin and vinculin binding domains of either 

talin or α-catenin. The fact that the talin constructs do not activate vinculin but α-

catenin’s CD3-region does, might mean that a different activation mechanism is 

employed. For example, α-Catenin might induce a slightly different conformational 

change in the vinculin head domain compared to that induced by talin, and this would 

enable vinculin to be activated by a combinatorial input of α-catenin and F-actin 

forming stable cell-cell contacts. Alternatively, activation by talin and F-actin might not 

fully activate vinculin and an additional step would be required. Since the talin 

constructs did not activate vinculin in the presence of F-actin, phosphorylation of 

vinculin might weaken its head-tail interaction just enough for talin and F-actin to fully 

activate vinculin. Vinculin is known to be highly phosphorylated in nascent focal 

adhesion sites and focal adhesion sites of highly motile cells, while it is 

phosphorylated at low levels in mature focal adhesions (Mohl, Kirchgessner et al. 
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2009).  Phosphorylation might induce initial activation of vinculin after which ligands 

such as F-actin and talin stabilize its conformation and induce formation of stable, 

mature focal contacts.  

 Although CD3 appeared to be the most promising activator of vinculin in the 

presence of F-actin, generation of 2D paracrystalline actin arrays, crosslinked by 

CD3-activated vinculin, remains a challenge. Different structural actin-vinculin 

assemblies were observed in the 2D arrays. Anti-vinculin antibodies should be used 

to confirm the presence of vinculin in these assemblies. If vinculin is indeed present, 

cryo-electron microscopy and image reconstruction techniques should provide a 

molecular model of how vinculin crosslinks F-actin in the presence of CD3. To 

somewhat simplify the system, I used V∆153, a slightly smaller, constituently active 

vinculin construct. This construct lacks the first N-terminal four-helix bundle, and 

hence the major head-tail interface is absent and V∆153 is considered active. V∆153 

was shown to bundle actin filaments in solution, and 2D actin arrays crosslinked by 

V∆153 show that the structural details of actin filaments in these arrays are similar to 

those cross-linked by the vinculin tail domain: the filaments run in a unipolar direction 

and do not show any rotational or translational shift relative to each other. The 

polarity is consistent with how Vt crosslinks actin filaments (chapter 3) and how 

vinculin bundles actin in the cell  (Geiger, Yehuda-Levenberg et al. 1995). However, 

the distance between filaments is larger, ~13.3nm as compared to 10.5nm for Vt 

(9nm for F-actin by itself). This distance would fit the tail domains and part of the head 

domains of two V∆153 molecules. V∆153 seems to crosslink F-actin in the array once 

every crossover (~every 13 actin subunits) and binds two neighboring actin subunits 

along the filament similar to Vt. To confirm this binding mode more analysis is 
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required. Images of V∆153 bound to F-actin should be recorded to yield a 3D 

reconstruction to determine if the actin binding sites are still similar to Vt. Although the 

V∆153 crossbridges seem to appear at regular distances in the raft, close inspection 

revealed some variation, which is possibly due to the vinculin head domain that 

connects the tail domain via a flexible linker. The head domain might adopt a variety 

of different orientations, and this might explain the discrepancy in the distances 

separating two successive V∆153 crosslinks.  

 The observation that the distance between successive actin filaments crosslinked 

by V∆153 is almost three times as large as when crosslinked by the vinculin tail, 

suggests the possibility of a different dimerization site in V∆153 (since the actin 

binding sites likely remain the same). This can be verified by mutating the original 

dimerization site in the tail domain to see if V∆153 still crosslinks F-actin. 

Alternatively, a conformational change in the dimerization site might be caused by the 

presence of the large head domain in combination with its binding to F-actin. To allow 

for an increased interfilamental spacing, the distance between the actin binding site 

and dimerization site has to be increased. This requires a conformational change. 

