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Abstract In this article, we follow the history of one of
the most abundant, most intensely studied proteins of the
eukaryotic cells: actin. We report on hallmarks of its dis-
covery, its structural and functional characterization and
localization over time, and point to present days’ knowl-
edge on its position as a member of a large family. We
focus on the rather puzzling number of diverse functions as
proposed for actin as a dual compartment protein. Finally,
we venture on some speculations as to its origin.
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Introduction

A common incident, ubiquitous and frequently observed by
the experienced teacher: a student wants to purify protein X
from an eukaryotic organism Y. Sooner or later the under-
graduate stares at SDS polyacrylamide gels and is sur-
prised, disappointed, depressed, furious about those
horrible actin contaminations that seem to be everywhere.
The student does not care about the advisor’s soothing
explanations: “actin is the most abundant protein”, “actin

exists as globular monomer (G-actin) in the soluble super-
natant”, “but it is also sedimentable as Wlamentous actin
(F-actin)”. It will be diYcult to calm the young scientist
down. Looking at these copious amounts of the protein, the
student cannot believe

(1) that a long time ago it was a scientiWc breakthrough to
show that actin exists at all,

(2) that it took years and years to convince truculent
groups of actin pioneers that a non-muscle cell contains
actin as well,

(3) that actin is not a singular and once for all invention in
evolution, but is the founder of a large family of iso-
forms and related proteins, and

(4) that quite a number of these proteins can be found in
diVerent subcellular compartments. For example, it has
been established as a regular component of both, the
cytoplasm and the nucleus; but this perception is the
result of a Wght that went on for decades.

The dawn: actin as a muscle component

The Wrst traceable report that described contractile sub-
stances in muscle goes back to 1859 and Wilhelm Friedrich
Kühne (Kuehne 1859). He belonged to the best known
physiologists of his time and coined modern designations
like “enzyme” or “myosin”. The latter one he described as a
substance that could be isolated from frog muscle and
forms a contractile clot under certain conditions. Today we
would call this clot a contractile pellet, consisting mainly of
actomyosin. Halliburton followed shortly afterwards and
was intrigued by this clot formation (Halliburton 1887). He
compared it to blood clotting and the transformation of
Wbrinogen to Wbrin. In tedious experiments he extracted
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mammalian muscle tissue at diVerent time scales, tempera-
tures, salt concentrations and found that myosin apparently
needed an additional component to perform fast aggrega-
tion and contraction. Without really knowing it, Halliburton
worked with actin and produced with this so-called “myo-
sin ferment” an actomyosin precipitate. In our days one
reads Halliburton’s publication with some amazement. The
report covers 70 pages and looks with its descriptions and
tables like a lab-book, e.g.: “Extract #1—10 a.m.—Diluted
with an equal amount of water—10 a.m. next day—No
change”. Surely, at that time editors were not as busy as
they are today.

Muscle actin comes of age

Then, it took almost 60 years until Brúnó F. Straub in Albert
Szent-György’s laboratory at the Hungarian University of
Szeged was able to purify actin in good qualities and quanti-
ties. At that time ATP was known and available, i.e. Straub
could study the inXuence of ATP on the viscosity of myosin
preparations in the presence and absence of other extractable
muscle components. The decrease in viscosity upon addition
of ATP was considered “activation” of myosin, the protein
responsible for this activation was named “actin”, and the
complex of these two proteins was “actomyosin”. Straub
and Szent-Györgyi discovered these interrelationships 1941/
1942 in the middle of World War II and, therefore, pub-
lished the data only in local periodicals (“Studies from the
Institute of Medical Chemistry”, University of Szeged). The
research on actin and myosin, the political situation and the
excitement in Szent-Györgi’s group in the early 1940s are
nicely summarized by W.·F. Mommaerts who was a witness
of the original experiments (Mommaerts 1992), and by
A.G. Szent-Györgyi himself (Szent-Gyorgyi 2004).

