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Several cellular processes rely on the fine tuning of actin cytoskeleton. A central component in the regu-
lation of this cellular machinery is the ADF-H domain proteins. Despite sharing the same domain, ADF-H
domain proteins produce a diverse functional landscape in the regulation of the actin cytoskeleton.
Recent findings emphasize that the functional and structural features of these proteins can differ not
only between ADF-H families but even within the same family. The structural and evolutional back-
ground of this functional diversity is poorly understood. This review focuses on the specific functional
characteristics of ADF-H domain proteins and how these features can be linked to structural differences
in the ADF-H domain and also to different conformational transitions in actin. In the light of recent discov-
eries we pay special attention to the ADF/cofilin proteins to find tendencies along which the functional
and structural diversification is governed through the evolution.

© 2014 Elsevier GmbH. All rights reserved.

Introduction

The actin cytoskeleton is a dynamic assembly of structurally and
functionally diverse actin-based protein networks. The basic ele-
ments of the actin cytoskeleton are the globular actin monomers
(G-actin). The structure of the G-actin is composed of two main
domains, which are further divided into four subdomains (SD1-
4) (Fig. 1A). To form cellular actin structures actin monomers
can assemble into fiber-like polymers called actin filaments
(F-actin). Structurally F-actin is built from two helices, a double-
stranded, right-handed helix and a single-stranded left-handed
helix (Fig. 2A). The structural integrity of the filament is estab-
lished by both inter- and intrastrand contacts, which are formed
within the single- and double-stranded helix, respectively. Actin
has a high-affinity adenosine-nucleotide and divalent cation bind-
ing site enclosed by SD2 and SD4 (Fig. 1A). The bound nucleotide
(ATP, ADP-Pi, or ADP) in complex with a divalent cation (physiolog-
ically it is thought to be Mg2*) is buried in the structure of actin. The
actin monomer has a very low ATPase activity (Kpydrotysis =0.6 h-1,
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for bovine thymus MgZ*-B/y actin isoforms) (Schiiler et al., 2000,
2006). However, this activity is highly enhanced when actin
monomers assemble into actin filaments (Carlier et al., 1984;
Pantalonietal., 1985; Pollard and Weeds, 1984). The ATPase activity
of actin is strongly coupled to the dynamics of the actin cytoskele-
ton. The inherent nucleotide-dependent dynamics of actin can be
influenced by different actin-binding proteins (ABPs), which can
tune the nucleotide-dependent remodeling of the actin cytoskele-
ton with high specificity by effectively distinguishing between the
different nucleotide states of actin (ATP, ADP-Pi, or ADP-bound
actin monomers and subunits). While several details have become
clear, the structural bases for the nucleotide-dependent functions
of the ABPs are still not completely understood. Systematic anal-
ysis and understanding of the information is difficult due to the
complexity of the corresponding conformational transitions and
the related functions. Deciphering the conformational changes
in actin induced by its binding partners led to extensive inves-
tigations in various fields of biology. Another important aspect
of the nucleotide-dependent regulation of the actin cytoskele-
ton is the way as certain ABPs adapted through evolution to
targeting the different nucleotide states of monomeric and/or fil-
amentous actin specifically. We attempt here to summarize our
current knowledge about the nucleotide-dependent regulation of
the actin cytoskeleton by ABPs. In the light of recent discoveries
we pay special attention to the functional specifications of the
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Fig. 1. Interactions of the ADF-H domain with G-actin. (A) Atomic structure of the actin monomer with bound nucleotide (red) (PDB: 3DAW). The subdomains (SD) are
indicated by numbers. Red arrow shows the nucleotide binding cleft between SD2 and SD4. (B) Atomic structure of the C-terminal ADF-H domain of twinfilin (green) in
complex with rabbit a-skeletal actin monomer (gray) (PDB: 3DAW) (Paavilainen et al., 2008). The binding surface of the ADF-H domain (G-site) is highlighted by orange on
both twinfilin and the actin monomer. SD1-4 denotes the subdomains of actin. The structures of the ADF-H domain of twinfilin show relative vertical 180° orientations to
each other on the left and right panel, respectively.

actin-depolymerizing factor homology (ADF-H) domain proteins,
including the ADF/cofilin family, and also try to find tendencies
along which the structural changes can be linked to their specific
biochemical functions. For details of the cell-biological aspects, the
interactions with other proteins and the regulation of the ADF-H
domain proteins see excellent reviews (Bernstein and Bamburg,

The nucleotide-dependent regulation of the actin
cytoskeleton

According to the basic concept of treadmilling (Fig. 3, gray box)
(Pantaloni et al., 2001; Wegner, 1976) ATP-bound actin monomers
are thought to be the polymerization competent form of actin in

2010; Poukkula et al., 2011; Van Troys et al., 2008). cells. They are far more likely to incorporate at the barbed end of
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Fig. 2. Interactions of the ADF-H domain with F-actin. (A) Structural model of the actin filament (light and dark blue) with bound ADF-H domains of human cofilin-2 (green)
(PDB: 3J0S) (Galkin et al., 2011). The two single-stranded left-handed helices are colored by light or dark blue, respectively. The double-stranded right-handed helix is
assembled by alternating light and dark blue subunits. The region highlighted by the dotted rectangle is enlarged on panel (B). (B) Two adjacent actin subunits (gray) in
contact with cofilin (green) was extracted from the atomic structure of human cofilin-2 decorated rabbit a-skeletal actin filament (PDB: 3J0S) (Galkin et al., 2011). The cofilin
binding surfaces are orange and red on the upper (gray) and lower (light orange) actin subunits, respectively. The G- and the F-sites on cofilin are highlighted in orange and
red, respectively (Galkin et al., 2011). SD1-4 denotes the subdomains of actin. The structures of the ADF-H domain of human cofilin-2 show relative vertical 180° orientations
to each other on the left and right panel, respectively.
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Fig. 3. Regulation of actin dynamics by ADF-H domain proteins. Spontaneous treadmilling of actin filaments (highlighted by gray box) is driven by the preferential incorpo-
ration of ATP-G-actin at the barbed end (BE), followed by ATP hydrolysis and phosphate-release (Pi) in the filament, the dissociation of ADP-actin subunits from the pointed
end (PE) and the subsequent exchange of the bound ADP to ATP in the actin monomers. Different ADF-H domain proteins affect different aspects of actin dynamics. Their
effects can be direct by interacting with actin monomers and/or filaments or indirect by influencing the activity of the Arp2/3 complex. Differences from the canonical ADF-H

domain protein activities are underlined. For more detailed explanation see the text.

the filaments with higher probability than ADP-G-actin is. After
the integration of ATP-bound actin into the filament the termi-
nal phosphoanhydride bond of the nucleotide is hydrolyzed and
the inorganic y-phosphate (Pi) is released, resulting in ADP-Pi and
ADP-actin subunits, respectively. The ADP-bound actin subunits
dissociate predominantly from the pointed end of the filaments
(Carlier et al., 1987, 1988; Korn et al., 1987; Pollard, 1986, 2007,
Yao et al,, 1999; Yao and Rubenstein, 2001). This process forms the
basis of the nucleotide-driven directed assembly and disassembly
of actin filaments.

