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Actin-related proteins localized in the nucleus
From discovery to novel roles in nuclear organization
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The actin family consists of conventional actin and actin-
related proteins (ARPs), and the members show moderate
similarity and share the same basal structure. Following the
finding of various ARPs in the cytoplasm in the 1990s, multiple
subfamilies that are localized predominantly in the nucleus
wereidentified. Consistent with these cytological observations,
subsequent biochemical analyses revealed the involvement of
the nuclear ARPs in ATP-dependent chromatin-remodeling
and histone acetyltransferase complexes. In addition to their
contribution to chromatin remodeling, recent studies have
shown that nuclear ARPs have roles in the organization of the
nucleus that are independent of the activity of the above-
mentioned complexes. Therefore, nuclear ARPs are recognized
as novel key regulators of genome function, and affect not only
the remodeling of chromatin but also the spatial arrangement
and dynamics of chromatin within the nucleus.

Introduction

Genome function is governed by both the organization of chro-
matin on the chromosomes and the spatial arrangement of
chromatin within the cell nucleus. The nucleus is a dynamic
organelle that is functionally compartmentalized, and chromatin
is organized spatially into different nuclear compartments with
the aid of the nuclear architecture. It has been found that both
local changes in chromatin structure and alterations in the spa-
tial organization of the nucleus occur during cell differentiation
and development. Recent studies have indicated that the nuclear
envelope, which includes the nuclear membrane, lamins and the
nuclear pore complex (NPC), has important roles in the function
of the genome. However, there is limited information about the
architecture of the inner regions of the nucleus, and the molecu-
lar composition and dynamics of higher order nuclear structures
remain unclear. The universal importance of the nuclear archi-
tecture in eukaryotic cells suggests that some evolutionarily con-
served protein families will be involved in the organization and
dynamics of the nucleus.

The actin family has been conserved as highly as histone
molecules during the evolution of eukaryotes. In the cytoplasm,
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actin has central roles in the organization and dynamics of the
cytoskeleton. Given the high degree of conservation and the
structural roles of actin, researchers hypothesized that actin
and/or related molecules are involved in the architecture of the
nucleus. However, the presence of actin or related molecules in
the nucleus had not been established. Therefore, this hypothesis
was regarded with skepticism for a long time. However, recent
studies have changed this situation. It was found that, although
actin is actively exported from the nucleus, a certain amount of
actin is constitutively localized in the nucleus.*” Importantly, in
the middle of the 1990s, it was also found that multiple subfami-
lies of actin-related proteins (ARPs), which are members of the
actin family, accumulate in the nucleus.®’

In this review, we will focus on ARPs that accumulate in the
nucleus, and will describe their important contributions to the
local alteration of chromatin structure and also to the spatial
organization of the nucleus. Nuclear ARPs have been identified

in many organisms, including plants,' 12,13

insects'! and protists.
However, here we will deal mainly with ARPs from budding

yeast and vertebrates.

The Actin Family, Consisting of Conventional Actin
and Actin-related Proteins (ARPs)

Within a few decades of the first isolation of actin from muscle in
1941, it was shown that the actin filament is the main architec-
tural element of the cytoskeleton. The dynamics of the cytoskele-
ton are regulated by the assembly/disassembly of actin filaments,
which depends on the exchange of adenosine diphosphate and
adenosine triphosphate (ADP/ATP)," and on association with
various actin-binding proteins.