It is far beyond the scope of this review to cover the ava-
lanche of actin and myosin research that started after those
Wrst molecular characterizations. Of course, muscle was
and still is the major source to purify actin from, and, con-
sequently, the research during the following decades used
exclusively muscle actin.

Actin conquers the cytoplasm

But as it is in science, one opens one door and discovers ten
closed ones. Keeping that in mind a scientist should always
be suspicious regarding dogmas of all sorts. For some time
it was almost a law that actin exists only in skeletal muscle
and that the well-known conventional myosin is the only
motor protein which turns the world go round. Today it is a
common place that both assumptions were wrong, although
it was quite a task to convince the scientiWc community.

Many minor publications pointed at the presence of actin
in non-muscle cells. For example, one found actomyosin-
like components and Mg2+ATP-dependent viscosity
changes in extracts from sea urchin eggs (Ohnishi 1962),
and an actin-like protein from calf thymus nuclei (Ohnishi
et al. 1963), and it was assumed that the Wlaments seen in
Wbroblasts are analogous to Wlaments in muscle, responsi-
ble for cell motility (Buckley and Porter 1967). Most of
these publications never had a really strong impact, espe-
cially since they argued against a rock-solid preconception.
But to be fair: these tiny reports were the pebbles that paved
the road for better equipped groups and more detailed
molecular studies. Notably, it was a slime mould, Physa-
rum polycephalum that was used as a model organism to
prove the existence of actin and myosin in non-muscle
cells. The key experiments have been performed in Japan,
in Sadashi Hatano’s group (Hatano and Oosawa 1966a, b;
Hatano and Tazawa 1968) and the data were conWrmed
shortly afterwards by other laboratories. Especially the deco-
ration of actin Wlaments in non-muscle cells with myosin
was a breakthrough technique that unequivocally proved
the existence of the actomyosin system in many non-mus-
cle cells (for reviews see: Huxley 1973; Pollard and Wei-
hing 1974; Pollard 1981; Tilney 1975).

Actin as the prototype of a large family

Today conventional actin is thoroughly studied, with
respect to its polymerization and depolymerization equili-
brium, its function in the cytoskeleton as a morphological
stabilizer, its role during motile activities of a cell, its three-
dimensional structure, its binding partners, etc. But the trai-
torous word in this sentence is “conventional”. What hides
behind “conventional” actin? And what is an actin-related
protein?

A “conventional” actin consists of 375 highly conserved
amino acids, give or take a few. The polypeptide sequence
is folded into a roughly U-shaped molecule, exposing well-
characterized binding sites for many diVerent ligands.
There are several isoforms as products of diVerent genes,
coined alpha, beta and gamma actin, all of which are poly-
morphic proteins capable to form polymers. “Conventional
actins” display a particular fold which enables them to
interact with a variety of partners, to form speciWc supra-
structures involved in intracellular motility, adhesion and
locomotion (see below). Figure 1 shows the dynamics of
the actin cortex in a Dictyostelium discoideum amoeba dur-
ing random migration, pinocytosis, and phagocytosis of a
yeast cell. An actin-related protein harbours an actin
domain, but it diVers from “conventional” actin in size and
overall amino acid sequence, usually cannot form polymers
and may diVer from the conventional form in subcellular
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distribution and its physiological activity. The increasing
number of completely sequenced genomes is an enormous
help towards our understanding of actin and actin-related
proteins. One can take any sequenced genome to analyze
actin as a founder of a large protein family. We chose the
recently unravelled D. discoideum genome since it repre-
sents the genome of a model organism that can locomote as
a single cell and in cell assemblies, and can diVerentiate
into simple tissues in a developmental cycle. Hence, it is a
social amoeba at the evolutionary border between unicellu-
lar and multicellular organisms (Eichinger et al. 2005).
Notably, the number of actin genes does not tell us very
much about the complexity of an organism. Whereas the
genome of budding yeast contains only one single and, not
surprisingly, essential gene that codes for a conventional
actin, mouse harbours 35, and the plant Arabidopsis thali-
ana 10 actin genes. The D. discoideum genome contains 33
genes that code for a bona Wde conventional actin. Most
puzzling, 17 of these actins share identical amino acid
sequences, but are encoded by 17 distinct genes, and many
of these are developmentally regulated. Why would evolu-
tion allow this seemingly luxurious feature? Elimination of
redundant genes can only be avoided if they represent a
selective advantage. If the identical actins are translated in a