In cells actin treadmilling is enhanced by the combined
nucleotide-dependent activities of ABPs (Didry et al., 1998; Renault
etal.,2008).The formin family of proteins and the actin-related pro-
tein (Arp)2/3 complex machinery can catalyze the de novo assembly
of actin filaments preferentially by binding to the ATP-bound actin

units (Chereau et al., 2005; Ichetovkin et al., 2002; Romero et al.,
2007).The disassembly of actin filaments can be enhanced by mem-
bers of the ADF-H domain-containing ADF/cofilin proteins, which
preferentially bind to the ADP-loaded regions of the filaments and
accelerate the dissociation of actin subunits (Blanchoin and Pollard,
1999; Carlier et al., 1997; Suarez et al., 2011). The recycling of the
released ADP-bound actin monomers into a polymerization com-
petent ATP-bound form is proposed to be driven by profilin that
enhances the exchange of the bound nucleotide on free G-actin.
Profilin also directs actin assembly since the profilin-bound ATP-G-
actin can exclusively associate to the barbed not to the pointed end
of the filaments (Selden et al., 1999; Wen et al., 2008; Wolven et al.,
2000). Besides profilin, the cyclase-associated proteins (CAPs) can
also catalyze the nucleotide exchange on ADF/cofilin-bound ADP-
actin monomers and convert them into polymerization competent
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ATP-G-actin in vitro (Chaudhry et al., 2007, 2013; Nomura and Ono,
2013).The effect on the nucleotide-exchange rate is the most highly
conserved activity of CAPs present in apicomplexans as well as in
mammals (Makkonen et al., 2013). The mutations that abolish this
activity in vitro impair the in vivo activities of CAPs suggesting the
biological relevance of this function (Chaudhry et al., 2010).

Actin-depolymerizing factor homology domain protein
families

Amongst the ABPs, the ADF-H domain proteins are one notable
example how to adapt in a remarkable way to provide versatile
regulation of actin remodeling using the same domain fold. Recent
findings indicate that despite sharing the same domain, the activ-
ities of ADF-H domain proteins can vary, differ and can even be
opposing between and within different ADF-H domain protein
families, depending on the number and specific features of the ADF-
H domains and also on other domains and interacting partners
of the given protein. Despite the similar architecture, differences
in the conserved protein fold seem to tailor ADF-H domain pro-
teins to outline a diverse functional landscape in the regulation of
actin-based processes. The detailed picture of the structural and
evolutional origin of this diversity has not been established yet.

The ADF-H domain is a small globular domain that can be
found in different families of proteins including ADF/cofilin, twin-
filin, actin-binding protein 1 (Abp1), developmentally regulated
brain protein (drebrin), coactosin and glia maturation factor (GMF)
(Table 1).High resolution 3D crystal and NMR solution structures of
ADF-H domains from different proteins show that the basic ADF-H
fold is composed of four alpha helices (a1-4) surrounded by six
beta strands ([31-6) (Fedorov et al., 1997; Goroncy et al., 2009;
Hellman et al., 2004; Leonard et al., 1997; Paavilainen et al., 2008;
Singh et al., 2011; Strokopytov et al., 2005). The binding partners
of the ADF-H domain proteins can be actin monomers, filaments
and the Arp2/3 complex. The interactions are mediated by two
separate binding regions of the ADF-H domain, called the G-site
and the F-site (Figs. 1B and 2B). The G-site is sufficient to interact
with actin monomers or the Arp2/3 complex, while both the G-
and the F-sites are required for actin filament binding. The atomic
structure of the C terminal ADF-H domain of mouse twinfilin-1 in
complex with rabbit a-skeletal G-actin revealed that the G-site is
composed of the N-terminal residues (Q176-1181), the a4 helix
(I266-S274) and an extra loop (K294-E302) of the ADF-H domain.
This site is incorporated between SD1 and SD3 at the barbed face
of the actin monomer and forms a contact with the hydropho-
bic groove and the C-terminus (Fig. 1B) (Paavilainen et al., 2008).
Based on the 3D reconstruction of rabbit a-skeletal F-actin deco-
rated with human cofilin-2, the interaction of ADF-H domains with
actin filaments is mediated by two distinct regions, which bind to
two adjacent actin subunits within the single-stranded helix of the
actin filament (Galkin et al., 2011). One of these resembles the G-
site found in the twinfilin-G-actin complex. This region of human
cofilin-2 forms a contact with the barbed face of the upper actin
subunit (Fig. 2B). The other region is composed of two distinct sur-
face loops, loop S94-D98 and loop G154-V158, which bind to the
SD4 and SD1 region of the lower actin subunit, respectively. These
contact surfaces, which are crucial for F-actin binding but not for
the interaction with G-actin form the F-site (Lappalainen et al.,
1997).

Conventionally, each ADF-H domain family can be associated
with canonical activities in the regulation of actin dynamics (Fig. 3
and Table 1). Recent findings emphasize that the individual mem-
bers of each ADF-H domain family should not be stereotypically
associated with common functional features and on the basis of
the protein nomenclature function assignment can be misleading.

Twinfilins are composed of two ADF-H domains (the N-terminal
and C-terminal Twf-N and Twf-C, respectively) separated by a
linker. Despite the two ADF-H domains, only Twf-C interacts with
actin monomers forming a 1:1 complex. Twinfilins preferentially
bind to the ADP form of G-actin (Goode et al., 1998; Ojala et al.,
2002). Upon monomer binding twinfilins affect the nucleotide
exchange rate of the actin monomers. All twinfilins studied so far
slow down the exchange of the actin-bound nucleotide (Goode
et al., 1998). G-actin is sequestered in its complex with twinfil-
ins, so actin monomers are removed from the main stream of actin
dynamics by twinfilin. As exceptions, some twinfilins can interact
with the actin filaments, as well. Mouse twinfilin-1, besides seques-
tration, caps the barbed end of actin filaments, which requires
both of its ADF-H domains (Helfer et al., 2006). The fact that D.
melanogaster and S. cerevisiae twinfilins do not have capping activ-
ity (Helfer et al., 2006) suggests that this function appeared at a
later stage of evolution. Also, S. cerevisiae twinfilin-1 was shown
to bind actin filaments and exhibit pH-dependent severing activ-
ity (pH <6) in vitro for both S. cerevisiae and rabbit a-skeletal actin
filaments (Moseley et al., 2006). The severing activity is consistent
with the decreased turnover of cortical actin patches in twinfilin
mutant yeast cells observed in vivo (Moseley et al., 2006). There-
fore, S. cerevisiae twinfilin by enhancing actin filament disassembly
resembles the canonical activities of the ADF/cofilin family. It is not
known whether the disassembly-promoting activity of twinfilin is
conserved in higher eukaryotes.

