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 The only true wisdom is in knowing you know 
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WWhhyy  aanndd  hhooww  ttoo  ssttuuddyy  pprrootteeiinn  eevvoolluuttiioonn??  
  
Many times people ask me why do I study protein evolution? What is 
the important thing with it? 
Protein evolution is the study of how proteins have changed and 
evolved as a result of selection or specialization. The tools to study 
protein evolution are among others sequence comparison, structure 
prediction and phylogenetic trees. 
The publishing of diverse genomes give us the opportunity to identify 
proteins with unknown structure or function. By knowing the 
evolutionary story of different proteins we can predict the structure and 
function of these unknown proteins simply by comparison. The 
knowledge about function and structure of one protein will accelerate 
the understanding of related proteins. We can track evolution and 
predict how topology and functionality changed over time. We will be 
able to predict how mutations can affect protein structure, or which 
sequences are essential for the functionality of a particular domain. 
The study of protein evolution allows to recognize relations among 
proteins. Understanding how proteins evolve can be also useful to 
design effective and long lasting vaccines or drugs. 
 
 
 
 
 
 
 
 

 

 
 
  
  



 

PPrroolloogguuee  
 
When I first came to Umeå my project was to study the evolution of           
the spectrin superfamily of proteins. We decided to start studying 
�-actinin since it was believed to be the ancestor of this superfamily. 
During this time I realized that little was known about the evolution of 
�-actinin. At that point, I found myself immersed in a new unexplored 
world with lots of helpful information and uncharacterized �-actinin 
isoforms. Now, 5 years later, I have collected in this thesis all my 
research about �-actinin. The first part is a general introduction that 
shows the relevance of �-actinin and its related proteins. The second 
part will discuss more in detail the structure, function and evolution of 
�-actinin. Although my research has been more focus on the evolution 
of �-actinin, it has also contributed to other relevant aspects associated 
with this protein.  
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AAbbrreevviiaattiioonnss  
 

ABPs actin-binding proteins 

ABS actin-binding site 
 ADP adenosine diphosphate 
 ATP adenosine triphosphate 
 CBD calcium-binding domain 
 CH calponin homology 
 F-actin filamentous actin 

G-actin globular actin 
 NMDA N-methyl-D-aspartate 
 SR spectrin repeat 
 SH3 Src homology 3 
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PPaarrtt  II  IInnttrroodduuccttiioonn  
 

11..  TThhee  ccyyttoosskkeelleettoonn  
The skeleton of a vertebrate gives support to the tissues and plays an 
important role in body movement. One could say that eukaryote 
cytoskeleton is an analogue to this structure which acts as both a 
skeleton and muscle for the cells. 
The cytoskeleton is a meshwork of filaments that fill the cytoplasm of 
eukaryote cells. It is essential for cell stability, cell movement, and 
also for intracellular transport of different structures and organelles. 
There are three types of filaments responsible for the diverse activities 
of the cytoskeleton: microfilaments, microtubules and intermediate 
filaments (figure1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Schematic representation of the cytoskeletal components within a cell. 
 
MMiiccrrooffiillaammeennttss  
Microfilaments are approximately 8 nm wide. They are composed of 
globular, monomeric actin (G-actin). Actin monomers are able to 
polymerize to form long and rigid filaments (F-actin). These filaments 
can be structured in loose networks or in tight bundles depending of 
the location. Microfilaments regulate cell shape and cell movement 
(dos Remedios et al. 2003). 
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MMiiccrroottuubbuulleess  
Microtubules are hollow structures with a diameter of approximately 
25 nm. They are composed of polymers of �- and �-tubulin arranged 
in longitudinal rows called protofilaments. Each microtubule is 
generally composed of 13 protofilaments. They play an important role 
in cell division, cilia and flagella movements and they are also related 
with transport and location of organelles. Actin filaments and 
microtubules usually act together to give polarity to the cell (Wade et 
al. 1998). 
IInntteerrmmeeddiiaattee  ffiillaammeennttss  
Intermediate filaments are structures of approximately 10 nm 
diameter. They can be connected to other filaments by proteins like 
plectin. Unlike microfilaments and microtubules, intermediate 
filaments are nonpolarized structures composed of a large number of 
different proteins. They provide structural support to the cells and are 
also important in cell migration. There is a special type of intermediate 
filaments called lamins that can be found in the nuclear lamina 
(Coulombe and Wong 2004).  

22..  AAccttiinn  
Actin is one of the most abundant proteins in eukaryote cells, 
especially in muscle where it can reach 20% of the cell protein 
content. Although it was thought that actin is only present in 
eukaryotes, an actin-like protein called MreB has been found in 
prokaryotes and suggested to be the ancestor to eukaryote actins. This 
protein is 15% identical to other actins and has similar actin-like 
cytoskeletal roles (van den Ent et al. 2001). 
The amino acid sequence of actin is extremely conserved among 
different organisms exhibiting at least 85% sequence identity between 
different isoforms. Some lower eukaryotes such yeast contain a single 
actin gene, but higher eukaryotes contain more than one isoform. The 
different isoforms of this broad family are classified in three classes: 
 �- , �- and �-actin. �-actin is primarily found in muscle whereas 
�-actin and �-actin are principally present in non-muscle cells. 
Actin is mainly located in the cytoplasm, but it can be also found in 
the nucleus. In muscle cells actin is associated with myosin and 

•
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controls muscle contraction. In non-muscle cells it plays a variety of 
functions, such as change in cell shape, organelle transport, receptor 
mediated responses, and cell movement (dos Remedios et al. 2003). 

22..11  AAccttiinn  SSttrruuccttuurree  
Monomeric actin has a molecular weight of 43.000 Da and a size of 
67×40×37 Å. About 40% of the structure is �-helix, but it also 
contains some �-sheets (Figure 2) (dos Remedios et al. 2003). Actin 
can be divided into four subdomains. ATP is bound in the center of the 
molecule, where the four subdomains meet. The conformational 
change between the ADP- and ATP-actin leads to the reorientations of 
the different subdomains with respect to each other. There are five 
secondary cation binding sites on the actin surface suggested to play 
an important role in the actin polymerization (Estes et al. 1992; 
Otterbein et al. 2001) (figure 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Actin monomer ribbon structure of rabbit skeletal muscle (Otterbein et al. 
2001) Pdb accession number: 1J6Z.  

22..22  AAccttiinn  ppoollyymmeerriizzaattiioonn  
Actin can polymerize into helical filaments under physiological 
conditions of neutral pH and high concentrations of K+ and Mg+2. The 
process of polymerization consists in three phases: first, the slow 
formation of a dimer that tends to dissociate rather than to assemble. 
Second, the formation of a trimer, consisting of a stable nucleation 
structure, and third, the elongation phase where the monomers are 
rapidly assembled (figure 3). 
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Figure 3. Schematic overview of actin polymerization. 
 
 
22..11..11  AAccttiinn  ttrreeaaddmmiilllliinngg  
Actin filaments are polarized; they have a fast-growing (barbed end) 
and a slow-growing end (pointed end). Actin has ATPase activity 
although ATP is not required for the polymerization process. When 
G-actin has bound ATP it is incorporated to the barbed end of the 
filament. Subsequently ATP-actin in the filament is hydrolyzed to 
ADP-actin and shifted towards the pointed end. This directional 
growing of F-actin is called treadmilling.   Actin filaments are in a 
continuously assembly/disassembly cycle that can be divided in three 
parts: i) depolymerization and release of G-ADP-actin at the 
pointed-end, ii) exchange of ATP for ADP bound to actin, iii) addition 
of G-ATP-actin at the barbed end.  
In the cell the barbed end is oriented towards the membrane while the 
pointed end is in opposite direction. Treadmilling is used like a motor 
for cell motility as well as for pathogen locomotion (Disanza et al. 
2005). 
 
22..22..22  HHooww  ttoo  ssttuuddyy  aaccttiinn  ppoollyymmeerriizzaattiioonn  
Actin represents about 20% of the total protein content in muscle, 
therefore striated muscle is the most widely used source to purify actin 
for biochemical and biological studies. The most common procedure 
to extract actin was already used half a century ago. Minced muscle is 
dehydrated with acetone to denature unwanted proteins. After a series 
of polymerization/depolymerization steps by adding high and low 
ionic strength buffers, and subsequently centrifugations, actin is 
extracted with a >90% purity (Spudich and Watt 1971). 
 