For a long time, it was thought that the actin family consisted
only of isoforms of conventional actin, including a actin (muscle
actin) and B actin (cellular actin). The amino acid sequences of
these actin isoforms show significant evolutionary conservation,
and the similarity among yeast actin, human o actin and human
B actin is more than 95%. However, the discovery in 1992 of
proteins that show moderate (30 to 70%) similarity to conven-
tional actins revealed that the actin family consists of not only

15-18

conventional actin but also related proteins.””'® These molecules

that are related to actins are now referred to as actin-related pro-
teins (abbreviated as ARPs). By 1994, four subfamilies of ARPs
had been reported in budding yeast,”' Drosophila'>* and verte-
brates.” In budding yeast, conventional actin is named Actl and
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Table 1. Members of the actin family in budding yeast

Name Previous Simil.arity to Subc.ellu‘lar
name actin (%) localization
actin Actl (100) cytoplasm
ARP Arp1 Act5 69 cytoplasm
Arp2 Act2 69 cytoplasm
Arp3 Act4 60 cytoplasm
Arp4 Act3 53 nucleus
Arp5 51 nucleus
Arp6 46 nucleus
Arp7 44 nucleus
Arp8 44 nucleus
Arp9 40 nucleus
Arp10 38 cytoplasm

the four ARPs were called Act2 to Act5 according to the order
of their identification (refer to Table 1 for the correspondence of
Act2 to Act5 to the current nomenclature).

After the entire genome sequence of the budding yeast
Saccharomyces cerevisiae had been determined in 1996, all the
genes for ARPs in the yeast genome were identified.? The actin
family in budding yeast was found to comprise one conventional
actin and ten ARPs. The ten ARPs were then classified accord-
ing to their similarity to actin and designated Arpl to Arpl0
in place of the previous nomenclature, which included Act2 to
Act5 (Table 1). In the new classification, Arpl is the most similar
to actin and Arpl0 is the least similar to actin. Most Arps that
have been identified in other organisms have been shown to be
an ortholog of one of the 10 ARPs of budding yeast, and there-
fore, the 10 ARP subfamilies that correspond to the yeast ARDPs
are commonly used as the classification of ARDPs in all eukary-

otes.?>2¢

Genetic and biochemical results support the idea that
each of the ARP subfamilies possesses individual properties and

functions (see below).
Evolution and Structural Features of ARPs

The actin molecule consists of two domains, which comprise the
subdomains 1 and 3, and 2 and 4, respectively (Fig. 1), and the cen-
tral ATP binding pocket is in the cleft between these two domains.?”
Deduced 3-dimensional structures of ARPs show that they possess
the conserved basal structure of actin, including the central ATP-
binding pocket. In contrast, the surface features of ARPs are less
conserved. For example, all nuclear ARPs contain a single or mul-
tiple insertion domain(s) as compared with actin.?*?® The predicted
structure of human Arp6 is shown in Figure 1 as an example.

ARDPs appear to share a common ancestor with conventional
actin, and they comprise a branch of the actin family. The latter
forms part of the superfamily of proteins that possess an ATP
binding pocket, which includes the 70 kDa heat shock cognate
protein (Hsc70) and hexokinase,” and even the prokaryotic pro-
teins, FtsA, MreB and StbA.?” These comparative studies show
that the actin superfamily, which is evolutionarily related to
actin, is much more divergent than previously thought.
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The Budding Yeast Arp4
as the First Identified Nuclear ARP

Before the entire genome sequence of budding yeast had been
determined, we discovered an ARP that was the third member
of the actin family and named it Act3 (Table 1).” According to
the subsequent classification described above, Act3 is now called
Arp4.” Act3/Arp4 is essential for cell viability and possesses two
unique hydrophilic insertion segments, named insertion I and
insertion I1.”

Arp4 was assumed to be localized in the cytoplasm when it
was first identified. However, insertion II of Arp4 exhibits weak
similarity to the chromosomal protein HMG-14 and insertion I
contains a putative nuclear localization signal.® As a consequence,
the cytological subcellular localization of Arp4 was examined by
indirect immunofluorescence analysis and by using GFP-fusion
proteins, and it was shown that Arp4 is localized predominantly
in the nucleus.® This report was the first example of the accu-
mulation of a member of the actin family in the nucleus and
indicated the possible involvement of ARPs in nuclear functions.