Coactosin, drebrin and Abp1 contain one ADF-H domain. These
members of the ADF-H domain family were shown to bind exclu-
sively filamentous and not monomeric actin.

Coactosin is composed of a single ADF-H domain. Actin filament
binding of coactosin was shown to interfere with the filament cap-
ping activity of capping protein in vitro (de Hostos et al., 1993;
Provost et al., 2001; Rohrig et al., 1995). This may be of biologi-
cal importance, since a recent study showed that in neural crest
and N1E-115 neuroblastoma cells coactosin co-localizes with cap-
ping protein and mediates neurite extension and cell migration by
actively promoting actin assembly (Hou et al., 2013).Itis not known
whether coactosin can antagonize the activity of capping protein
through the alteration of actin filament structure, which would
be incompatible with capping protein binding, or through a direct
interaction with capping protein. For twinfilins from S. cerevisiae
and S. pombe direct interaction with capping protein was shown to
be required for their proper localization but this interaction did not
interfere with capping protein function (Falck et al., 2004; Palmgren
et al., 2001; Vartiainen et al., 2003).

Drebrin is a multidomain protein. Besides its N-terminal ADF-H
domain it also contains an upstream central helical charged motif
containing a special sequence that is proposed to be the actin-
binding domain of the protein since it affects the actin remodeling
in the same way as the full length protein (Grintsevich et al., 2010).
Interestingly, the isolated ADF-H domain of drebrin does not seem
to bind actin filaments in vitro (Ishikawa et al., 1994). Drebrin from
M. musculus stabilizes actin filaments upon binding and inhibits
their depolymerization (Ishikawa et al., 1994; Mikati et al., 2013).
The binding of drebrin to F-actin induces conformational changes
in the filament structure. These structural alterations result in the
stabilization of both the inter- and intrastrand contacts and the
increase in the mechanical stability of the filament (~50% increase
in both the persistence length and the elastic modulus) (Mikati
et al., 2013; Sharma et al., 2011).

Abp1 is also a modular protein, which possesses an N-terminal
ADF-H domain, a central acidic motif, a proline-rich region and
a C-terminal Src homology 3 (SH3) domain. Besides actin fil-
ament binding S. cerevisiae Abpl was shown to stimulate the
nucleation-promoting activity of the Arp2/3 complex machinery,
which requires two acidicregions in its central acidic motifs (Goode
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Table 1
Canonical physico-chemical properties of ADF-H domain proteins. Canonical features of the interactions of ADF-H domains with actin monomers, filaments and the Arp2/3
complex.
Protein family # ADF-H Canonical features Exceptions
domains
G-actin F-actin Arp2/3 Functional outcome
complex
ADF/cofilin 1 Yes Yes No « Inhibition of nucleotide See Table 2
(1:1, ADP)? ADP exchange on G-actin
e Cooperative binding to
F-actin
« Concentration-dependent
stabilization/destabilization of
F-actin
o pH-dependent F-actin
binding/severing
Twinfilin 2 Yes No No « Inhibition of nucleotide S. cerevisiae twinfilin1:
(1:1, ADP)? exchange on G-actin severing at pH<6.0 (S.
o G-actin sequestration cerevisiae and RbskACT)"
Mus. musculus twinfilin1:
barbed end capping
(RbskACT)P
Coactosin 1 No Yes No o Anti-capping of F-actin
Drebrin 1 No Yes No  Stabilization of F-actin
o Protection of F-actin from
depolymerization
Abp1 1 No Yes Indirect o Activation of the Arp2/3
complex
GMF 1 No No Arp2 « Interfering with the activity
(1:1, ADP)? of the Arp2/3 complex

o Severing of the branch
junction

a Stoichiometry and preferred nucleotide state of actin.
b Isoform of actin, RbskACT: rabbit skeletal muscle actin.

et al.,, 2001; Quintero-Monzon et al., 2005). Mutagenesis studies
revealed that actin filament binding of Abp1 is required for the
activation of the Arp2/3 complex, as well (Quintero-Monzon et al.,
2005). These observations suggest that Abpl may enhance the
activity of the Arp2/3 complex by promoting its interaction with the
actin filament. On the other hand, the activity of the Arp2/3 com-
plex is sensitive to the conformation of the actin filaments (Risca
et al., 2012) and ADF-H domain proteins can affect the structure of
the filament. Based on these connections, it is hypothesized that,
besides the direct interaction with the Arp2/3 complex, Abp1 can
also alter the conformation of actin filament structure that would
favor the nucleation by the Arp2/3 complex machinery.

GMF with one ADF-H domain does not bind either forms of
actin but it directly interacts with the Arp2/3 complex. In contrast
to Abp1, GMF interferes with the activity of the Arp2/3 complex
(Boczkowska et al., 2013; Luan and Nolen, 2013; Ydenberg et al.,
2013). This property of GMF is conserved between yeast and mouse
(Chaudhry et al., 2007; Gandhi et al., 2010; Nakano et al.,2010). The
very recent crystal structure of the complex of M. musculus GMFy
and B. taurus Arp2/3 complex revealed that GMF interacts with
the actin-related Arp2 subunit of the Arp2/3 complex. The bind-
ing mode is similar to the interaction of twinfilins or ADF/cofilins
with G-actin. The G-site of GMF incorporates into the barbed face
of the Arp2 subunit between SD1 and SD3 (Luan and Nolen, 2013).
Another similar feature of the binding is that GMF prefers the ADP-
state of the Arp2 subunit (Boczkowska et al., 2013). Fitting the
GMF-Arp2/3 complex structure into the model of the branch junc-
tion constructed from electron tomography (Rouiller et al., 2008)
shows that besides interaction with the Arp2 subunit GMF using an
interface similar to the F-site of ADF/cofilins can also interact with
the SD2 and SD1 region of the adjacent actin subunit in the Arp2/3
complex generated daughter filament (Luan and Nolen, 2013). The
structural data is consistent with recent findings that the activity
of GMF requires both the G- and the F-sites and that GMF promotes
the dissociation of Arp2/3 complex generated branches using a