 
 
 

+ - ADP-actin 

ATP-actin 
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Time

Fluorescence

Lag phase Growth phase Steady state

Actin polymerization can be studied by different methods: 
 
DDNNaassee  II  aassssaayy. Monomeric actin strongly binds deoxyribonuclease I 
and inhibits its endonuclease activity. This permits the  measure of the 
levels of unpolymerised and filamentous actin (Lazarides and 
Lindberg 1974). 
VViissccoossiittyy  aassssaayy.. Long actin filaments in solution increase viscosity 
and change the mechanical properties of the actin solution. Changes in 
F-actin viscosity under different conditions or in presence of certain 
proteins can be measured by the use of viscometers (Zaner and Stossel 
1982). 
PPyyrreennee--aaccttiinn  aassssaayy.. Actin has a cysteine at the N-terminus that can be 
labelled with the aromatic hydrocarbon pyrene. Pyrene can be excited 
at 365 nm and the emission can be followed at 407 nm. When 
pyrenyl-actin is polymerized the florescence signal increases 
considerably (Cooper et al. 1983). The time course of actin 
polymerization and its different phases are easy to follow with this 
method. A typical curve of actin polymerization is showed in figure 5. 
The kinetics of the polymerization and therefore the characteristics of 
the curve can change due to different conditions or in presence of 
other proteins (Cooper et al. 1983). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Time course of actin polymerization. The lag phase is due to the 
rate-limiting nucleation. The growth phase is when monomers are added to the ends 
of the polymer. The steady state is when addition of monomers is in equilibrium with 
the dissociation of monomers.  
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EElleeccttrroonn  mmiiccrroossccooppyy. Negatively stained actin filaments can be 
examined by electron microscopy to observe how the filaments are 
ordered in presence or absence of different proteins. 
CCeennttrriiffuuggaattiioonn.. At high speed centrifugation (typically 100,000 rpm 
for 1h), actin filaments sediment leaving unpolymerized monomers in 
solution. At low speed centrifugation (13,000 rpm for 15 min) actin 
filaments alone do not sediment. However, in the presence of a 
cross-linking protein, actin filaments will sediment together with the 
protein. This method is widely used to study if a protein binds or 
cross-links actin filaments. 

33..  AAccttiinn--bbiinnddiinngg  pprrootteeiinnss      
Actin does not only interact with itself to form polymers, it also 
interacts with many other proteins that help and regulate all these 
important processes. Without these actin-binding proteins (ABPs), the 
rapid actin turnover necessary for example for locomotion would be 
impossible. Although a large number of ABPs have been identified 
and characterized, it is very probable that many others still await 
discovery. 

33..11  PPrrootteeiinnss  rreegguullaattiinngg  aaccttiinn  ppoollyymmeerriizzaattiioonn    
The formation of the stable nucleus at the starting of the 
polymerization process is kinetically unfavourable. In the cell there are 
proteins that speed up this process. For example the Arp2/3 complex 
nucleates actin on a existing actin filament generating actin branches 
(Winder and Ayscough 2005).  
Filament growth is regulated by capping proteins like gelsolin and 
tensin. They can bind to the barbed ends of the filaments thereby 
blocking the addition of new monomers. Gelsolin can also sever actin 
filaments, increasing the rate for the filament disassembly (dos 
Remedios et al. 2003; McGough 1998). Other examples of severing 
proteins are actin depolymerization factor (ADP), and cofilin. Another 
group of ABPs like tropomyosins and nebulins can stabilize actin 
filaments by binding along the actin filament to protect against 
depolymerization (Winder and Ayscough 2005).     

•
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The rapid response to intracellular and extracellular signals regulating 
the actin filament growth requires a continuous availability of actin 
monomers. Monomer binding proteins like profilin and thymosin bind 
G-actin as it is released from filament ends and facilitate the exchange 
of ADP for ATP (Perelroizen et al. 1996). There are also proteins 
involved in the signalling and regulation of the actin cytoskeleton, 
some examples are: GTPases such as Rho and Rac (Burridge and 
Wennerberg 2004). 

33..22  CCyyttoosskkeelleettaall  lliinnkkeerrss  aanndd  mmeemmbbrraannee  aanncchhoorrss    
Actin is mainly concentrated at the cell cortex close to the plasma 
membrane. There are many proteins such as dystrophin, talin and 
vinculin that connect actin directly to transmebrane proteins like 
integrins or cell membrane receptors such as dystroglycan. Other 
proteins as plectin can attach actin to microtubules and intermediate 
filaments (Winder and Ayscough 2005). 

33..33  CCrroossss--lliinnkkiinngg  pprrootteeiinnss  
Actin filaments can be arranged into higher-ordered, cross-linked 
structures. Cross-linking proteins require two actin-binding sites in 
order to bind two different actin filaments. They determine the 
different actin arrays as well as the distances between two actin 
filaments. There are many different cross-linking proteins; the most 
ubiquitous are �-actinin, filamin, spectrin and fimbrin (Dubreuil 
1991), these proteins can arrange cortical actin filaments in different 
structures (Figure 6): 
Parallel bundles are closely and parallel oriented, they are formed by 
proteins such as fimbrin and can be found in filopodia (Small et al. 
2002). 
Contractile bundles are  placed in antiparallel manner and are more 
loosely spaced, they are found in stress fibers together with proteins 
such as �-actinin (Katoh et al. 1998).  
Gel-like networks are found for example in the membrane of 
erythrocytes where spectrin cross-links short actin fragments, 
generating hexagonal structures (Liu et al. 1987). 
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Figure 6. Cortical arrays of actin filaments in a crawling cell. Different 
cross-linking proteins arrange actin filaments in a different manner. The black 
arrows points towards the plus end of the actin filaments. 

44..  SSppeeccttrriinn  ssuuppeerrffaammiillyy  
The spectrin superfamily of proteins is constituted principally by 
spectrin, dystrophin, utrophin and �-actinin (Dubreuil 1991). They 
share some common domains and act as actin-bundling or 
membrane-anchoring proteins in the cell. Since my main interest of 
study is �-actinin I will explain with more detail different aspects of 
this superfamily that will help to better understand the structure and 
evolution of �-actinin. 
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44..11  SSppeeccttrriinn  ssuuppeerrffaammiillyy  cchhaarraacctteerriissttiicc  ddoommaaiinnss  
  
44..11..11  AAccttiinn--bbiinnddiinngg  ddoommaaiinn  ((AABBDD))  
The actin-binding domain of the members of the spectrin superfamily 
consists of two tandem helical domains of about 125 amino acids. 
Each domain is described as a calponin homology (CH) domain 
because its close similarity to the N-terminus of calponin (Castresana 
and Saraste 1995). The two CH domains appear to have similar 
structure but differ in functionality (Gimona et al. 2002). 
 
44..11..22  CCaallcciiuumm--bbiinnddiinngg  ddoommaaiinn  ((CCBBDD)) 
The calcium-binding domain in the members of the spectrin 
superfamily shows homology with calmodulin (Liu et al. 2004; Trave 
et al. 1995). This domain contains EF-hands motifs that consist of a 
helix-loop-helix structure that binds one calcium molecule. 
Some spectrin or �-actinin isoforms are able to bind calcium whereas 
it has been suggested that dystrophin and utrophin do not. The binding 
of calcium to the EF-hands induces a conformational change able to 
regulate the actin-binding activity of the adjacent domain (Lundberg et 
al. 1992; Trave et al. 1995) 
 
44..11..33  RRoodd  ddoommaaiinn::  ssppeeccttrriinn  rreeppeeaattss  
The rod domain constitutes the central part of the isoforms and links 
the actin-binding domain with the C-terminal calcium-binding domain. 
It is composed of several repeats described as spectrin repeats because 
they were initially discovered in spectrin (Speicher and Marchesi 
1984). The number and composition of the spectrin repeats varies 
among the different members, but their general structure is very 
similar (Djinovic-Carugo et al. 2002). Spectrin repeats are independent 
folding units composed of a left-handed antiparallel triple helical 
bundle where the three �-helices wrap around each other. There is a 
heptad pattern of hydrophobic and polar residues that are essential for 
the fold of the repeat (Djinovic-Carugo et al. 2002; Parry et al. 1992). 
The length of the repeats varies slightly, in �-actinin it is around 
114-125 (Gilmore et al. 1994) and in spectrin and dystrophin the 
repeats are 106 and 109, respectively (Parry et al. 1992). It is possible  
to recognize some conserved residues in all the repeats (Pascual et al. 
1997). There is a conserved tryptophan in helix A, a proline residue in 
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helix B, an aromatic residue in helix C and a leucine close to the very 
C-terminal of each repeat. 
The number of spectrin repeats in the rod domain can vary from 2 to 4 
in �-actinin (Paper I; IV) to 17 and 24 repeats in spectrin and 
dystrophin respectively (Broderick and Winder 2005).  
Spectrin repeats can be found in cell structures under mechanical 
stress, such as cell cortex, Z-disk, and stress fibers. It also serves as a 
docking surface for other proteins. The rod domain in spectrin and 
dystrophin has been suggested to contribute to actin-binding (Amann 
et al. 1998; Li and Bennett 1996). �-actinin and spectrin forms dimers 
(Djinovic-Carugo et al. 1999) whereas there is no evidence yet of 
dimer formation in dystrophin. 