Other groups have shown that the vinculin tail domain adopts an elongated 

conformation, which suggests unfurling of the five-helix bundle (Molony and Burridge 

1985; Winkler, Lunsdorf et al. 1996). The tail domain might partially unfurl to allow 

actin crosslinking by the full length protein. This can be determined by generating 

high resolution density maps using cryo-electron microscopy and fitting the atomic 

models of F-actin and the vinculin domains into these maps. Once the structural 

details of vinculin-actin crosslinking in the 2D arrays are known, this should be 
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extrapolated towards 3D actin bundles using the bonding rules obtained from the 

arrays.  

 Recently, a study showed that Shigella invasion protein, IpaA, binds to vinculin 

and activates its binding to actin, which then induces vinculin-dependent partial 

barbed end capping (Ramarao, Le Clainche et al. 2007). The structural changes in 

the vinculin head domain in complex with IpaA’s binding region are similar to those 

observed upon activation with a talin VBS-construct (Izard, Evans et al. 2004; Izard 

and Vonrhein 2004; Nhieu and Izard 2007). This implies that leaky, barbed-end 

capping might be also a function of vinculin when it is bound to talin or possibly other 

ligands in adhesion sites. Polymerization assays using pyrene fluorescence can be 

used to determine actin filament growth from barbed ends.  

 

Filamentous actin organization by metavinculin 

 The presence of the highly conserved acidic insert in MVt, which is located in the 

same domain as the actin binding sites, led me to study metavinculin’s affect on actin 

organization. At the time I conducted these studies, only one group had published on 

the actin organization in the presence of metavinculin tail (Witt, Zieseniss et al. 2004). 

They showed that the metavinculin tail does not bundle actin filaments in contrast to 

the vinculin tail, which induces formation of highly ordered bundles. My goal was to 

determine why the metavinculin tail affects actin organization differently. It was 

hypothesized that this difference was caused by the location and nature of the acidic 

insert, and so we used electron microscopy and 3D image reconstruction methods to 

study F-actin bound by vinculin and by metavinculin tails. The resulting 

reconstructions show that the insert does not affect the actin binding sites, since both 
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tail domains bind similar sites on the actin filament and are oriented similarly. 

Furthermore, the location of the insert was determined by comparing both 

reconstructions. The extra density shown in the actin-MVt reconstruction, attributed to 

the presence of the insert in MVt, is located near the N-terminal strap of the tail 

domain. This region was suggested to be part of the dimerization site (determined in 

the actin-vinculin tail model) and might interfere with metavinculin tail dimerization, 

and hence prevent actin bundling.  

 Interestingly, an exciting new function of the tail domain was discovered: 

Metavinculin tail severs actin filaments in a concentration dependent manner. As this 

result was entirely unexpected, I set out to verify actin severing and confirm that 

filaments were not appearing shorter due to increased depolymerization and/or actin 

monomer sequestering. Severing was shown to be most efficient at substoichiometric 

concentrations of MVt and when filaments are freely available in solution. A 

mechanism can be suggested in which this protein severs F-actin by binding to the 

filament sides, which are then mechanically disrupted by intercalation of a potential 

actin binding region in the insert between two adjacent actin monomers in the 

curvature of a filament. This potential actin binding region maps to a conserved 

stretch of amino acids (McLaughlin, Gooch et al. 1993) and it would be informative to 

learn if mutations in the DDY motif prevent MVt from severing actin filaments. 

Furthermore, filament bending is dependent on nucleotide state and the bound 

divalent cation of F-actin (Rebello and Ludescher 1998). A severing preference by 

MVt of ADP- or Mg2+-actin filaments over ATP- or Ca2+-actin filaments might indicate 

that MVt favors severing within filament curvatures. In addition to actin severing, the 

metavinculin tail stabilizes filaments. It prevents actin depolymerization after diluting 
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actin below its critical concentration. This is most probably due to its binding to the 

sides of straight actin filaments and not to filament end capping. Stabilization of short, 

severed actin filaments might be beneficial because they can be readily incorporated 

into new actin structures that are necessary to withstand transduction forces.  