cofilin-like severing mechanism (Ydenberg et al., 2013). Moreover,
the model revealed that the movement of GMF at the branch junc-
tion toward the first actin subunit of the daughter filament results
in a steric clash, which could destabilize the Arp2-actin contacts or
could interfere with the association of G-actin to the branch junc-
tion (Luan and Nolen, 2013). Importantly, the analysis of the crystal
structure suggests that the exclusive interaction of GMF with the
Arp2 subunit of the complex and not with the Arp3 subunit or G-
actin is established by specific structural elements of both GMF and
the Arp2 (Luan and Nolen, 2013). First, extensions in SD3 and at the
C-terminus of Arp3, which are not present in the Arp2 subunit or
G-actin result in steric clashes that are not compatible with GMF
binding. The specificity of GMF to Arp2 over G-actin is established
by amino acid substitutions in the 35-04 loop and the N-terminus
of a3 in GMF compared to the G-site of Twf-C, as well as in the
Arp2 subunit compared to G-actin. These amino acid differences
provide the basis for specific polar contact pairs, which are formed
exclusively between GMF and Arp2 or Twf-C and G-actin.

ADF/cofilins

The founding and the most intensively studied members of the
ADF-H domain protein family so far are the ADF/cofilins, which
were identified in blood plasma and chicken brain on the basis
of their activity to enhance actin filament disassembly (Bamburg
et al., 1980; Harris et al., 1980). ADF/cofilins are built from a single
ADF-H domain and can interact with filamentous and monomeric
actin, as well. The main isoforms of the ADF/cofilin family are
cofilin-1 (non-muscle isoform), cofilin-2 (muscle specific isoform)
and ADF (or destrin, mainly found in non-muscle cells) (Bernstein
and Bamburg, 2010). One of the main functions of ADF/cofilins
is to regulate actin dynamics (Fig. 3). The modes of action of
ADF/cofilins highly depend on the concentration of the ADF/cofilins.
When ADF/cofilins are present in low concentrations they prefer
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to sever the actin filaments and promote the depolymerization
of the pointed end of the filament. While at high concentrations
they can increase the polymerization by nucleating new actin fila-
ments (Andrianantoandro and Pollard, 2006). ADF/cofilins can keep
the actin filaments in a very dynamic state by inducing a steady
regime in the filament length fluctuation (Roland et al., 2008). The
ADF/cofilins can bind actin monomers as well (Paavilainen et al.,
2004). During complex formation with G-actin ADF/cofilin can shift
the nucleotide binding cleft of actin into a “closed” conformation
(Kardos et al., 2009), a change that can probably be responsible
for the decreased nucleotide exchange on monomeric actin in the
presence of ADF/cofilin (Nishida, 1985; Paavilainen et al., 2008).
Although the ADF-H domain proteins are mainly localized in the
cytosol, some of them can be found in the nucleus of the cells,
as well (Castano et al., 2010; Chhabra and dos Remedios, 2005).
ADF/cofilins within the nucleus of the cells are associated to rod-
like actin filament structures under stress conditions (Ono et al.,
1996; Pendleton et al.,2003) and in complex with monomeric actin,
as well (Chhabra and dos Remedios, 2005). The cofilin main func-
tion is thought to be helping the translocation of actin into the
nucleus (Chhabra and dos Remedios, 2005; Pendleton et al., 2003).
The ADF-H domain proteins (e.g. cofilin, twinfilin) can also be very
active around the cellular protrusions (lamellipodia, invadopodia)
in collaboration with some other type of actin binding proteins as
well (e.g. Arp2/3, cortactin) (Oser and Condeelis, 2009; van Rheenen
et al., 2009; Vartiainen et al., 2003).

The interaction of ADF/cofilins with actin filaments
Preferential binding to ADP-F-actin

A canonical feature of the ADF/cofilin-actin filament interac-
tion is that ADF/cofilins preferentially associate to the ADP-bound
actin subunits over ATP-bound subunits (Blanchoin and Pollard,
1999; Suarez et al., 2011). The nucleotide-dependent binding of
ADF/cofilins to F-actin presumably originates from the structural
differences between ATP, ADP-Pi and ADP containing segments
of the filament. Single particle analysis on electron micrographs
reconstructing different segments of the actin filament revealed
that the contact between SD1 and SD2 of two adjacent subunits
within the single-stranded helix of the filament depends on the
nucleotide state of actin. In ATP-loaded (at the barbed end) and
ADP-Pi-loaded (in the middle of the filament) subunits the contacts
are stronger, while this contact does not exist in the ADP-loaded
segments (at the pointed end) (Galkin et al., 2003). It was demon-
strated by chemical crosslinking of SD1 and SD2 of two adjacent
actin subunits that the strength of the contact between SD1 and
SD2 influences the occupancy of actin filaments by ADF/cofilin.
Based on these findings, it was proposed that conditions that
weaken the interaction between SD1 and SD2 promote the bind-
ing of ADF/cofilin to actin, while conditions that strengthen this
connection attenuate the ADF/cofilin-F-actin interaction (Galkin
et al., 2003). In accord with this, ATP hydrolysis and Pi release
upon actin assembly weakens the interaction between SD1 and SD2
(Belmontetal., 1999; Sablin et al., 2002) suggesting that the affinity
of ADF/cofilins to F-actin gradually increases from the ATP- to the
ADP-containing segments.

Although the preferential binding of ADF/cofilins to ADP-F-actin
is a common feature of the ADF/cofilin family members, some
ADF/cofilin isoforms can interact with ATP or ADP-Pi containing
actin filaments, as well. A. thaliana ADF and A. castellani actophorin
can bind weakly to F-actin in the presence of BeFx that mimics the
ADP-Pi state of the filament (Blanchoin and Pollard, 1999; Carlier
et al., 1997). Xenopus ADF/cofilin can interact with AMP-PNP (non-
hydrolysable ATP analog) actin filaments that mimics the ATP state

of F-actin (Rosenblatt et al., 1997). Yeast cofilin associates to ADP-Pi
actin filaments in the same extent as to ADP-F-actin but with slower
kinetics (Chan etal., 2009; Gandhi et al.,2009; Muhlrad et al., 2006).
Interestingly, S. cerevisiae cofilin and A. castellanii actophorin was
shown to actively influence the chemical state of F-actin by alloster-
ically catalyzing the Pi release rate from actin subunits (Blanchoin
and Pollard, 1999; Suarez et al., 2011).