44..22  MMeemmbbeerrss  ooff  tthhee  ssppeeccttrriinn  ssuuppeerrffaammiillyy  
Spectrin was the first member where the characteristic triple-helical 
repeats where identified. Later, these repeats were also recognized in 
other related proteins such as �-actinin and dystrophin (Davison et al. 
1989) constituting the spectrin superfamily of proteins. Although these 
proteins have different functions, all members are able to bind actin 
filaments. They also share similar structure and conserved domains 
(figure 7). As mentioned above, these proteins are characterized by 
having an N-terminal actin-binding domain (ABD), a C-terminal 
calcium-binding domain (CBD) and a central rod domain.  
 
44..22..11  ��--aaccttiinniinn  
�-actinin is composed of an N-terminal ABD with two calponin 
homology domains, a central rod domain with four spectrin repeats 
and a calcium-binding domain at the C-terminus. Recently it has been 
shown that some ancestral �-actinins contain one or two spectrin 
repeats in the central rod domain (Paper I; IV). The function of 
�-actinin is to cross-link actin filaments in different cell structures 
(Blanchard et al. 1989). There is evidence of �-actinin in metazoan, 
protozoa and yeast but not in plants (Paper I). 
 
44..22..22  DDyyssttrroopphhiinn  aanndd  UUttrroopphhiinn  
Dystrophin appears to be present only in metazoan (Roberts and 
Bobrow 1998) where it plays an important role in binding the actin 
cytoskeleton to the extracelullar matrix (Ervasti and Campbell 1993). 
Utrophin has been considered the autosomal homolog of dystrophin 

•
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due to the high structural and functional similarity (Winder et al. 
1995b). Both proteins contain an ABD at the N-terminus and a long 
rod domain with 24 and 22 spectrin repeats in dystrophin and utrophin, 
respectively. The C-terminal contains a cysteine-rich domain with 
EF-hands motifs (Koenig et al. 1988; Winder et al. 1995a), a WW 
motif that binds proline-rich sequences, and a zinc finger motif 
involved in protein-protein interactions. The last residues of the 
C-terminus form a coiled-coil structure that can interacts with other 
dystrophin-related proteins (Broderick and Winder 2005). Mutations 
in the dystrophin gene located in the chromosome X can lead to 
Duchenne muscular dystrophy (Koenig et al. 1987). 
 
44..22..33  SSppeeccttrriinn  
Spectrin was first discovered as a major component of the erythrocyte 
membrane skeleton. In the erythrocyte spectrin binds short actin 
filaments creating a structure that is essential for cell shape and 
membrane stability. In humans the two different isoforms, �- and 
�-spectrin, are encoded by  at least 2 or 5 genes, respectively (Bennett 
and Baines 2001).  
�-spectrin contains one partial repeat at the N-terminus followed by 
20 complete spectrin repeats. Between spectrin repeat 9 and 10 there is 
a SH3 (src homology 3) domain. The C-terminal contains EF-hands 
motifs and is related with calmodulin (Trave et al. 1995).  
�-spectrin has two tandem CH domains at the N-terminus that bind 
actin. The central rod domain is composed of 17 spectrin repeats. 
Repeat 17 is a partial repeat that interacts with the N-terminus of 
�-spectrin to form a complete repeat. In some isoforms there is a 
pleckstrin homology domain (PH) at the very C-terminus suggested to 
be an important ligand-binding site. The high molecular weight 
�H-spectrin is found in Drosophila melanogaster and Caenorhabditis 
elegans there is also an ortholog isoform in humans. �H-spectrin 
contains 30 spectrin repeats instead of 17 and a SH3 motif inserted in 
the fifth triple helical repeat (Bennett and Baines 2001). 
 
In the spectrin heterodimer, �- and �-subunits interacts laterally and in 
antiparallel manner (figure 7). Two heterodimers associate 
head-to-head to form a tetramer: the N-terminus of �-spectrin 
associates with the C-terminus of �-spectrin of the other heterodimer 
(Bennett and Baines 2001). Although there is evidence of 



 Molecular characterization and evolution of �-actinin: from protozoa to vertebrates 
 

  14   

�-spectrin

�-spectrin

�H-spectrin

W ZZ

Dystrophin

Spectrin repeat

SH3 domain

PH domain

CH1CH2

EFhCH1CH2

CH1CH2

CH1CH2

EFh

�-actinin
EFh

WW domainW

Coiled-coils
ZZ

Actin binding domainCH1CH2

EF-hand motif

Zinc finger motif

EFh

immunoreaction against spectrin analogues in protozoa (Bennett and 
Condeelis 1988; Pollard 1984) we have not found any spectrin-like 
gene when searching in the completed genomes of available protozoas. 
Thus, we believed that spectrin is a characteristic of metazoan 
(Bennett and Baines 2001).  
 
 
 
 
 
 

  

  

  

  
  
  
 
 
Figure 7. Schematic representation of the different members of the spectrin 
superfamily (Adapted from Broderick and Winder 2005). 
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44..33  EEvvoolluuttiioonn  ooff  tthhee  ssppeeccttrriinn  ssuuppeerrffaammiillyy    
Phylogenetic and comparative analyses have revealed that the different 
members of the spectrin superfamily arose after several intragene 
duplications and rearrangements from an ancestral �-actinin (Byers et 
al. 1989; Thomas et al. 1997; Wasenius et al. 1987). The similarity of 
the spectrin repeats present in �-actinin (ac1-ac4), �-spectrin (a0-a20) 
and �-spectrin (b1-b17) has made possible to follow the evolution of 
this superfamily. 
The phylogeny shows that the two first repeats in �-actinin (ac1 and 
ac2) share a common ancestor with the two first repeats in �-spectrin 
(b1 and b2). The two last repeats in �-actinin (a3-a4) share a common 
ancestor with the two last repeats in �-spectrin (a19 and a20) (Byers et 
al. 1989; Dubreuil et al. 1989). It is known that the four repeats in 
�-actinin are involved in dimerization (Djinovic-Carugo et al. 1999). 
Additionally, it has been shown that in the spectrin tetramer the 
repeats involved in dimerization are those related to �-actinin. The 
other repeats found in �- and �-spectrin are more related to each other 
than to any repeat in �-actinin, suggesting the existence of a common 
ancestor for �- and �-spectrin. This hypothesis is also supported by the 
finding of a �heavy spectrin isoform containing typical domains of both 
�- and �-spectrin (Thomas et al. 1997). 
The repeats in dystrophin and utrophin are the most divergent and 
difficult to compare probably because they diverged earlier in evolution 
(Pascual et al. 1997).  
The most likely scenario for the evolution of the spectrin superfamily 
of proteins (figure 8) began with the introduction of seven repeats 
between repeat 2 and 3 of �-actinin producing an elongated “�-actinin”. 
At this point the dystrophin/utrophin lineage presumable diverged from 
the �- �-spectrin lineage. 
The next step was the duplication of the seven-repeat block in the 
elongated “�-actinin” and the insertion of the ancestor of the 
tetramerization repeat (b17/a0). The tetramerization repeat was then 
split into b17 and a0 giving rise to the ancestral �- and �-spectrin 
subunits. The ancestral �-spectrin then evolved by an elongation 
process. The ancestral �-spectrin evolved, by a second duplication and 
insertion of single repeats (Pascual et al. 1997). 
The evolution of this superfamily can be divided in two phases. A first 
active phase characterized by intragene duplication and concerted 
evolution. A selection pressure favouring or disfavouring different 
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protein lengths ended with the prevention of the array exchanges 
producing dystrophin and spectrin lineages. In a second stable phase 
the number of repeats became constant and their sequences evolved 
independently (Thomas et al. 1997). 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Evolution of the spectrin superfamily. The red spheres denote �-actinin 
repeats involved in dimerization. The black spheres denote spectrin repeats that 
were involved in duplication or elongation events (adapted from Pascual et al. 1997; 
Thomas et al. 1997). 
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11..  SSttrruuccttuurree  