Genetic studies indicated independently that Arp4 is involved
in chromatin function.*® Budding yeast contains a retrovirus-like
transposable element, Tyl, which is flanked by two copies of a
domain with a strong promoter, the 8 element. Insertion of Tyl
or the 8 element into the 5' region of genes often causes inactiva-
tion of the adjacent gene as a result of interference or competition
between transcription signals in the 8 element and in the native
promoter of the gene.’® Selection for extragenic suppression of
Tyl or 8 elements in activated genes has identified numerous SPT°
(Suppressor of Ty) mutations, and most of the loci were shown
to be involved in transcriptional regulation through the modi-
fication of chromatin structure.”** ARP4 was found to belong
to the SPT genes because certain non-lethal mutations in ARP4
suppressed the transcriptional defect caused by the insertion of a
d element.”

Identification of Multiple ARPs that Accumulate
in the Nucleus in Various Organisms

In light of the nuclear localization of Arp4, the subcellular local-
ization of other ARPs of budding yeast was investigated, and
unexpectedly more than half of them, including Arp5, Arp6,
Arp7, Arp8 and Arp9, were localized predominantly in the
nucleus’ (Table 1). In contrast, Arpl, Arp2, Arp3 and Arpl0
were localized in the cytoplasm.” This suggests that ARDs are as
important in the nucleus as in the cytoplasm.

The presence of ARPs in the nucleus is not limited to yeast.
In vertebrates, the first ARPs shown to accumulate in the nucleus
were human orthologs of Arp4, named BAF53 or ArpN.>¢¥
Whereas yeast possesses a sole member (Arp4) of the Arp4
subfamily, humans possess two very similar isoforms, which
are named BAF53a/ArpNB and BAF53b/ArpNa (accession
numbers AB015907 and AB0159006, respectively).””*® Although
these two isoforms are encoded by individual genes, they are
extremely similar (97%), with the exception of short stretches
of amino acids, named the a- and B-specific regions (Fig. 1).
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Interestingly, whereas BAF53a/ArpNp is expressed in all tis-
sues, BAF53b/ArpNa is detected only in the brain,”?” where
it is expressed in neural cells, and during the neural differ-
entiation of embryonic carcinoma (EC) cells.*®% Indeed,
mice lacking BAF53b/ArpNa have defects in neuronal
development.*!

Arp5, Arp6 and Arp8 have been shown to accumulate in
the nucleus of vertebrate cells, in addition to the isoforms of
Arp4.2542% Among these vertebrate nuclear ARPs, at least
Arp4 and Arp5 have been shown to shuttle between the cyto-
plasm and the nucleus.®* The distribution of the nuclear
ARDPs in mitotic cells was also tested, and it was shown that
Arp4 and Arp8, but not Arp5 and Arp6, accumulated in

mitotic chromosomes. #2434

ARPs Identified
in Chromatin-Remodeling Complexes

Advances in chromatin research have revealed that two classes
of protein complex in the nucleus play a major role in the
remodeling of chromatin structure: (1) the ATP-dependent
chromatin-remodeling (ADCR) complex and (2) histone
modification complexes. The nuclear ARPs have been found
to be essential subunits of these chromatin-remodeling com-
plexes in various organisms; in many cases, monomeric actin
is also found in the complexes that contain ARPs (Table 2).
In budding yeast, actin and Arp4 are part of the NuA4 his-
tone acetyltransferase (HAT) complex,*® and are also found in
the INO80 and SWR1 ADCR complexes.”*® In addition, the
INO80 complex contains Arp5 and Arp8,” and the SWR1
complex contains Arp6.*® Arp7 and Arp9 are found in the RSC
and SWI/SNF ADCR complexes.” Importantly, the composi-
tions of these complexes with respect to ARPs are conserved
evolutionarily. Actin, Arp4, Arp5 and Arp8 are found in the
vertebrate INO80 complex™ as well as in the yeast INO8O
complex. The Tip60 HAT complex, which is the counterpart
of the yeast NuA4 complex, also contains actin and Arp4.'