Stabilization or disassembly of F-actin

Canonically the functional outcome of the ADF/cofilin-F-actin
interaction depends on the stoichiometry and the pH (Table 1).
At sub-stoichiometric ADF/cofilin:actin ratio the binding results
in the weakening of the mechanical properties of actin filaments
(decreased persistence length, increased bending and torsional
flexibility (McCullough et al., 2008; Prochniewicz et al., 2005))
that leads to the destabilization and the enhancement of filament
disassembly. F-actin destabilization occurs preferentially at the
ADF/cofilin-free segments of the filaments. In contrast, saturat-
ing amount of ADF/cofilin does not result in filament disassembly
(Andrianantoandro and Pollard, 2006; Elam et al., 2013; Pavlov
et al., 2007; Suarez et al., 2011). This dual effect of ADF/cofilins
on actin filament dynamics was proposed to result from unique
and combined conformational rearrangements in the ADF/cofilin-
bound filament. 3D reconstruction of rabbit a-skeletal actin
filaments decorated with plant ADF or human cofilin-2 revealed
that upon binding ADF/cofilin disrupts the connection between SD1
and SD2 of adjacent subunits in the single-stranded helix of F-actin
and forms a direct contact with them (Fig. 2B) (Galkin et al., 2001,
2003, 2011). This direct contact as a bridge, results in net stabi-
lization of subunit-subunit contacts by short-range steric effects.
In contrast, the propagation of the local weakening of the F-actin
structure, as long-range allosteric effects, results in the destabiliza-
tion of both the inter- and the intrastrand filament contacts in the
ADF/cofilin free segments of the actin filament, and consequently
enhanced filaments disassembly (Aihara and Oda, 2013; Bobkov
et al., 2006).

Increasing the pH from 6 to 8 gradually shifts the F-actin binding
activity to F-actin depolymerizing activity, an opposite tendency
that was observed for S. cerevisiae twinfilin-1 (Moseley et al., 2006).
However, this is not a common feature of all ADF/cofilins (Table 2
A). The pH sensitivity is more pronounced for the ADF proteins and
in higher vertebrates. The ADF/cofilin-F-actin interaction is gener-
ally thought to show positive cooperativity. However, the nature of
the binding of ADF/cofilins to actin, i.e. positively cooperative versus
non-cooperative, seems to depend on the isoforms of both proteins
(Table 2A). The binding of yeast cofilin to both yeast and rabbit a-
skeletal actin is non-cooperative (Bobkov et al., 2002). Similarly, A.
castellanii actophorin (ADF) binds non-cooperatively to A. castellanii
F-actin, however, actophorin exhibits cooperative binding to rabbit
a-skeletal F-actin. The binding of human non-muscle cofilin-1 to
non-muscle (3 and vy actin isoforms is more cooperative than to rab-
bit a-skeletal actin filaments (De La Cruz, 2005). Consequently, the
cooperative versus non-cooperative binding seems to be a specific
feature of a given ADF/cofilin and actin pair.

To bind or not to bind

Notably, while actin monomer binding is characteristic for
all ADF/cofilins (see below) filament binding is not conserved
through the evolution (Table 2A). Interestingly, some Apicom-
plexan ADF/cofilins from lower eukaryotes do not bind filamentous
actin under in vitro conditions (Table 2A) (Mehta and Sibley, 2010;
Schiiler et al., 2005a,b; Singh et al., 2011). The lack of the interac-
tion with actin filaments for the T. gondii ADF was also detected
in homologous system using T. gondii actin. L. donovani cofilin
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increases the amount of unassembled actin in the case of L. donovani
actinbut notin the case of rabbit a-skeletal actin, again highlighting
the importance of homologous systems (Kumar et al.,2012). The 3D
crystal structure of P. falciparum ADF1 and the homology model of
T. gondii ADF structure revealed that while these ADF/cofilins con-
served the monomer binding sites, the key actin filament binding

Table 2

motifs (such as the F-loop, 36 strand and the C-terminal a4 helix)
are shorter or completely missing. These differences in the F-site
are proposed to form the structural basis for the missing interac-
tions with filamentous actin (Mehta and Sibley, 2010; Singh et al.,
2011). This special feature of these Apicomplexan ADFs suggests
that they adapted for different functions in the remodeling of the

Characteristic features of the interactions of ADF/cofilins with actin filaments (A) and monomers (B). The canonical and non-canonical activities are highlighted by Balcer
etal., 2003; Blanchoin and Pollard, 1998; Chen et al., 2004; Dai et al., 2013; Huang et al., 2013; Maciver and Weeds, 1994; Pathak et al., 2010; Tammana et al., 2008; Vartiainen

et al, 2002; Yadav et al., 2011; green and red, respectively.

(A) F-ACTIN INTERACTION

ADF/COFILIN FILAMENT DEPOLYMERIZING 2
PROTEIN BINDING® ACTIVITY pH SENSITIVITY COOPERATIVITY REFERENCE
(Chen et al., 2004; Yeoh
human VRS YES (RbskacT) etal,, 2002)
. (RbskACT) YES (RbskACT) YES (RbskACT)
ADF destrin NO (chickskACT)
T 1., 2008;
human YES (RbskACT) YES iei???gﬁ,ezto%ﬁ) '
filin-1 YES (RbskACT) S —— YES (RbskACT) (human platelet >
cofilin-1 (nm) g RbskACT)
(Vartiainen et al., 2002)
M. musculus YES (RbskACT, YES (RbskACT, YES (platelet) ND
ADF platelet) platelet)
CHORDATA (Vartiainen et al., 2002)
M. musculus YES (RbskACT, YES (RbskACT, Nlot - YES
cofilin-1 (nm) platelet) platelet) (R (RbskACT, platelet)
NO (Rbsk (Vartiainen et al., 2002)
M. musculus YES (RbskAcT, YES (RbskAcT, | |(R SAAE, YES (RbskAcT,
cofilin-2 (m) platelet) platelet) Elateley) platelet)
D. melanogaster
iy g ND ND NO (chickskact)  ND (Chen et al., 2004)
(Balcer et al., 2003; Chen
S. cerevisiae i i X et al., 2004; Grintsevich
FUNGI - YES 4(k?ovme beta, S. YES '(F>ov1ne beta, S. YES (chickskACT, NO (yeast, RbskACT) et al., 2008; Lappalainen
cofilin cerevisiae) cerevisiae) bovine beta) etal., 1997; Schiiler et al.,
2005a)
.. (Blanchoin and Pollard,
AMOEBOZOA A. castellanii YES (RbskACT, YES (RbskACT, NO (RbskACT, YES (RoskacT) 1998, 1999; Chen et al.,
actophorin Acanthamoeba) Acanthamoeba chickskACT) 2004; Maciver and
p NO (Acanthamoeba) Weeds, 1994)
. YES (LdAcT) YES (LdAcT, (K tal., 2012;
L. donovani umar et al., ;
donova RbskACT) ‘ NO (RbskACT) ND Pathak et al., 2010;
rLdCof NO (RbskACT) very weak severing of Tammana et al., 2008)
EUGLENOZOA RbskACT
T. brucei
ThCof NO (RbskAcT) YES (RbskACT) NO (RbskAcT) ND (Dai et al., 2013)
T. thermophile YES (RbskacT)
TtADF73pp YES (Rbskacr) only when BE is NO (RbskacT) ND (Shiozaki et al., 2009)
capped
CILIOPHORA
C. irritant
CiADF YES (?) YES(?) ND ND (Huang et al., 2013)
P. falciparum ; ) (Schiiler et al., 2005a;
f P NO (bovine beta, YES (bovine beta, NO (bovine beta ND Singh et al., 2011; Wong
( )
PfADF1 human platelet) human platelet) etal., 2011)
P. berghei YES (human
APICOMPLEXA PbADFgZ platelet) NO (human platelety = ND ND (Singh et al., 2011)
.. YES (RbskACT,
T. gondii NO (RoskacT: very | ") (Mehta and Sibley, 2010;
little), TEACT1 < NO (RbskACT) ND
TgADF ittle), Te ) very weak severing of Yadav et al., 2011)