11..11  ��--aaccttiinniinn  ddiimmeerr  
�-actinin is composed of an N-terminal ABD, a central rod domain 
and a C-terminal calcium-binding domain. �-actinin exists in a dimeric 
form where the two monomers interact in an antiparallel manner  
(Blanchard et al. 1989). The major dimer interface is in the rod domain 
creating a rigid and long structure (Ylanne et al. 2001) (figure 9).  As a 
result, the two ABD are placed at each end of the dimer and in close 
vicinity with the calcium-binding domain of the other monomer. The 
antiparallel position of the two ABD allows �-actinin to cross-link two 
adjacent actin filaments.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 

Figure 9. Cryoelectron microscopy structure of chicken gizzard smooth muscle. 
(Pdb accession number: 1sjj) 
 
ABD - actin-binding domain  
SR - spectrin repeats  
CBD - Calcium-binding domain 
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11..22  AAccttiinn--bbiinnddiinngg  ddoommaaiinn    
�-actinin belongs to a group of F-actin cross-linking proteins in which  
the actin-binding domain consists of two tandem CH domains 
(Gimona et al. 2002). Actin-binding studies of the two independent 
CH domains have shown that although the two domains are 
structurally similar they have different roles in actin-binding. CH1 
domain alone binds actin with lower affinity than the entire ABD and 
the CH2 domain alone does not bind actin at all. This suggests that 
both domains are necessary for the maximum binding capacity of the 
entire domain (Banuelos et al. 1998; Way et al. 1992). 
Recently, the crystal structures of the ABD from human �-actinin-3 
and �-actinin-1 were solved (Borrego-Diaz et al. 2006; Franzot et al. 
2005). In both structures the CH1 and CH2 are in extensive contact 
and create a compact structure described as “close conformation”. 
Each CH domain is composed of two minor helices (B and F) and four 
principal �-helices (A, C, E and G) that form the core of the domain. A 
flexible linker connects the two CH domains (Franzot et al. 2005). In 
the complete ABD there are three different binding sites for F-actin 
called ABS1-3. ABS1 is placed in the first N-terminal helix of CH1, 
ABS2 is in the C-terminal helix of CH1, and the ABS3 comprises the 
interdomain linker and the N-terminal helix of CH2 domain. In the 
close conformation structure ABS2 and ABS3 are contiguously placed 
on the surface while ABS1 is in the interface of the two CH domains. 
It is therefore suggested that when the ABD is bound to actin it would 
experience a conformational change where the interaction between 
CH1-CH2 is disrupted and the ABS1 is more exposed to actin 
(Borrego-Diaz et al. 2006; Franzot et al. 2005). Cryoelectron 
microscopy and image analysis have suggested that �-actinin binds 
F-actin subdomains 1 and 2 and subdomain 1 of the adjacent actin 
monomer (McGough et al. 1994). The amino acid residues involved in 
the binding are mainly hydrophobic, suggesting that the binding to 
actin is mediated by hydrophobic interactions (Kuhlman et al. 1992). 

  
 
 
 
 

•
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11..33  RRoodd  ddoommaaiinn  
The rod domain of �-actinin contains the characteristic spectrin repeats 
and is considered the shortest among the members of the superfamily. 
In higher eukaryotes �-actinin comprises for repeats, however it has 
been found that some protozoa and fungi present �-actinins with one 
or two putative spectrin repeat-like structures (paper I ; IV). 
The rod domain of �-actinin from human and the two first spectrin 
repeats of Dictyostelium discoideum �-actinin have been crystallized 
and studied into detail (Djinovic-Carugo et al. 1999; Kliche et al. 
2001; Ylanne et al. 2001). 
The repeats present in �-actinin with four repeats (SR1-SR4) have the 
conserved residues and structure of typical spectrin repeats. The major 
differences between the repeats are in the loops connecting the helices 
(Ylanne et al. 2001). The monomeric rod presents a slight change in 
charge, from a positive N-terminus to a more negative C-terminus 
(Djinovic-Carugo et al. 1999; Ylanne et al. 2001). The repeats have 
different interface properties that allow them to interact specifically 
with repeats from the other monomer giving rise to a rigid and 
unbendable rod domain. Specifically, the SR1 and SR2 interact with 
SR4 and SR3 respectively (Djinovic-Carugo et al. 1999; Flood et al. 
1997). The linker between the repeats is helical and has no apparent 
break (Djinovic-Carugo et al. 1999).  
The most important characteristics of the entire rod domain are the 
overall acidic surface and the left-handed twist from one end to the 
other resulting in a structure where the ends are twisted 90°. It is 
believed that the acidic concave surface could represent a high affinity 
binding site for other proteins (Ylanne et al. 2001). 

11..44  CCaallcciiuumm--bbiinnddiinngg  ddoommaaiinn::  EEFF--hhaannddss  
The C-terminal calcium-binding domain of �-actinin contains four 
EF-hands motifs that are related to calmodulin (Tang et al. 2001). The 
two first EF-hands are clearly recognized by sequence analysis while 
the other two are cryptic. The structure of the EF-hands 3 and 4 from 
human �-actinin-2 has been solved by NMR in complex with the 
seventh Z-repeat of titin (Atkinson et al. 2001). Sequence analyses of 
the four EF-hands have indicated that EF-hands 3 and 4 present an 
amino acid residue deletion and insertion, respectively. The first two 
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EF-hands are therefore the only with potential affinity for calcium 
(Tang et al. 2001). 
�-actinin isoforms can be divided in two classes depending on their 
calcium-binding properties. 
NNoonn--mmuussccllee  iissooffoorrmmss contain calcium-binding EF-hands that regulate 
the actin-binding activity (Noegel et al. 1987; Witke et al. 1993). 
Mutagenesis studies of the two first EF-hands of D. discoideum 
�-actinin have shown that the EF-hand 2 has a high-affinity calcium 
site, while EF-hand 1 has a lower affinity and acts as a regulatory 
calcium site for the actin-binding inhibition (Witke et al. 1993). 
MMuussccllee  iissooffoorrmmss contain non-functional EF-hands, they have lost the 
essential residues to coordinate calcium and therefore their capacity to 
bind actin is not regulated by calcium (Blanchard et al. 1989).  

  

22..  ��--aaccttiinniinn  iissooffoorrmmss  

22..11  IInnvveerrtteebbrraattee  iissooffoorrmmss  
Invertebrates such as Drosophila melanogaster and Caenorhabditis 
elegans contain a single �-actinin gene (Barstead et al. 1991; Roulier 
et al. 1992). In Drosophila, it has been observed that the single 
�-actinin gene can be alternatively spliced giving three different 
isoforms that are expressed differently (Figure 10). The splicing 
occurs at the neck region between the ABD and the first spectrin 
repeat (Roulier et al. 1992). 
There is also evidence of atypical �-actinin isoforms in some protozoa 
and yeast (papers I; II; III; IV; Addis et al. 1998; Bricheux et al. 1998; 
Wu et al. 2001). Most of these isoforms are shorter and contain one or 
two putative spectrin repeats in the rod domain. 

22..22  VVeerrtteebbrraattee  iissooffoorrmmss  
Almost all vertebrates appear to have four different �-actinin genes 
(ACTN1-4) (paper I; MacArthur and North 2004). It is noteworthy that 
to date no ACTN3 gene has been found in chicken. The different 
�-actinin isoforms can be broadly classified in two groups: muscle 
�-actinins which bind actin in a calcium-independent manner and 
non-muscle isoforms which bind actin in a calcium-dependent manner. 

•
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�-actinin-1 and �-actinin-4 are generally the most abundant isoforms in 
non-muscle cells, whereas �-actinin-2 and �-actinin-3 are generally 
found in muscle tissue. Alternative splicing can give rise to additional 
diversity in some vertebrates (figure 10). The diversity is generated by 
the use of two different exons, one containing an active EF-hand region 
present in non-muscle �-actinins, and the other present in muscle 
�-actinin containing a deletion between the two non-functional 
EF-hands. The alternate use of these two exons has been seen in 
chicken �-actinin-2 (Parr et al. 1992) and in chicken and rat �-actinin-1 
(Kremerskothen et al. 2002; Waites et al. 1992). A particular brain 
isoform of �-actinin-1 containing both exons has been found in rat 
(Kremerskothen et al. 2002). Recently a splice variant of �-actinin-4 
with higher affinity for actin has been related with lung and testis 
cancer. The alternative spliced exon contains part of the linker between 
the ABD and the first spectrin repeat (Honda et al. 2004).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

  

  
  

Figure 10. Alternative splicing of vertebrate and invertebrate �-actinins. Within the 
 Boxes are represented the alternative exons used to give rise to the different isoforms. 
 (Adapted from MacArthur and North 2004). 
ABD - actin-binding domain; SR - spectrin repeats; CBD – calcium-binding domain 
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22..33  EExxpprreessssiioonn  ooff  tthhee  ddiiffffeerreenntt  iissooffoorrmmss  
  
22..33..11  ��--aaccttiinniinn--11  aanndd  ��--aaccttiinniinn--44    
Both isoforms are present in stress fibers and lamellipodia. �-actinin-1 
is more abundant than �-actinin-4 and is found in cell adhesions 
structures. �-actinin-4 is involved in cell movement and is found in the 
nucleus (Honda et al. 1998) and significantly expressed in kidney (Kos 
et al. 2003) .  
 