developmental pattern, then posttranslational modiWcations
might play a much larger role than we are aware of today.
Indeed, actin’s posttranslational modiWcations are nume-
rous. Actins are acetylated, acylated, arginylated, Ser/Thr/
Tyr-phosphorylated, ubiquitinylated etc. This suggests that
a developmentally regulated expression of actin genes
requires a similarly regulated expression of enzymes that
catalyze posttranslational modiWcations. Such a hypothesis
opens a completely new search for our understanding of
actin and its isoforms.

The picture became even more complicated after the dis-
covery of the actin-related proteins (Arps). Calculation of
the putative structures shows very nicely that actin and
Arps share a common three-dimensional fold (Fig. 2, taken
from Muller et al. 2005). Most characteristic is the nucleo-
tide-binding cleft which divides the protein in roughly two
halves. The depicted structures all show the same orienta-
tion. For actin itself, this means that, when incorporated
into a “conventional” actin Wlament, the bottom part of the
folded monomer points towards the fast growing
(“barbed”) end, the upper part towards the slow growing
(“pointed”) end (see also Fig. 3). Figure 2 shows strikingly
(1) that all Arps can be moulded into a structure quite simi-
lar to the overall structure of conventional actin and (2) that
they display a clearly distinct pattern of patches with con-
served amino acids. As seen in the comparative scale
(Fig. 2, right) Arps 1, 2 and 3 are most closely related to
actin, whereas all the other Arps show a much lower per-
centage of identity. Arps 2 and 3 have been shown to form
a tight complex that, after activation through several actin
binding proteins and ATP, binds to actin Wlaments and
induces their branching (Kiselar et al. 2007). However, it
should be noted that the role of the Arp2/3 complex for
branching of actin Wlaments in vivo is still heavily chal-
lenged (Koestler et al. 2008). It is quite amusing to read Vic
Small’s statement in the Research Roundup of J Cell Biol:
(Feb 25, 2008): “We haven’t disproven branching yet.
We’ll need 3D imaging to put the nail in that coYn. But
what we’ve seen makes the branching model unlikely”.
Undoubtedly, we are still on thin ice with our knowledge
on Arp2/3 function in vivo.

Let us risk some sort of a heretical view. Trivial as it
may be, one has to repeat it again and again: not the three-
dimensional fold, but the surface of a protein determines its
function. There are curious examples for this. Hisactophi-
lin, a histidine-rich actin-binding protein from D. discoi-
deum, has a structure nearly identical to that of interleukin-
1� and Wbroblast growth factor, despite its unrelated amino
acid sequence. Luckily for the authors, these data were pub-
lished in a high ranking journal (Habazettl et al. 1992),
although there was no functional similarity between these
three proteins whatsoever. Today, their structural similarity
is not considered important at all and, like many others,

Fig. 1 Dynamics of the actin cortex during amoeboid movement,
pino- and phagocytosis. D. discoideum was transformed with a
truncated LimE construct, tagged to green Xuorescent protein (GFP).
LimE binds speciWcally to Wlamentous actin (Bretschneider et al.
2004). The transformed cells are depicted in phase contrast (left panels)
and Xuorescence (right), which reveals the concentration of actin Wla-
ments by GFP-LimE. Upper panels: optical section through the actin
cortex during random amoeboid movement. Bottom panels: during up-
take of a rhodamine-labelled yeast cell the actin cortex forms a phagocytic
cup around the particle. The engulfment of liquids by macropinocytosis
requires the actin system as well (arrow). Size bar 5 �m
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they are just members of the large trefoil protein superfam-
ily (Liu et al. 2002). Sippl and coworkers systematically
analyzed novel proteins based on known structures (Kop-
pensteiner et al. 2000). They came to the conclusion that
almost 30% of the studied proteins have similar structures
but diVerent functions.