RbskACT



Table 2 (Continued.)

ADF/COFILIN PROTEIN

human
ADF destrin

human

cofilin 1 (nm)

M. musculus

ADF
CHORDATA

M. musculus
cofilin 1 (nm)

M. musculus
cofilin 2 (m)

D. melanogaster

twinstar

S. cerevisiae

FUNGI -
cofilin

A. castellanii

AMOEBOZOA .
actophorin

L. donovani

rLdCof
EUGLENOZOA

T. brucei

ThCof

T. thermophile

TtADF73p
CILIOPHORA

C. irritant
CiADF

P. falciparum

PfADF1

P. berghei

APICOMPLEXA  ppADF2

T. gondii
TgADF

"Measured in co-sedimentation assay.
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(B) G-ACTIN INTERACTION

MONOMER BINDING /
PREFERRED NUCLEOTIDE STATE

YES/ADP (RbskAcT)

YES/ADP (RbskacT)

YES/ADP (RbskacT)

YES/ADP (RbskAcT)

YES/ADP (RbSKACT)

YES/ADP (chickskACT)

YES/ADP (bovine beta, S. cerevisiae)

YES/ADP (chickskACT, RbskACT)

YES/ADP (RbskACT, LdACT)

YES/ADP (RbskACT)

YES/ADP (RbskAcT)

ND

YES/ADP (human platelet, bovine beta,
PfACT)

YES/? (human platelet)

YES/? (RbskACT, TgACT)

2At least 2-fold increase in the depolymerizing activity measured at pH 7.8 and 6.8.
nm: non-muscle; m: muscle; RbskACT: rabbit skeletal muscle actin; chickskACT: chicken skeletal muscle actin; Ld: Leishmania donovani; Tb: Tetrahymena brucei; Tt:
Tetrahymena thermophile; Ci: Cryptocaryon irritant; Pf: Plasmodium falciparum; Pb: Plasmodium berghei; Tg: Toxoplasma gondii.

EFFECT ON NUCLEOTIDE EXCHANGE

inhibition (rbskacT)

inhibition (rbskacT)

ND

ND

ND

ND

inhibition (bovine beta, S. cerevisiae)

ND

stimulation (RbskacT)

ND

stimulation (RbskAcT)

ND

stimulation (human platelet, bovine
beta, PfACT)

stimulation (human platelet)

stimulation at low concentrations (< 1:1)

(RbskACT, TgACT)

inhibition at high concentration (> 1:1)
(RbskACT, TgACT)

245

REFERENCE

(Chen et al., 2004; Yeoh et
al., 2002)

(Tammana et al., 2008;
Yeoh et al., 2002)

(Vartiainen et al., 2002)

(Vartiainen et al., 2002)

(Vartiainen et al., 2002)

(Chen et al., 2004)

(Balcer et al., 2003; Chen
et al., 2004; Grintsevich et
al., 2008; Lappalainen et
al., 1997; Schiler et al.,
2005a)

(Blanchoin and Pollard,
1998, 1999; Chen et al.,
2004; Maciver and Weeds,
1994)

(Kumar et al., 2012;
Pathak et al., 2010;
Tammana et al., 2008)

(Dai et al., 2013)

(Shiozaki et al., 2009)

(Huang et al., 2013)

(Schdler et al., 2005a;
Singh et al., 2011)

(Singh et al., 2011)

(Mehta and Sibley, 2010;
Yadav et al., 2011)
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actin cytoskeleton as compared to the ADFs from higher verte-
brates.

The interaction of ADF/cofilins with actin monomers
Preferential binding to ADP-G-actin

ADF/cofilins, similarly to twinfilins, bind monomeric actin. Only
these two members of the ADF-H domain protein family can
bind to G-actin. Despite the fact that ADF/cofilins and twinfilins
are composed of one and two ADF-H domains, respectively, both
proteins form a 1:1 complex with actin monomers. A conserved
general feature of the monomer-binding of ADF-H domains is that
both ADF/cofilins and twinfilins bind to G-actin in a nucleotide-
dependent manner, having higher affinity to ADP-G-actin than
to ATP-G-actin (Table 1). Based on different methods (molec-
ular dynamics simulations, chemical crosslinking, mutagenesis,
synchrotron protein footprinting), it was shown that the ADF-H
domains of ADF/cofilins bind monomeric actin in a similar fash-
ion to Twf-C (Paavilainen et al., 2008; Grintsevich et al., 2008;
Lappalainen et al., 1997; Makkonen et al., 2013; Wriggers et al.,
1998) (Fig. 1B). In contrast, a 3D structural model of yeast cofilin
with rabbit a-skeletal actin constructed from radiolytic oxidative
protein footprinting combined with mass spectrometry results sug-
gested that the ADF-H domain of yeast cofilin can bind to the cleft
between SD1 and SD2 of an actin monomer (Kamal et al., 2007). This
binding mode of ADF/cofilin was further proposed on the basis of
analytical ultracentrifugation, as in the presence of excess cofilin a
2:1 cofilin:actin complex was detected. Also, chemical crosslinking
combined with MALDI MS/MS revealed that regions around SD2
of actin are involved in the interaction with ADF/cofilin (Benchaar
etal.,2007).The functional significance of this second binding mode
of ADF/cofilins is not known. The lower affinity binding site that
can be occupied only when excess ADF/cofilin is present might be
important in the actin assembly and nucleation promoting activity
of human and S. pombe ADF/cofilins, which was detected in vitro
at high cofilin:actin ratio (Andrianantoandro and Pollard, 2006;
Ghosh et al., 2004).