The SRCAP>? and p400 ADCR complexes,”® which are coun-
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terparts of the yeast SWR1 complex, contain actin and Arp4,

and in addition the former contains Arp6. Although Arp7
and Arp9 have not been identified in vertebrates,* the verte-
brate Brg/BRM ADCR complexes, which are counterparts of
the yeast SWI/SNF and RSC complexes, contain actin and
Arp4 instead (Table 2).%>%*>% In addition, a vertebrate complex
involved in histone methylation contains Arp4.

Figure 1. The deduced three-dimensional structure of actin-related pro-
teins. The three-dimensional structures of isoforms of human Arp4 (Baf53b/
ArpNa and Baf53a/ArpNp) and human Arp6 were deduced with the pro-
gram SWISS-Model,”'"?? visualized with the program WebLab Viewer, and
compared with that of rabbit skeletal muscle actin. The a- and B-specific
regions and an Arp6-specific insertion are shown.

The helicase-SANT-associated (HSA) domain has been
identified as a motif that binds actin, Arp4, Arp7, Arp8 and
Arp9 and recruits them to the chromatin-remodeling com-
plexes.’® The HSA domain is found in the catalytic AT Pase sub-
units of certain chromatin remodeling enzymes (Ino80, Swi2/
Snf2, Sthl and Swrl of yeast, and Brgl, BRM and p400 of
humans), and also in a component (Eafl) of the NuA4 HAT
complex. The stable association of the ARPs with these compo-
nents could contribute to the regulation of the ATPase activ-
ity of chromatin-remodeling complexes. In contrast, motifs
for the association of Arp5 and Arp6 have not been identified
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in enzymatic components of the complexes. Yeast Arp5 asso-
ciates with Rvb proteins, which are highly conserved proteins
related to the helicase subset of the AAA* family of ATPases,
and contributes to the assembly of the INO80 complex.”” Yeast
Arp6 forms a subcomplex with Swc6 in the absence of Swrl,
and is required for the association of the SWR1 complex with
the histone variant H2A.Z, which is deposited in chroma-
tin by the complex.’® Therefore, although Arp5 and Arp6 do
not regulate the ATPase activity of the remodeling complexes
directly through interaction with the catalytic subunit, they
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Table 2. Chromatin-remodeling complexes including nuclear ARPs

Organisms Complex Function of the complex
Bl s INOSO ATP—dependent.chromatln
remodeling
SWRI ATP-dependent chromatin
remodeling (H2A.Z-deposition)
SWI/SNF ATP—dependent.chromatln
remodeling
ATP-dependent chromatin
RSC .
remodeling
NuA4 histone acetylation
Human INOSO ATP—dependent.chromatln
remodeling
ATP-dependent chromatin
SRCAP remodeling (H2A.Z-deposition)
0400 ATP-dependent chromatin

BAF/PBAF human
SWI/SNF

ATP-dependent chromatin
remodeling

Tip60 histone acetylation

might modulate the function of the complexes through other
mechanisms.

As components of these chromatin-remodeling complexes,
nuclear ARPs are involved in multiple genome functions, includ-
ing transcription,”?”*°®" chromosome segregation,>® DNA
repair®**® and DNA replication.®®7> The findings of these
studies indicate that nuclear ARPs are indispensable for a wide
variety of genome functions, and further analyses of the nuclear
ARDPs should contribute to disclosing epigenetic mechanisms that
govern these functions.

Nuclear ARP Molecules Outside
the Chromatin-Remodeling Complexes

In addition to their important roles in genome function as com-
ponents of the chromatin-remodeling complexes, recent analyses
have indicated that nuclear ARPs also associate with other pro-
teins that are not found in these complexes.®! Gel-filtration analy-
sis showed that only a proportion of Arp4 and Arp6 is found in

67374 Consistently, yeast

the chromatin-remodeling complexes.
arp6A cells show a different pattern of gene expression to swriA
cells.”* In addition, by genetic screenings, Arp5 and Arp6, but not
Ino80 and Swrl, were identified as proteins involved in vacuolar
protein sorting”’ and Arp5 was shown to be involved in nuclear
76 Proteomics analysis indicated that Arp5, Arp6 and

Arp8, but not other components of chromatin-remodeling com-

architecture.

plexes, are present in the fructose-1,6-bisphosphatase-associated
fraction.””