Coming back to actins and Arps. Is it possible that the
name “actin” for all of these proteins is utterly misleading?
Are we wasting time in our search for cytoskeleton-related
activities just because the fold triggered a wrong name? Is
the so-called actin fold another example for a successful
superfamily which contains only a few proteins that play a
role in the cytoskeleton, while many other members are e.g.
subunits of larger protein complexes in chromatin or hexo-
kinases or proteins with yet unknown functions?

Actin-like proteins in the nucleus: the early period

The Wrst reports on actin as a nuclear protein appeared
already 5 years after its acceptance as a ubiquitous cyto-
plasmic component. Nuclear Wlament bundles resembling
microWlaments were observed in oocytes when transcrip-
tion was inhibited by actinomycin D (Lane 1969), and bio-
chemical analyses identiWed a prominent protein present in
isolated nuclei of the multinucleated plasmodia of Physa-
rum polycephalum (Jockusch et al. 1971; Jockusch et al.
1974; Lestourgeon et al. 1975). The concentration of actin
in the nucleus Xuctuated with the cell cycle phase of the
plasmodia, leading to suggestions that nuclear actin might
either have a role in the constriction of the nuclear mem-

brane in Physarum plasmodia that exhibit an intranuclear
mitosis (Jockusch et al. 1971), or with changes in transcrip-
tional activity during the cell cycle (Lestourgeon et al.
1975), or during transition from active growth to the forma-
tion of sklerotia (spherules) from plasmodia after starvation
(McAlister et al. 1977). All this remained speculation at
that time, and the majority of the cell biological community
dismissed these Wndings as an artifact, caused by a contam-
ination of nuclei with cytoplasmic actin. However, between
1979 and 1984 three reports appeared which supported the
concept of actin being involved in transcription: (1) actin
was identiWed in a complex of RNA polymerase II from
Physarum (Smith et al. 1979), (2) it stimulated markedly
the transcriptional activity of RNA polymerase II puriWed
from HeLa cell extracts at the preinitiation phase (Egly
et al. 1984), and (3) antibodies speciWc for actin, when
injected into the large amphibian oocyte nuclei, caused a
dramatic collapse of lampbrush chromosome loops, con-
commitant with a complete stop of mRNA transcription
(Scheer et al. 1984). However, these observations still did
not overcome the scepticism at that time—it took another
two decades to recognize actin as a dual compartment pro-
tein that can execute diVerent functions by selectively asso-
ciating with ligands speciWc either for the cytoplasm or the
nucleus.

Actin and Arps in the nucleus

In the last 20 years, studies on nuclear actin became fash-
ionable, and now a new area began which Wrmly estab-

Fig. 2 Structural conservation 
in the ARP subfamily (adapted 
from Muller et al. 2005, with 
permission). The conservation 
scale weights identity from 0 
(blue) to 100% (red). All Arps 
can adopt a global actin confor-
mation (upper left) but only Arps 
1, 2 and 3 show a pronounced se-
quence homology
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lished actin, its relatives and binding partners as nuclear
components.

Several important steps served as signposts in this
process:

(1) Cell biologists began to understand that proteins are
not necessarily conWned to a single intracellular com-
partment. Numerous examples proved that proteins
may shuttle between intracellular regions and even
adopt diVerent, compartment-speciWc activities. Shut-
tling of actin and actin-related proteins between the
nucleus and the cytoplasm cannot be considered any
longer as an exceptional, exotic behaviour.