The monomer binding ability of ADF/cofilins is evolutionar-
ily conserved, in contrast to the lack of filament binding of
some ADF/cofilins (such as T. gondii ADF and P. falciparum ADF1)
(Table 2B). It should be noted that the lack of filament binding does
not necessarily reflect the same functioning on actin monomers. T.
gondii ADF even without F-actin binding enhances the disassembly
of T. gondii actin filaments and also inhibits their assembly, sug-
gesting that it could function as a monomer sequestering protein,
similarly to twinfilins (Mehta and Sibley, 2010). In contrast, P. fal-
ciparum ADF1 does not affect the assembly of P. falciparum actin
(Schiiler et al., 2005a), which is inconsistent with the sequestering
activity. Interestingly, P. falciparum ADF1 can enhance actin fila-
ment disassembly despite having a very weak ability to bind actin
filaments (Wong et al., 2011).

Inhibition or stimulation of the nucleotide exchange rate of
G-actin

Like twinfilins, ADF/cofilins affect the nucleotide exchange rate
of the actin monomers upon binding. Many ADF/cofilins slow
down the nucleotide exchange rate on monomeric actin similarly
to twinfilins (Table 2B). However, comparative functional anal-
ysis revealed that this is not an inherent conserved feature of
ADF/cofilins (Table 2B). Interestingly, recent findings demonstrate
that most of the ADF/cofilins belonging to the phyla Eugleno-
zoa, Ciliophora and Apicomplexa stimulate nucleotide exchange
on rabbit a-skeletal actin and also in homologous systems, such as

P. falciparum ADFs on P. falciparum actin and T. gondii ADF on T.
gondii actin, indicating that this feature is a biologically relevant
function of these ADFs (Kumar et al., 2012; Mehta and Sibley, 2010;
Schiiler et al., 2005a; Shiozaki et al., 2009; Singh et al., 2011). It is
established that actins from lower eukaryotes, such as the Apicom-
plexan parasites, have very low inherent stability, which is required
for the effective adaptation for gliding motility (Dobrowolski et al.,
1997; Hirono et al., 1989; Sahoo et al., 2006; Schiiler et al., 2005b;
Skillmanetal.,2011,2013). Also these actins can have very different
characteristics compared to eukaryotic and bacterial actins. As one
peculiar example, T. gondii actin exhibits isodesmic polymeriza-
tion without critical concentration and nucleation phase (Skillman
et al., 2013). In conclusion, it seems that ADF/cofilins are evolu-
tionary adapted to the special features of the actin cytoskeleton in
different organisms.

Since the nucleotide binding cleft is not included in the direct
binding site of the ADF-H domain, it indicates that the bind-
ing of ADF-H domain induces allosteric conformational changes
which propagate from its direct binding site toward the nucleotide
binding cleft of G-actin. The high resolution structure of the Twf-C-
G-actin complex shows that the nucleotide binding cleft of actin
is in a closed state (Paavilainen et al., 2008). In parallel, in the
case of profilin that enhances nucleotide exchange the cleft is
in an open state (Schutt et al., 1993). In support of this, proteo-
lytic footprinting and fluorescence spectroscopy showed that S.
cerevisiae cofilin binding induces long range allosteric effects in
the monomer, which results in conformational changes near the
nucleotide binding cleft leading to the closure of the cleft (Kamal
et al., 2007). Consistently, fluorescence quenching of the G-actin
bound e-ATP revealed that the accessibility of the nucleotide is
antagonistically regulated by ADF/cofilins and profilin. The bind-
ing of S. cerevisiae cofilin decreased, while the binding of profilin
increased the accessibility of the bound nucleotide to the quencher
(Kardos et al., 2009). Temperature-dependent fluorescence res-
onance energy transfer measurements showed that both mouse
cofilin-1 and profilin decreased the flexibility of the protein matrix
in the small domain (SD1 and SD2) of actin, suggesting that this
region of actin works autonomously as a rigid unit during the
opening and closing of the nucleotide binding cleft (Kardos et al.,
2013). The differences in the rate of the nucleotide exchange were
proposed to correlate with the thermodynamic stability of actin
monomers, as cofilin (chicken and mouse cofilin-1) increased the
thermal stability of actin monomers, while profilin had opposite
effect (Dedova et al., 2004; Kardos et al., 2013). Thus, the closed
state of the cleft appears to render actin monomers to be ther-
modynamically more stable by increasing the global stability of
the monomer structure (Pivovarova et al., 2013), providing another
possible link between the function and conformation of these pro-
teins. However, this correlation does not seem to be a general
principle. Recent analysis has shown that the binding of cofilin
stabilized both ATP and ADP-actin monomers, while the bind-
ing of twinfilin stabilized ADP-actin monomers and destabilized
ATP-actin monomers (Pivovarova et al., 2013). Also, ADF1 from
P. falciparum enhances the nucleotide exchange yet increases the
thermal stability of actin monomers (Schiiler et al., 2005a).

The conformational transitions of the nucleotide binding cleft
on monomeric actin is thought to be the structural basis for the
different effects of ABPs on the nucleotide exchange rate (Schiiler
etal.,2006).There is always a correlation in proteins between struc-
tural rearrangements and functional changes, although the details
of these correlations are sometimes not easy to define. For ADF-H
proteins one of the most important functional aspects is their effect
on the nucleotide exchange rates of G-actin. Some of these pro-
teins decrease the exchange rate with different magnitudes, while
others can even increase it. In the current nomenclature the faster
exchange rates are attributed to more open, while slower rates to
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Fig. 4. Specific sequential and structural modules in vertebrate cofilins. (A) Sequence alignment of vertebrate cofilins shows high conservation within the ADF-H domain,
involving the vertebrate specific loop regions by highlighted red. Pfam IDs and source organisms are given. (B) Superimposed structures of human (light brown) and yeast
(light blue) cofilins (UniProt accession numbers: P23528, Q03048; PDB IDs: 1CFY, 1Q8X) show high structural identity in the main ADF-H domain structure, but a significant
difference in the region of vertebrate-specific loops (red). The two figures show relative vertical 90° orientations to each other. (C) Surface of the ADF-H domain of human
cofilin-1. The potential binding surface formed by the vertebrate-specific loops is highlighted by red, the G-site derived from the crystal structure of the twinfilin-actin
monomer is highlighted by blue.
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more compact, often called close, conformation of the nucleotide
binding pocket. The characterizations as open and close came from
the investigations of the 3D crystal structures of G-actin and the
related protein complexes, where the small and large domains of
actin appeared to be more distant or closer to each other, respec-
tively. While these specifications (open and close) are reasonable
and plausible, one needs to be careful when considering their real
and physically veritable meaning. One important aspect to keep
in mind is that 3D structures show the most probable mass dis-
tribution of the proteins and are not sensitive to their motions
and transitions. The structures are packed and thus the 3D atomic
resolutions are static. Apart from the changes in the average con-
formational state of actin, dynamic factors can also contribute
substantially to the manifestation of various (faster and slower)
nucleotide exchange rates. The large and small domains are known
to produce scissor-like motion. This motion has a certain amplitude
and frequency, which is characteristic for the actual conformational
distribution of actin. Both of these parameters can influence the
nucleotide exchange rates even if the average conformation of the
two domains remains unchanged. In a simple model one assumes
that larger amplitudes can distort more the optimal conformation
for nucleotide binding, and thus should decrease the momentary
affinity of actin for the nucleotide. As under usual conditions the
nucleotide exchange rate is governed kinetically by the dissociation
of the bound nucleotide, larger amplitudes are expected to increase
the nucleotide exchange rate. The frequency may have a more com-
plicated effect on the exchange rate. The relationship between the
time range of the dissociation of the nucleotide and the period
time of the protein’s segmental motion around the entrance of the
nucleotide binding pocket has to be considered, as well. In conclu-
sion, studying the different structural background for the inhibition
versus stimulation of nucleotide exchange on actin monomers by
ADF-H proteins would give further insights into the understanding
the structural and evolutional origin of this function.