 The fact that the earlier study did not observe an actin severing activity for MVt 

might be due to the larger construct that was used (Witt, Zieseniss et al. 2004). Their 

protease cleaved metavinculin tail construct starts at aa858 and contains the proline-

rich region, whereas the construct used in this study starts at aa879. In addition, this 

work shows that the larger, constituently-activated metavinculin construct, MV∆153, 

also does not sever filaments, but does bundle actin filaments. The highly 

hydrophobic, proline-rich region, containing the basic residues arginine and lysine, in 

both MV∆153 and the protease cleaved metavinculin tail construct, might shield the 

acidic insert and prevent actin severing. Isoelectric focusing showed that MV∆153 

has a higher pI than expected, suggesting that the acidic insert is indeed shielded in 

this construct. Together, this implies that metavinculin has a dual function: actin 

severing in fully activated state, when the insert is completely exposed, and actin 

bundling in partially activated state. However, this severing function might be an 

artifact of using only the tail domain. In other words, this function might not be a 

biological relevant activity of full length metavinculin. In vivo experiments aimed at 

probing the relevance of the MVt severing activity might be complicated by the 

presence of other (severing) proteins or compensatory mechanisms. In addition, 

using the full length metavinculin protein is complicated by its requirement to be 

activated. Therefore MV∆153 is most promising to study its dual function. The 

hypothesis would be that MV∆153 is opened up enough to be able to expose both 
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actin binding sites in addition to the already exposed dimerization site in order to 

induce actin bundling, but that an additional conformational change is necessary to 

reveal the insert. Generation of an x-ray crystallographic model of MV∆153 would 

reveal if and how the insert is shielded. Knowing that the R975W-mutation in the 

metavinculin tail did not make a difference concerning actin organization, this 

mutation could potentially affect the intramolecular head-tail interaction, influencing 

the conformational change required to expose the insert.  

 Like vinculin, full length metavinculin is present in an auto-inhibited conformation 

due to an intramolecular head-tail interaction. However, it was shown that the affinity 

of the metavinculin tail domain for the head domain is lower than that of the vinculin 

tail domain, possibly facilitating activation (Witt, Zieseniss et al. 2004). It would be 

informative to see whether metavinculin can be activated by similar binding ligands, 

such as talin and α-catenin, and if only one activator is sufficient or if a similar 

combinatorial input mechanism is required. Furthermore, it would be interesting to 

determine the significance of the 8-fold increase in phosphorylation of metavinculin 

compared to vinculin (Siliciano and Craig 1982; Gimona M. 1988). Phosphorylation 

might potentially facilitate activation of the protein.  

  Another topic left unexplored is the reason for both vinculin isoforms to be co-

expressed. This study touched it briefly, demonstrating that the tail domains do not 

heterodimerize in solution and that the presence of MVt causes weaker bundling by 

Vt. Since MVt was shown to dimerize with PIP2-activated Vt (Witt, Zieseniss et al. 

2004), MVt might also dimerize when bound to F-actin with F-actin-bound Vt. I tried to 

use an antibody against the insert of MVt to determine if MVt was present in actin 

arrays formed in the presence of both the vinculin and the metavinculin tail. 
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Unfortunately, this antibody was usable in ELISA’s and Western blots, but it failed to 

recognize native MVt in solution (as confirmed by size-exclusion chromatography and 

native gel electrophoresis). A tagged MVt construct would be more helpful for 

detection. Vt is shown to be able to homodimerize after a conformational change 

induced upon F-actin binding, in which the C-terminal region of the tail domain is 

suggested to move away to expose the dimerization site. If this would also be true for 

MVt, a vinculin and a metavinculin tail construct that both lack their C-terminal region 

might be able to interact. Even more interesting would be to determine what would 

happen to F-actin in the cell adhesion sites in the presence of increasing 

concentrations of metavinculin. However, although vinculin and metavinculin were 

localized in the same cellular complex, it is not known if they actually interact with 

each other. Fusion constructs of cyan fluorescent protein-vinculin tail and yellow 

fluorescent protein-metavinculin tail could be used to determine Förster resonance 

energy transfer (FRET) if and when vinculin and metavinculin tails interact in the cell. 

Together, this would allow us to understand more about the necessity of a second 

vinculin isoform.  
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