(2) Genetic studies, for example performed with yeast or
Drosophila, showed that activities speciWc for the
nucleus, like chromatin remodelling or transcription
required the presence of the beta actin isoform, in a
conWguration that could bind to nuclear protein com-
plexes, but were inhibited with actin mutants that failed
in this respect.

(3) The development of cell biological and immunological
methods over the past 20 years, like cellular expression
of Xurorochrome-tagged proteins in conjunction with
video microscopy, and the generation of epitope-char-
acterized monoclonal antibodies allowed to follow
actin traYcking throughout the cell and its location in
the nucleus.

(4) And Wnally, some old observations made in structural
biology came back into people’s mind: actin is a highly
polymorphic protein, which can give rise to several
diVerent and distinct polymers (Aebi et al. 1981; Millo-
nig et al. 1988). Thus, while there are functionally
quite unrelated proteins that may share the same struc-
ture (see above), it is also conceivable that a particular
protein may adopt slightly diVerent “unconventional
forms”, possibly induced by speciWc binding partners.
Such “distortions” may then trigger the formation of
speciWc oligomers or polymers and complex formation
with still other partners. Thus, intranuclear actins need
not necessarily adopt the same structures found so
abundantly in the cytoplasm, like G- or F-actin. This
topic is discussed in detail in (Pederson and Aebi
2002), and this concept is supported by monoclonal
anti-actins that speciWcally decorate nuclear actin
(Gonsior et al. 1999; Schoenenberger et al. 2005). In
Fig. 3 (taken from Jockusch et al. 2006), we show actin
in two diVerent forms that both can form polymers. The
conventional actin Wlament requires the interaction of
three actin monomers in a speciWc orientation. Such a
trimeric seed will then grow into the polarized F-actin
Wlaments (Fig. 3, top). However, there is also evidence
for another pathway: two actin monomers can bind to
each other in another orientation, and this “lower
dimer” may then lead to nonpolar, quite diVerent Wla-
ments (Fig. 3, bottom). It is of course tempting to spec-
ulate that such “unconventional” actin polymers may
play a role in vivo, for example in the nucleus, but so
far, there is no solid evidence for this assumption.

Not surprisingly, the wealth of data on nuclear actin and its
relatives stimulated numerous hypotheses on their function.
The relevant Wndings and the conclusions on putative func-
tions are the topic of a number of interesting reviews, and
in this article, we can only refer the reader to them and to
the list of original references covered there (Bettinger et al.
2004; Blessing et al. 2004; Franke 2004; Jockusch et al.
2006; Pederson and Aebi 2002; Rando et al. 2000). The
brave reader who works himself through all this informa-
tion will arrive at two conclusions: the actin-like proteins
have deWnitely conquered a Wrm position among the group
of respectable, important nuclear proteins, and they seem to
be involved in a plethora of diVerent activities. While the
tasks for actin in the cytoplasm all are connected with the

Fig. 3 Generation of diVerent actin polymers as a result of diVerent
subunit interactions (adapted from Jockusch et al. 2006, with permis-
sion). The subdomains of the actin monomer, as deduced from the crys-
tal structure, are numbered 1–4. In the process that leads to the
“conventional” actin Wlament (F-actin), three such monomers (a–c)
form intermolecular contact sites involving the subdomains as indicated
left of the trimeric seed. Under physiological conditions, these trimers
convert subsequently into the polar F-actin Wlaments that are depicted in
the electron micrograph (top right). In a more rapid process, the actin
monomers may form an antiparallel dimer which, at least in vitro, can
form bipolar Wlaments (LD Wlaments) that show a strikingly diVerent
appearance in the electron microscope (bottom right)
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conventional G- and F-actin structures and the dynamic
equilibrium between these two states, nuclear functions of
these proteins seem associated with several diVerent forms
or conWgurations which are ill or even not at all deWned.

In the following paragraphs, we will brieXy mention the
most important tasks proposed for nuclear actins.