Specific structural features of ADF-H domain proteins

Besides considering different conformational changes in actin
one has to consider the structural elements in the ADF-H domains,
as well. How the specific structural characteristics of the ADF-H
domain proteins can be linked to their specialized function? Exist-
ing structures of ADF-H domain proteins seem to reveal some
general principles. The F-actin binding sites of yeast cofilin, yeast
Abp1, mouse coactosin and the C-terminal ADF-H domain of mouse
twinfilin share similar features, and they diverge from this site in
mouse GMF and the N-terminal ADF-H domain of mouse twinfilin.
Also, key residues in the G-actin binding interface of Abp1 and
GMF are not conserved compared to the corresponding residues
in ADF/cofilins and twinfilin (Quintero-Monzon et al., 2005). These
can provide a structural basis for the different interactions of the
ADF-H domain families with actin monomers, filaments and the
Arp2/3 complex. However, functional differences can be detected
not only between ADF-H domain families but even amongst dif-
ferent proteins in the same family. As we summarized above,
ADF/cofilins from higher eukaryotes bind actin filaments, while
some Apicomplexan ADF/cofilins do not. The lack of actin fila-
ment binding was proposed to result from the distortion of the
F-actin binding site in P. falciparum ADF1 and T. gondii ADF com-
pared to other ADF/cofilins. Interestingly, compared to twinfilins
and most of the ADF/cofilins Euglenozoa, Ciliophora and Apicom-
plexa ADF/cofilins have opposite effect on the nucleotide exchange
on actin monomers. These ADF/cofilins appeared after the diver-
gence of twinfilins and ADF/cofilins, thus represent a special lineage
of ADF/cofilin proteins. The structural and functional significance
of their specific effects is not known yet.

Our analysis revealed that while the ADF-H domains are simi-
lar in sequence and share the same structure (61 known structures
in Pfam database are highly similar), vertebrate cofilins have two
specific hydrophilic loops within their structure; the first is located
between the al helix and 32 strand, while the second one is
inserted between the 3 strand and the a2 helix (Fig. 4A and
B). These structural elements are completely missing from non-
vertebrate ADF/cofilins (Supplemental Fig. 1) and also from other
ADF-H domain proteins such as human twinfilin, coactosin, GMF
and drebrin (data not shown). Surface loops on globular proteins
are usually evolutionary less conserved compared to the buried
regions, as these regions are not responsible for the structural
integrity of the domain. In vertebrate cofilins the 12 and 10 residue
long loops, and especially their hydrophilic/physical character,
shows similar levels of conservation as other parts of the domain
(Fig. 4A), which suggests that biological function is linked to the
region. Surface loops with high flexibility on a globular domain can
function as a short linear motif mediating protein-protein interac-
tion. In the case of vertebrate cofilins, these two loops form one
substructure unit providing a large potential binding surface on
the ADF-H domain, without having a role in the structural integrity
of the main domain (Fig. 4C). While the loops are on the oppo-
site side as the G-site of the domain (Fig. 4C), a potential partner
binding on this specific surface can modify the molecular function
of cofilins in their complex with actin. It is also possible that with-
out any protein partner this vertebrate-specific substructure has an
effect on the whole dynamics and flexibility of the ADF-H domain,
altering the main structural and functional property of the domain,
compared to the cofilins in invertebrates. Experiments targeting
this region, such as site-directed mutagenesis and generation of
chimera ADF/cofilins (sharing vertebrate and non-vertebrate struc-
tural features) are needed to answer the question regarding the
functional importance of this vertebrate-specific structural ele-
ment.

Conclusions

Although they possess the same domain fold, the functions
of the different ADF-H domain proteins are diverse. The ADF-H
fold can interact with monomeric and/or filamentous actin as well
as with the Arp2/3 complex, and they prefer to form a complex
with the ADP-state of G-actin, F-actin or the Arp2 subunit of the
Arp2/3 complex. The structural and evolutional origin of the versa-
tile adaptation of ADF-H domain proteins for diverse functioning in
the regulation of the actin cytoskeleton remains to be elucidated.
Differences in the conserved sequence could endow the ADF-H
domain proteins with specific activities even within the same pro-
tein family. These elements could confer special conformational
dynamic features to the ADF-H domain and/or scaffold to recruit
specific binding partners. Further studies addressing the impor-
tance of these specific sequence elements will certainly contribute
to the understanding of the molecular and evolutional origin of
the functional diversity of the ADF-H domains. Also, true under-
standing of the physico-chemical properties of ADF-H domain
proteins underlying their biological functions requires investiga-
tions in homologous systems. The functional differences in the
ADF/cofilin family also emphasize that functional classification of
proteins on the basis of nomenclature can be misleading. We pro-
pose that a revision and a novel categorization are needed in the
field of proteins called “ADF/cofilins”, as they differ not only on the
functional but structural level, as well. Based on the name, these
proteins are traditionally handled as one functional class, although
at least the vertebrate and invertebrate cofilins, as our sequence
analysis shows, belong to different structural and functional cate-
gories. The description of these domains also needs some revision,



G. Hild et al. / European Journal of Cell Biology 93 (2014) 238-251 249

e.g. in Pfam, which is considered to be one of the most reliable
domain databases, the seed sequence alignment is shifted in the
case of the N-terminal end of human cofilin-1, which results in a
less descriptive domain definition for the ADF-H domain.
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