22..33..22  ��--aaccttiinniinn--22  aanndd  ��--aaccttiinniinn--33  
They are almost exclusively expressed in muscle cells. Human and 
mouse �-actinin-2 are expressed in skeletal and cardiac muscle, 
whereas �-actinin-3 is limited to skeletal muscle (Beggs et al. 1992; 
Mills et al. 2001). Surprisingly there is no �-actinin-3 in chicken. 
�-actinin-2 and �-actinin-3 appears to have overlapping function in 
human (Mills et al. 2001). 

33..  BBiioollooggiiccaall  ffuunnccttiioonnss  ooff  ��--aaccttiinniinn  
Much is known about �-actinin function and interacting partners. The 
list of newly identified proteins and molecules interacting with 
�-actinin has increased during the last years, which confirms that 
�-actinin is not merely an actin-binding protein but a scaffold for other 
protein-protein interactions and regulations. 
�-actinin was first isolated from striated muscle cells (Ebashi and 
Ebashi 1965; Maruyama and Ebashi 1965). Later, �-actinin was also 
localized by inmunofluorescence along actin stress fibers, cell 
substrate and cell-cell attachments in non-muscle cells (Lazarides and 
Burridge 1975).  
I will briefly mention some of the most outstanding functions and 
interactions where �-actinin is involved. 

  
 
 

•
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33..11  AAccttiinn  ccrroossss--lliinnkkiinngg    
The highly conserved ABD in �-actinin suggests that binding to actin 
is one of the most important features of �-actinin. When �-actinin 
binds actin it can form parallel or antiparallel bundles (Meyer and 
Aebi 1990; Taylor et al. 2000). The manner of how �-actinin is able to 
form parallel or antiparallel bundles is not yet well understood. The 
most plausible mechanism is that the neck between the ABD domain 
and  the rod domain allows flexibility and reorientation of the 
actin-binding sites (Winkler et al. 1997). 
It has been shown that different �-actinin isoforms differ in their 
affinity for actin and that the bundle formation critically depend of the 
concentration ratio of �-actinin and actin (Meyer and Aebi 1990). 

33..22  MMuussccllee  ��--aaccttiinniinn  
�-actinin plays an important role in all muscle tissues (Endo and 
Masaki 1982; Fay et al. 1983; Lemanski et al. 1980; Suzuki et al. 
1976).  The most common feature of the different muscle isoforms is 
the binding to actin in a calcium-independent manner (Blanchard et al. 
1989).  
In striated muscle �-actinin is found at the Z-disk, attaching actin 
filaments of adjacent sarcomeres (figure 11). The periodicity of 
�-actinin in these structures determines the thickness of the Z-disk 
(Luther 1991). Titin has been shown to mediate the assembly of 
�-actinin to the Z-disk. Titin extends from the Z-line to the M-line and 
has two interaction sites for �-actinin (Young et al. 1998). Myotilin  
and myopaladin  belong to a novel family of sarcomeric protein, both 
bind to �-actinin in the Z disk and are essential for the normal muscle 
structure (Bang et al. 2001; Salmikangas et al. 1999). 
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33..33  NNoonn--mmuussccllee  ��--aaccttiinniinn  
  
33..33..11  AAddhheessiioonn  ssiitteess  
�-actinin can be found in adhesion sites such as cell-cell contact, 
neuronal synapses and focal adhesion sites (Otey and Carpen 2004) 
(figure 12). In those structures �-actinin is bound to the cytoplasmic 
face of different adhesion and transmembrane proteins, like for 
instance catenin (Knudsen et al. 1995), integrin (Otey et al. 1990) or 
vinculin (Belkin and Koteliansky 1987). These interactions are 
generally mediated by the acidic rod domain surface that links the 
actin cytoskeleton to the plasma membrane providing structural 
stability. �-actinin can also gather different signalling molecules 
suggesting its participation in different signalling pathways between 
transmembrane proteins and actin filaments (Otey and Carpen 2004).  

 
Figure 11. Scheme of a sarcomere under electron microscope.  
The M - line corresponds to the location where different myosin filaments overlap. 
The Z - lines are at either ends of the sarcomeres. Proteins like �-actinin or titin are the 
responsible for the attachment of different actin filaments. 

•
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33..33..22  CCeellll  MMiiggrraattiioonn  
Several studies have shown that �-actinin is involved in cell migration. 
The precise mechanism is not well understood, but it is believed that 
�-actinin is involved in the step of de-adhesion (Otey and Carpen 
2004). In adhesion plaques modulation in the expression of �-actinin 
affect the stability of the structure leading to increase or decrease of 
cell attachment (Gluck and Ben-Ze'ev 1994). 
  
33..33..33  SSttrreessss  ffiibbeerrss  
Stress fibers are bundles of actin filaments characterized by their 
ability to support tension (Katoh et al. 1998). Dense bodies are spread 
along stress fibers and are suggested to be the non-muscle analogous 
of Z-disk structures. �-actinin is a component of these dense regions 
(Lazarides and Burridge 1975). There are several molecules that bind 
�-actinin in dense bodies regions such as PDZ- and LIM-domain 
proteins (Otey and Carpen 2004).  
 
33..33..44  SSyynnaappsseess 
It has been shown that �-actinin-2 binds to the neurotransmitter 
receptor NMDA, the precise function is not yet known, but it seems 

 
Figure 12. Schematic representation of �-actinin and its interacting partners in a 
 focal adhesion site. 
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that �-actinin serves as an anchor for  NMDA to the actin cytoskeleton 
(Wyszynski et al. 1997). 
�-actinin-4 binds to the cytoplasmic PDZ-domain of the 
transmembrane protein densin in synapses (Walikonis et al. 2001). It is 
suggested that these complex might contribute to the stability of the 
synaptic cell junction by calcium regulation (Otey and Carpen 2004). 
  
33..33..55  CClleeaavvaaggee  ffuurrrrooww  
Fluorescence analysis has shown that �-actinin is concentrated in the 
contractile ring creating the cleavage furrow during cytokinesis. The 
results suggested that �-actinin and other cytoplasm proteins might 
generate the force necessary for the partition of two daughter cells 
(Fujiwara et al. 1978).  
 
33..33..66  CCaanncceerr  aanndd  mmeettaassttaassiiss  
Metastasis is the movement or spread of carcinogenic cells from one 
tissue to another. Different studies have found that up- or 
down-regulation of �-actinin could be related with different types of 
cancer, such as hepatocellular carcinoma (Nishiyama et al. 1990), 
colorectal cancer (Honda et al. 2005), lung cancer (Honda et al. 2004), 
breast cancer (Guvakova et al. 2002) and neuroblastoma 
(Nikolopoulos et al. 2000). 
 

  
44..    RReegguullaattoorrss  ooff  ��--aaccttiinniinn    

44..11  RReegguullaattiioonn  bbyy  ccaallcciiuumm  
In non-muscle cells the calcium-binding domain of �-actinin contains 
EF-hands motifs that are able to bind calcium. Calcium concentrations 
less than 0.1 �M decrease F-actin viscosity considerably (Blanchard et 
al. 1989). However, depending on the isoform the affinity for calcium 
is different. For instance, chicken �-actinin-4 binds calcium with lower 
affinity than �-actinin-1, suggesting different functions for these two 
isoforms (Imamura and Masaki 1992; Imamura et al. 1994). 
The mechanism by how calcium inhibits actin-binding is still 
unknown. The recently determined crystal structure of the ABD has 
suggested a possible regulatory mechanism for the actin-binding 

•
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inhibition by calcium. The loop connecting the two CH domains is in 
close proximity with the neck region connecting the ABD and the first 
spectrin repeat. It is proposed  that when calcium is bound to the 
calcium-binding domain of one monomer, it interacts with the neck 
between the ABD and the first spectrin repeat of the other monomer 
hindering the rearrangement of the two CH, therefore, inhibiting the 
binding to actin (Franzot et al. 2005). 