Actin Wlaments and a caryoskeleton

It is generally accepted that nuclear activities require a pre-
cise topographical arrangement of chromatin, to spatially
separate hetero- from euchromatin and allow for the com-
plex mechanism of chromatin remodelling during gene
activation and transcription. Hence, when electron micros-
copy provided elegant images of networks of intranuclear
Wlaments, preferably in large objects like the amphibian
oocyte nuclei (germinal vesicles), it seemed quite plausible
to conclude that a “nuclear matrix” or scaVold is composed
of F-actin Wlaments (Clark and Merriam 1977; Clark and
Rosenbaum 1979; Gard 1999) that could provide mechani-
cal stability to the nucleus and serve as a platform to
anchor, at least temporarily, chromatin constituents.
Indeed, there is evidence from both earlier and more recent
investigations that actin associates with Wlamentous struc-
tures: actin antibodies and myosin subfragment 1 decorate
such Wlaments in amphibian oocyte nuclei (Clark and
Rosenbaum 1979; Gard 1999; Scheer et al. 1984), and Xuo-
rescently labelled actin is found in a polymeric form in
Xenopus and HeLa cell nuclei (Kiseleva et al. 2004;
McDonald et al. 2006). Yet, in general, these Wlaments do
not stain with Xuorescent phalloidin, a small drug binding
with high aYnity to actin Wlaments of the conventional
“F-actin” type. It is only after subjecting cells to stress or
Wxation protocols that nuclear Wlaments bind phalloidin,
thus, the suspicion arises that such treatments rearrange
actin into conventional Wlaments (Gall 2006; Jockusch
et al. 2006). This, of course, does not preclude the concept
that actin participates in a nuclear matrix, especially in the
very large, actin-rich nuclei of amphibian oocytes. There is
good evidence that it engages in providing mechanical
support to this cellular compartment (Bohnsack et al. 2006;
Stuven et al. 2003).

The nuclear Arps from yeast, Arp 7 and Arp 9, have
been shown to build heterodimers and have the potential to
form Wlaments from tetramers (Szerlong et al. 2003). How-
ever, it is not clear whether they do in vivo, and whether
they might coassemble with nuclear actin in polymers
(Blessing et al. 2004).

Actin/Arps and their connection with the nuclear envelope

Several structural proteins that are essential for the assem-
bly and maintenance of an intact, functional nuclear enve-

lope and its underlying lamina, display well deWned binding
motifs for actin. These include spectrin, protein 4.1, the
nesprins, lamin A and emerin, (Krauss et al. 2003; Shu-
maker et al. 2003, more references in Blessing et al. 2004;
Rando et al. 2000). Hence, it has been speculated, but not
proven, that at least part of the nuclear actin is involved in
the structural organization of the nuclear envelope.

Actin/Arps and the nucleo-cytoplasmic traYc

Actin-containing, intranuclear Wlaments were seen to con-
nect to nuclear pore complexes in the amphibian oocyte
nucleus (Hofmann et al. 2001; Kiseleva et al. 2004). In the
Xenopus oocyte, but also in dipteres and mammalian cells,
actin is engaged in the transport and nucleocytoplasmic
export of mRNA (Hofmann et al. 2001) and RNA-protein
complexes, in particular in those containing a subset of
hnRNPs (Percipalle et al. 2001, 2002, reviewed in Bettin-
ger et al. 2004; Pederson and Aebi 2005).

Actin/Arps and chromatin remodelling

Actin and nuclear Arps were both reported as being criti-
cally involved in chromatin remodelling (reviewed in (Bett-
inger et al. 2004; Blessing et al. 2004; Olave et al. 2002;
Percipalle and Visa 2006; Rando et al. 2000). Chromatin
remodelling complexes operate as large, multiunit
machines in mammals, insects, yeast and plants to reorga-
nize the genetic material by unravelling nucleosomes and
converting the genetic material into a form suitable for tran-
scription. Many of these steps require energy, and thus
many of these protein complexes contain ATPases, com-
prised of several subunits, that can be grouped into subfami-
lies. Actin was identiWed in complex with speciWc subunits
of most ATPases, together with four nuclear Arps (4, 5, 6
and 8) in all organisms, with the exception of yeast. Here,
the two yeast-speciWc nuclear Arps (7 and 9) are found in
the corresponding ATPases. One of the histone acetyl trans-
ferases that also contribute to chromatin remodelling and
subsequent transcription (NuA4, Doyon et al. 2004) is
highly conserved from yeast to man and is also found in a
complex with actin and Arp 4 (Harata et al. 2002). Struc-
tural organization and function of the actin and Arp mole-
cules in these ATPase and acetyl transferase complexes are
largely unknown, and speculations for their respective roles
range from stabilizing the enzymatic and a chaperoning
activity to connecting these gigantic protein complexes to
nuclear Wlamentous scaVolds.

Actin/Arps and transcription

Actin has been identiWed as a regular component of all the
three nuclear RNA polymerases (Pol I, II and III), appa-
123



Histochem Cell Biol (2008) 129:695–704 701
rently interacting with two subunits that are shared among
all three enzyme complexes. In vitro transcription by all
three enzymes is actin-dependent (reviewed in Grummt
2006; Percipalle and Visa 2006). In the nucleus, pre-mRNA
is complexed with ribonucleoproteins to form hnRNPs,
and, presumably, there is co-translational recruitment of
beta actin to these particles during their formation, as
deduced from Wndings that several hnRNP components
bind directly actin. Actin’s association with the RNA poly-
merases may precede, be simultaneous with or follow the
initiation of actin-dependent chromatin remodelling by
ATP-dependent complexes and/or histone acetylation, as
described above (Grummt 2006; Percipalle and Visa 2006).
Most of the data available today are derived from studies
with Pol II, in insects and vertebrates, supporting and con-
Wrming the conclusions drawn more than two decades ear-
lier from work on Xenopus oocyte and HeLa cell nuclei
(Egly et al. 1984; Scheer et al. 1984). There is solid evi-
dence that actin’s role in Pol II-dependent transcription is
executed by the beta actin isoform (Hofmann et al. 2004;
McDonald et al. 2006), and no other isoform seems
involved. While actin’s contribution to the formation of
pre-initiation complexes and subsequent transport of pre-
mRNPs through the nucleus towards their export through
nuclear pores is well accepted today (Bettinger et al. 2004;
Franke 2004), it is completely unknown whether actin
might mediate such intranuclear movements in Wlamentous
or even contractile structures (Pederson and Aebi 2005).

Actin ligands in the nucleus

The nuclear constituents harbouring actin, like those of the
nuclear matrix, the nuclear envelope, the nuclear pores,
chromatin remodelling complexes, RNA polymerases and
pre-mRNPs are all highly insoluble, gigantic structures.
However, there are also actin ligands that are found in the
cytoplasmic as well in the nuclear compartment, possibly in
rather dynamic and temporary complexes with actin. Since
the discovery of actin as a prominent component in the
cytoplasm of practically all eukaryotic cells, a plethora of
such actin-binding proteins has been described and charac-
terized. They arrange actin into the various suprastructures
required for cytoplasmic functions, such as intracellular
motility and locomotion, by either regulating the balance
between monomeric and Wlamentous actin, or generating
networks and bundles of Wlaments (Winder and Ayscough
2005). Remarkably, many of these actin ligands are evolu-
tionary well conserved, like actin itself (Korn 1982; Schlei-
cher et al. 1988). Members of the various subfamilies, with
aYnity to either monomeric or Wlamentous actin, are dual
compartment proteins that can shuttle between the nucleus
and the cytoplasm, their main location frequently being
dependent on the diVerentiation state of cells. Comprehen-