44..22  RReegguullaattiioonn  bbyy  pphhoosspphhooiinnoossiittiiddeess  
The interaction site of phosphoinositides with �-actinin has been 
located at the CH2, immediately after the ABS3 (Fukami et al. 1996). 
In cultured cells, phosphoinositide binding regulates the rate of 
�-actinin association-dissociation with actin filaments and integrins 
(Fraley et al. 2005). In muscle cells binding of phosphatidylinositol 
4,5-bisphosphate release the calcium-binding domain from the linker 
between ABD and SR1 allowing binding to titin (Young and Gautel 
2000).  

44..33  RReegguullaattiioonn  bbyy  pphhoosspphhoorryyllaattiioonn  
�-actinin can be phosphorylated by kinases such as focal adhesion 
kinase. The ABD is phosphorylated on tyrosine 12 reducing the 
affinity of �-actinin for actin. This would result in a reduction of 
contact with the cytoskeleton facilitating the turnover of the adhesion 
sites (Izaguirre et al. 2001). 
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55..  MMoolleeccuullaarr  eevvoolluuttiioonn  ooff  ��--aaccttiinniinn  

55..11  AAiimm  ooff  tthhee  SSttuuddyy    
Many studies have been focused on the evolution and origin of 
spectrin and dystrophin from a common �-actinin ancestor. Both 
spectrin and dystrophin have been identified in  several organism and 
compared in detail (Baines 2003; Neuman et al. 2001; Roberts and 
Bobrow 1998). However, very little is known about the evolution of 
�-actinin and its ancestral isoforms. The study of how the different 
�-actinin isoforms originated is therefore an important key to 
reconstruct and understand the origin and evolution of this important 
superfamily of proteins. 
My research has been focused on the evolution and structure of 
�-actinins from ancestral organism such as protozoa and fungi. 
After a thorough database search we have discovered many different 
�-actinin isoforms. Some of these isoforms are atypical since they do 
not share all the common features of modern �-actinins. These atypical 
isoforms have been characterized and compared with known �-actinins 
to determine whether or not they are genuine �-actinins. As a result, a 
comprehensive and phylogenetic analysis of �-actinin isoforms has 
been accomplished giving a better understanding not only of the 
evolution of the �-actinin but also of the spectrin superfamily of 
proteins. 

55..22  EEvvoolluuttiioonn  ooff  tthhee  ��--aaccttiinniinn  ffaammiillyy..  PPaappeerr  II  
 
55..22..11  ��--aaccttiinniinn  iissooffoorrmmss  
When initiating this work, the number of known �-actinin sequences 
was limited. These isoforms contained the typical hallmarks of 
�-actinins: an actin-binding domain, a calcium-binding domain and a 
rod domain with four spectrin repeats. Our database mining discovered 
�-actinin isoforms that included a wide number of organisms such as 
protozoa, fungi and metazoan. Some of these isoforms appeared to be 
typical �-actinins, whereas other isoforms from fungi and protozoa 
only shared some of the characteristic domains.  
We retrieved a total of 26 �-actinin isoforms from several genome 
databases; 16 �-actinin from vertebrates, 4 from invertebrates, 4 from 
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protozoa and 2 from fungi. We observed that vertebrates usually 
contained 4 distinct isoforms, while invertebrates contained only one. 
By using different primers we also cloned and sequenced an �-actinin 
gene from the sea squirt Ciona intestinalis. This organism is supposed 
to be one of the closest relatives to vertebrates; therefore the study of 
its �-actinin should give hints of what happened in the evolution of 
�-actinin before the vertebrate-invertebrate split.  
All the sequences were analyzed in silico to identify conserved 
�-actinin domains. Vertebrate and invertebrates isoforms contained the 
typical hallmarks of �-actinins including a rod domain with four 
spectrin repeats.  
When we analyzed the isoforms of Encephalitozoon cuniculi and the 
protozoans Trichomonas vaginalis and Entamoeba histolytica, we 
identified an N-terminal actin-binding domain and a C-terminal 
calcium-binding domain. However, the central rod domain of these 
isoforms was atypical; the protozoa isoforms contained a single repeat 
and that of fungi contained two spectrin repeats (Figure 13). 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
55..22..22  PPhhyyllooggeenneettiicc  ttrreeee  
A phylogenetic analysis of all the �-actinin isoforms gave a tree with 
three main clusters (figure 14): one with all vertebrate isoforms, a 
second with the invertebrates isoforms, and a third and distanced 
cluster corresponding to the protozoa and fungi.  
The phylogeny placed the atypical isoforms as the most divergent 
from vertebrate �-actinins. These results were in agreement with our 

 
Figure 13. Schematic drawing of the atypical alpha actinins. The short rod domain of  
these isoforms contains one or two putative spectrin repeats. 
ABD - actin-binding domain; SR - spectrin repeats; CBD - calcium-binding domain 
CC - coiled coil 
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expectations, since we considered that these atypical isoforms should 
be the most ancestral isoforms and therefore the most divergent. 
The observation that the single isoform of Ciona intestinalis is placed 
right before vertebrates indicates that the four different �-actinin 
sequences likely arose after the vertebrate radiation. In the vertebrate 
branches, the four isoforms are differently clustered forming two clear 
groups, one represented by the calcium-sensitive isoforms �-actinin-1 
and �-actinin-4, and a second group formed by the calcium-insensitive 
�-actinin-2 and �-actinin-3. This topology is in accordance with the 
hypothesis that two rounds of genome duplication occurred early in 
the vertebrate divergence. 

 
 
 
  
55..22..33  SSppeeccttrriinn  rreeppeeaattss  
We compared the vertebrate spectrin repeats (SR1-SR4) with the 
single repeat of E. histolytica and the two repeats of fungi. The E. 
histolytica repeat appears to be closest to SR1 of vertebrates whereas 
the two repeats in Schizosaccharomyces pombe were more similar to 
vertebrate SR1 and SR4 respectively. This led us to suggest a possible 

Figure 14.  Phylogenetic analysis of the �-actinin family. The most parsimonious tree  
shows the relation between �-actinin of different organisms. Bootstrap values show the 
 reliability of each branch. 
 

•
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evolutionary scenario for the spectrin repeats in �-actinin: the most 
ancestral �-actinin contained a single repeat related with SR1 of 
modern �-actinins, a first intragene duplication gave rise to a second 
repeat, closely related to SR4 in modern �-actinins. A second 
subsequent intragene duplication gave rise to the central repeats SR2 
and SR3 present in modern �-actinins.  
The phylogeny of the rod domain in �-actinins as well as a 
comparative and exhaustive analysis of the spectrin repeats will be 
discussed below in paper IV. 
 

55..33  IIssoollaattiioonn  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  aattyyppiiccaall  
��--aaccttiinniinnss  ffrroomm  EEnnttaammooeebbaa  hhiissttoollyyttiiccaa..    PPaappeerr  IIII  
aanndd  IIIIII  
One of the most important issues for us was to determine whether 
these atypical isoforms were genuine �-actinin or whether they simply 
shared some common domains. 
When the genome of the protozoa Entamoeba histolytica was 
completed we identified a second member of the �-actinin family, this 
isoform contained two spectrin repeats and shared high homology with 
�-actinin isoforms found in fungi. 
Entamoeba histolytica is a primitive unicellular organism that induces 
amoebiasis, one of the three most common human disease caused by 
parasites. It has been seen that reorganization of the actin cytoskeleton 
and actin-binding proteins plays an important role in the parasite 
infection mechanisms.  
We have therefore used Entamoeba histolytica as a model organism 
for the study of ancestral �-actinin isoforms. We isolated and 
characterized these two �-actinin isoforms and demonstrate that they 
are genuine �-actinins.  
  
55..33..11  SSttrruuccttuurree  pprreeddiiccttiioonn    
  
��--aaccttiinniinn--11  ((ppaappeerr  IIII))  
The molecular weight of �-actinin1 is 63 kD. This isoform conserves 
the actin-binding domain with two CH domains and the 
calcium-binding domain where at least three EF-hands are recognized. 
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The rod domain is shorter than typical �-actinin and is predicted to 
form a coiled-coil. 
��--aaccttiinniinn--22  ((ppaappeerr  IIIIII))  
The molecular weight of �-actinin-2  is 70 kD. Protein structure 
prediction and modelling detected a conserved actin-binding domain, a 
calcium-binding domain, and a rod domain with two spectrin repeats. 
This protein contains the same number of repeats as fungi �-actinins. 
As observed in fungi, the two repeats present in Entamoeba histolytica 
�-actinin-2 are closely related to SR1 and SR4 of typical �-actinin, 
respectively. 
  
55..33..22  BBiioocchheemmiiccaall  aannaallyysseess  
We have examined among other features whether these two proteins 
are real �-actinins. The main function of �-actinin is to cross-link actin 
filaments; additionally, in some isoforms calcium can perturb the 
binding to actin.   
Both genes corresponding to �-actinin-1 and �-actinin-2  were cloned 
from an E. histolytica genome library. The corresponding proteins 
were expressed and biochemically characterized in terms of 
calcium-binding and cross-linking ability. 
 
Actin-binding properties 
As mentioned above there are several methods to study the 
actin-binding properties of a protein. The actin-binding properties of 
�-actinin-1 and �-actinin-2 were determined in presence and absence 
of calcium using two different methods: co-sedimentation assay and 
transmission electron microscopy. 
The co-sedimentation experiments showed that actin was gradually 
pelleted with increasing amounts of �-actinin-1 or �-actinin-2. This 
clearly indicated that both isoforms cross-linked actin. These results 
were also supported by the electron micrographs, where compact and 
tight bundles were observed in the presence of either �-actinin-1 or 
�-actinin-2. When the same experiments were repeated in the presence 
of calcium, both the amount of pelleted actin and the bundle formation 
were reduced. This indicated that calcium inhibits actin-binding to 
�-actinin. 
 
 
 

•
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Calcium-binding properties 
The calcium-binding properties of both proteins were tested by a 
calcium overlay assay using 45Ca. The results showed clearly that both 
proteins bind calcium.  
 
Dimer formation 
It is very likely that both isoforms form dimers since otherwise the 
cross-linking of actin filaments would not be possible. Both proteins 
were analyzed by gel filtration chromatography to study their native 
size. We observed that both �-actinin-1 and �-actinin-2  gave rise to gel 
filtration elution peaks that corresponded to monomeric and dimeric 
species.  
  
55..33..33  CCoonncclluussiioonnss  ooff  ppaappeerr  IIII  aanndd  ppaappeerr  IIIIII  
The two �-actinin-like proteins present in E. histolytica conserve the 
essential domains of �-actinins: the actin-binding domain and the 
calcium-binding domain. The rod domains of these two isoforms are 
shorter than the rod domain of typical �-actinins. The rod domain of 
�-actinin-1 contains a putative repeat predicted to form a coiled-coil 
structure whereas the rod domain of �-actinin-2 contains, although 
with a low score, two predicted spectrin repeats. Despite of the shorter 
rod domain, both isoforms behave as modern �-actinins. We conclude 
that both �-actinin-1 and �-actinin-2 are able to form dimers and 
cross-link actin in a calcium-dependent manner. Further, these proteins 
are detected by polyclonal chicken �-actinin antibodies and share the 
high �-helix content typical of �-actinins. 
The existence of these proteins in an ancestral organism makes them 
good candidates to represent ancestral isoforms of �-actinins and 
possible ancestors of this family. 
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55..44  EEvvoolluuttiioonn  ooff  ��--aaccttiinniinn  rroodd  ddoommaaiinn..  PPaappeerr  IIVV  
Among all �-actinin isoforms, the rod domain is the most 
heterogeneous domain concerning amino acid sequence and number of 
spectrin repeats. 
As I have mentioned in the introduction, all members of the spectrin 
superfamily are thought to have arisen by intragene duplications and 
other rearrangements from a common �-actinin ancestor with four 
spectrin repeats. We propose that the origin of the spectrin superfamily 
started much earlier from a single repeat �-actinin that experienced 
two rounds of intragene duplication to give rise to �-actinin  with four 
spectrin repeats. 
The finding of more atypical �-actinins and the availability of other 
isoforms from ancestral organisms, have contributed to reinforce our 
previous hypothesis as well as to achieve other important 
understandings of the origin and evolution of this family. 
We have done a comprehensive and phylogenetic analysis of the rod 
domain studying all spectrin repeats present in most �-actinin isoforms 
available to date.  
 
55..44..11  PPaaiirrwwiissee  iiddeennttiittiieess    
The most conserved repeat in all organism is the SR1, probably due to 
its role in actin-binding as it was already seen in its close relative 
spectrin (Li and Bennett 1996). 
A general observation is that the differences between the spectrin 
repeats within the same isoforms are much larger than between the 
same repeat in �-actinins of other organism. This is also observed in E. 
histolytica �-actinin-2 and fungi repeats.  
As expected, the vertebrate spectrin repeats are the best conserved 
followed by the invertebrates. The least conserved repeats are those in 
protozoa and fungi. 
The typical conserved tryptophan residues at position 17 and close to 
the C-terminal are present in almost all vertebrate and invertebrate 
repeats. However there are exceptions like the two repeats in fungi and 
E. histolytica �-actinin-2, Dictyostelium SR4 and Phytophthora SR3 
and SR4. It is noteworthy that those repeats were still recognised as 
spectrin repeats by the SMART and InterPro servers. 
 
  
  

•
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55..44..22  PPhhyyllooggeennyy  ooff  tthhee  ssppeeccttrriinn  rreeppeeaattss  
A phylogenetic tree with the aligned sequences was constructed using 
Bayesian inference (figure 15). The most important feature of the tree 
is the presence of four clusters corresponding to the four spectrin 
repeats (SR1, SR2, SR3, and SR4). We could observe that SR1 and 
SR4 were the most separated branches. As already noticed in the 
pairwise identity analysis the different repeats in each �-actinin 
isoform tend to group with the same repeat in isoforms of other 
organism rather than with themselves. Phytophthora isoforms 
constitutes an exception since SR2, SR3 and SR4 group in a single 
cluster. This indicates that they are more similar to each other than to 
the respective repeat in other organism isoforms. The two repeats 
present in fungi and E. histolytica �-actinin-2 (SR1 and SR2) aligned 
with the SR1 and SR4 of modern �-actinin respectively. The single 
repeat present in Trichomonas also grouped with SR1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Phylogenetic tree of the spectrin repeats. The tree was calculated by 
Bayesian interference and the probabilities of each branch are indicated. 
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55..44..33  DDiissccuussssiioonn  aanndd  ccoonncclluussiioonnss  ooff  ppaappeerr  IIVV  
�-actinin isoforms can be divided in three main groups, one group 
contains a putative single repeat like �-actinin-1 in E. histolytica, E. 
cuniculi  or T. vaginalis. A second group contains two spectrin repeats 
like �-actinin in fungi and �-actinin-2 in E. histolytica. The third group 
comprises modern �-actinins with four spectrin repeats present in all 
metazoan and other groups such as Dictyostelium or Phytophthora. 
Although with some exceptions we could say that the general trend is 
that the same repeats are more similar to each other than the other 
repeats in the isoform. 
The evolution of �-actinin rod domain can be divided in two phases: 
A first phase of intragene duplications. 
This phase would start with an �-actinin with a single repeat closely 
related to SR1 of modern organisms. A first intragene duplication gave 
rise to organism with two spectrin repeats where the new second 
repeat would be close to SR4 of modern �-actinins. Finally a second 
intragene duplication added two more repeats that became SR2 and 
SR3. 
The fact that some of the  repeats in Phytophthora �-actinin are closer 
to each other rather than to the same repeat in other isoforms, could 
suggest that in an early evolutionary stage these repeats still conserved 
similarities as a result of a duplication from a common ancestor. 
A second phase of consolidation  
In this phase the number of repeats was constant and the different 
repeats started to evolve independently to acquire specialized roles.  
It is quite clear that of all the spectrin repeats SR1 is the most 
conserved, regardless of the organism. We believe that this repeat is 
the most ancestral, and probably in early organisms did not contain all 
of the conserved residues present in a typical spectrin repeat. The 
conservation of this repeat during evolution is probably related with its 
role in actin-binding. 
We observed that SR1 and SR2 of fungi are quite divergent, and this is 
also observed between SR1 and SR4 of ancestral organism such as 
Dictyostelium and Phytophthora. In addition it has been seen that SR1 
in fungi and modern isoforms are more basic than the other repeats. 
We suggest that after the first intragene duplication the resulting 
second repeat evolved to be more distinct and favour dimerization. 