sive lists of these proteins that have previously been
described as cytoplasmic actin ligands but were also identi-
Wed in the nucleus are given in (Rando et al. 2000; Bettin-
ger et al. 2004; Pederson and Aebi 2005). Among them are
several which form complexes with actin and interfere with
the formation of conventional actin Wlaments, like proWlin,
binding to monomeric actin, and coWlin, a ligand for both,
monomeric and polymeric actin. Nuclear proWlin is appar-
ently involved in the regulation of the level of nuclear actin,
as proWlin–actin complexes are recognized and exported
from mammalian nuclei by a speciWc exportin (Stuven et al.
2003), while actin free of proWlin can apparently be
exported by a diVerent exportin, due to its nuclear export
sequences (Wada et al. 1998). ProWlin and coWlin both can
sligthly change the fold of actin. ProWlin induces a form
which faciliates the exchange of bound ATP in G-actin
(reviewed in Jockusch et al. 2007). CoWlin, a phosphopro-
tein, contains a nuclear location sequence, and in its
dephosphorylated state can transport actin “piggy-back”
into the nucleus (Pendleton et al. 2003). When bound to
actin polymers, it distorts their conformation such that
these Wlaments do not bind phalloidin anymore. Thus, these
proteins might be critical in creating forms speciWc for
nuclear actin, as detected by speciWc antibodies (Gonsior
et al. 1999; Jockusch et al. 2006; Schoenenberger et al.
2005). Among the actin ligands solely found in the nuclear
compartment are a nuclear actin binding protein identiWed
in Acanthamoeba (Rimm and Pollard 1989), an actin bind-
ing protein composed of two diVerent subunits in mamma-
lian cells (Ankenbauer et al. 1989), and a nucleus-speciWc
form of myosin I (Pestic-Dragovich et al. 2000). The latter
is a small, monomeric myosin that does not form Wlaments
as would be needed for contraction of putative actin Wla-
ments in the nucleus. It is apparently involved in transcrip-
tion of ribosomal genes by Pol I, where it binds to a
transcription initiation factor but also to components of a
chromatin remodelling complex. It has been speculated that
in this location it may recruit actin associated with Pol I to
the site of rRNA transcription, but so far, there is no evi-
dence that these two proteins interact directly in vivo
(reviewed in (Grummt 2006; Percipalle and Farrants 2006).

Conclusions

So, have we now lost the student being confronted with
actin for the Wrst time in his scientiWc education, or have we
been able to attract his curiosity for this abundant, highly
conserved, mysterious protein?

Actin has come a long way from the times of its discov-
ery in muscle and we have learned to know it as a member
of a large family of structurally related proteins, some of
which are dual compartment proteins. Concomitant with
123



702 Histochem Cell Biol (2008) 129:695–704
this, there is an overwhelming expansion of their putative
functions, and both, the Wne structural conformation as well
as the diVerent functions are probably determined by the
numerous actin binding proteins. As a cartoon, Fig. 4 sum-
marizes the most important players in the cytoplasmic and
the nuclear compartment. It is obvious that the putative
activities in the nucleus outnumber those in the cytoplasm.
Taken together, these Wndings allow for the view that actin

and its relatives were originally engaged in nuclear activi-
ties, and that their appearance in the cytoplasm is related to
a specialization in functions connected solely with intra-
cellular motility and locomotion (F-actin Wlament formation,
actin dynamics). Further functional narrowing would then
result in the special case of skeletal muscle, where a spe-
ciWc isoform, alpha actin, is overexpressed and knows noth-
ing else than to allow myosin-driven contraction.

If one was to speculate further, one might imagine that
prokaryotic precursors of present days’ actin, related to the
proteins that spatially and temporally control macromolec-
ular traYcking, chromosome segregation and cell polarity
in recent bacteria (Carballido-Lopez 2006), appeared Wrst
as “nuclear actin” in an ancestor eukaryotic cell as part of
the endosymbiontic engulfment. But, it will require several
decades and lots of industrious students to decide whether
this is science Wction or facts about actin.
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