•
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66..  FFiinnaall  CCoonncclluussiioonnss  
 
All �-actinins isoforms have conserved the ABD and the 
calcium-binding domain. However, the central rod domains are quite 
divergent among ancestral organism. �-actinin isoforms can be divided 
in three different groups depending on the number of repeats present in 
the rod domain. One group with single-repeated �-actinins, a  second 
group represented by �-actinins with two repeats, and a third group 
corresponds to modern �-actinin with four repeats. 
We have shown that the two �-actinin isoforms present in Entamoeba 
histolytica are genuine �-actinins and therefore can be considered for 
phylogenetic and other comparative studies. There is also evidence 
that T. vaginalis and S. pombe �-actinins are also genuine �-actinins 
(Addis et al. 1998; Wu et al. 2001). Our phylogenetic studies placed 
these atypical �-actinins at the bottom of the evolutionary tree of 
�-actinin suggesting they are ancestral isoforms. The phylogeny also 
shows that is it not until the vertebrate radiation that the four �-actinin 
genes appeared as result of two rounds of genome duplication from the 
single invertebrate �-actinin gene. These four different genes gave rise 
to at least four different isoforms. In our phylogenetic tree the two 
calcium-sensitive isoforms (�-actinin-1 and �-actinin-4) cluster 
together in the same manner as the non-calcium sensitive isoforms 
(�-actinin2- �-actinin-3). Since evolution tends to eliminate redundant 
genes, the presence of two different calcium-sensitive isoforms and 
two calcium-insensitive isoforms suggests a high degree of 
specialization for these isoforms. In fact, each isoform can be found in 
different tissues having specialized functions. The diversity may be 
even more complicated since some genes can be alternatively spliced. 
Therefore it can be concluded that �-actinin despite of being the 
shortest member of the spectrin superfamily has very specialised 
functions. 
We have suggested that the most ancestral �-actinin contained a single 
spectrin-like repeat closed related to SR1. A first intragene duplication 
gave rise to isoforms with two repeats and a second intragene 
duplication then gave rise to isoforms with four repeats. This active 
phase would be dominated first by concerted evolution and intragene 
duplication. A second phase would come later where each of the four 
repeats evolved independently. 
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It is therefore proposed that at this point �-actinin evolution branched 
into different pathways, one would be the consolidation of the 
�-actinin lineage, and other would be the elongation and duplication of 
the repeats giving rise to the different members of the spectrin 
superfamily. 

  
 
 

  

  

  

  

  

  

  

  

  

  

  
 

  
 

•



 Molecular characterization and evolution of �-actinin: from protozoa to vertebrates 
 

  39   

77..  FFuuttuurree  ppeerrssppeeccttiivveess  
 
Although we have achieved many important insights in the evolution 
of �-actinin there are still other important issues to study. 
As the sequencing of different genomes is being completed, new 
�-actinin isoforms are being identified. The most interesting isoforms 
from the evolutionary point of view are those present in ancestral 
organisms. It is therefore very important that these new sequences are 
added, analyzed and compared to strengthen our conclusions or 
suggest new ones. 
It would be of a great importance to purify and characterize other 
atypical isoforms as we have done with the two E. histolytica 
isoforms. 
Although structure predictions are already of a great accuracy, we 
would like to crystallize some of the atypical repeats and particularly 
the �-actinin with one repeat present in Entamoeba histolytica to 
determine if the repeats fold in the same manner as common spectrin 
repeats. 
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AAppppeennddiixx::  

PPhhyyllooggeenneettiicc  aannaallyyssiiss  
Phylogenetic analysis has become a very powerful tool to understand 
the relationship among different proteins by comparing similarities or 
identities. Examination of the phylogeny of one protein family can 
determine how closely related one sequence is to a sequence which 
protein function is known. The most common and easy way to 
represent phylogeny is by creating phylogenetic trees.  
 

PPhhyyllooggeenneettiicc  ttrreeeess  
The first and most important step in order to build a reliable 
phylogenetic tree is to make an accurate alignment since the tree will 
be based on it. This is sometimes difficult since the sequences can be 
quite divergent. It is possible to manually refine the alignment, 
especially if there are known regions of structural similarities.  
A phylogenetic tree is a graphical representation of the relationship 
among different proteins. A tree consists of two elements: nodes and 
branches. Branches are lines that intersect and terminate at nodes.  At 
the tips of the branches we find the taxa or sequences. There are 
different styles to represent trees: a cladogram only displays the 
branching order whereas a phylogram displays both branching order 
and information about evolutionary rates through the lengths of the 
different branches. In the simplest case, branch lengths are 
proportional to the number of amino acid substitutions that has taken 
place along the branches. A tree can be rooted if there is a common 
ancestor to all other taxa in the analysis. An unrooted tree only shows 
the relations among the taxa without specify evolutionary pathways. 
There are several methods for calculating trees; none of them is worse 
or better, they are based on different assumptions and can be used in 
different circumstances. Usually, similar or identical topologies are 
obtained regardless of the method if the sequences are clearly related 
and conserved. The most used methods for protein inference are 
distance methods and character based methods. If the different 
methods produced different trees, one should look for regions that are 
similar regardless of the method used (Hall 2001). 
 

•
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DDiissttaannccee  mmaattrriixx  mmeetthhooddss  
Distances are expressed by the number of differences between two 
sequences in a certain alignment. They give only one possible tree.  
UUPPGGMMAA (Unweighted Pair Gap Method with Arithmetic Mean) 
This method uses a sequential clustering algorithm. The building of 
the tree starts by pairing the two sequences with the smallest distances 
and combining them into a single cluster; the process is repeated for 
the remaining sequences. This method is very sensitive to the order of 
which the sequences are added. 
NNeeiigghhbboouurr--jjooiinniinngg    
In this algorithm the distances between all the sequences are calculated 
and a distance matrix is constructed. 
The nodes are combined until a tree that gives the smallest sum of 
branch lengths is found. This method is not recommended for very 
divergent sequences. 
One of the inconveniences using this method is the long branch 
attraction effect, meaning that long branches representing rapidly 
evolved sequences tend to be aligned with other rapidly evolved 
sequences even though they might not be related at all. Since data is 
not used directly but rather the derived matrix, some data can be lost. 
 

CChhaarraacctteerr--bbaasseedd  mmeetthhooddss  
The character based methods use the sequence alignment directly 
rather than distance matrixes. 
MMaaxxiimmuumm  lliikkeelliihhoooodd..   This method chooses the tree with the highest 
probability (likelihood) for the given data (the alignment) and a certain 
model. This model assumes that each site evolved independently and 
each site has certain likelihood. The probability of each tree is the 
product of the site probabilities.  
PPaarrssiimmoonnyy.. The tree is created by minimizing the changes needed to 
explain the data. With this method it is possible to obtain more than 
one equally parsimonious tree. The philosophy of parsimony is that 
nature will always choose the simplest scenario. Each site in the 
alignment is considered as a character; the inconvenience is that 
characters that are present in all data or only present in one taxon are 
ignored. Parsimony assumes that if two sequences have a common 
character it is because it was inherited from a common ancestor. 
Convergence (the taxa inherited the common characteristic 
independently) is not considered.  
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BBaayyeessiiaann  mmeetthhoodd.. This is a recent variant of maximum likelihood. It 
searches for the trees with the greatest likelihoods given the data. The 
difference with maximum likelihood is that Bayesian method produces 
several trees with high likelihood instead of a single one. This method 
does not use bootstrap values, instead the probability of a certain 
branch is given by the frequency of that branch in the set of trees. 
The most popular program for calculating trees by Bayesian inference 
is MrBayes. MrBayes starts with one tree (random or not), examines 
the tree according to the model, modifies the tree, examines the new 
tree again, and if the new tree is more probable it will accept it. This is 
“one generation”. In every generation the best tree will be recorded 
and used to create the consensus tree. MrBayes uses “posterior 
probabilities” that are calculated after knowing something about the 
data assuming a certain model (Huelsenbeck et al. 2001).  
 

TTrreeee  rreelliiaabbiilliittyy  
As mentioned before there is not a best method to construct 
phylogenetic trees. Every method has its own advantages and 
disadvantages. To guarantee maximum reliability one should apply 
different methods and different settings, add or remove sequences to 
see the influence on the topology. It is also recommended to observe if 
the resulting tree for the studied protein is in agreement with trees 
obtained by using other sequences. A statistical evaluation can be also 
done using bootstrapping or jackknife methods. 
The bootstrapping method takes different subsample of the alignment 
and makes a tree. This is repeated several times (defined by the user 
and usually between 100-1000). The results will indicate the number 
of times that a specific branch is observed in the subsets. 
Jackknife removes one sequence, reanalyses the data several times and 
observes the frequency of a given branch (Hall 2001). 
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