It has been shown that vertebrate Arp8 and other components
of the INO80 complex have different roles during mitosis than
during interphase. Whereas Arp8 is co-immunoprecipitated
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remodeling (H2A.Z-deposition)

. Enzymatic Actin
Genome function .
component family-component
transcription DNA 1n080 actin, Arp4, Arp5,
repair, DNA replication Arp8
transcription .
B st Swrl actin, Arp4, Arp6
transcription
DNA repair Snf2 Arp7, Arp9
transcription
DNA repair Sth1 Arp7, Arp9
transcription .
O st Esal actin, Arp4
transcription actin, Arp4, Arp5,
DNA repair INO8O Arp8
transcription SRCAP actin, Arp4, Arp6
transcription p400 actin, Arp4
transcription BRM or Brg1 actin, Arp4
transcription Tip60 actin, Arp4

DNA repair

with Ino80 in interphase cells as expected, it is not associated
with Ino80 in mitotic cells.” Consistent with this observation,
Ino80 and Arp5 are dispersed throughout the cell during mitosis,
but Arp8 is restricted to mitotic chromosomes. Knockdown of
Ino80, Arp5 and Arp8 showed that only knockdown of Arp8
caused defects in chromosome alignment,** which implied that
Arp8 has a function that is independent of the INO80 complex.

It has also been shown that Arp2 and Arp3 are local-
ized not only in the cytoplasm but also in the nucleus and are
involved in transcription.”® Arp2 and Arp3 are not found in
chromatin-remodeling complexes; however, they do form the
Arp2/3 complex, which promotes actin polymerization. Taken
together with observations that actin is required for the reposi-
tioning of genes within the nucleus,*”* it is thought that Arp2
and Arp3 have a role in gene regulation through their contribu-
tion to local actin polymerization in the nucleus.

Contribution of Arp6 to the Spatial Arrangement
of Chromatin

More recently, yeast Arp6 has been shown to have an ability
to anchor chromatin to the nuclear periphery that is indepen-
dent of chromatin remodeling activity.”* It is known that spatial
positioning of chromatin in the interphase nucleus is impor-
tant for transcriptional regulation.®* Cytological observations
have revealed that transcriptionally inactive heterochromatin
is localized preferentially at the nuclear periphery. In addition,
it has been shown recently that some euchromatic genes are
anchored to the nuclear periphery in budding yeast. For exam-
ple, highly transcribed ribosomal protein (RP) genes associate
with the NPC, and also inducible genes such as INOI, GALI
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and HXKI are relocated to the nuclear
envelope when they become activated.®*
In addition, the spatial positioning of
chromatin in the interphase nucleus con-
tributes to genome stability. Recent stud-
ies have revealed that DNA double-strand
breaks that cannot be repaired in situ and
collapsed replication forks are relocated to
the NPC for repair.®®' However, little is
known about the molecular mechanisms
that are involved in the positioning of
chromatin within the nucleus.

As mentioned above, Arp6 is a com-
ponent of the yeast SWR1 and vertebrate
SRCAP complexes, and these complexes
function to exchange canonical H2A his-
tone in nucleosomes for the histone variant
H2A.Z5* It has been shown that Arp6 is
required for the deposition of H2A.Z by
both SWR1 and SRCAP complexes.””*
Indeed, a chromatin immunoprecipita-
tion-DNA microarray (ChIP-chip) assay
revealed that Arp6 binds to gene promoters

chromatin remodeling

nuclear pore
complex

nuclear membrane

7 Mip1/2
(Bred)

spatial arrangement of chromatin

H2A.Z H2A

LB ]

[H2A.Z deposition |

together with Swrl, which demonstrates

that Arp6 binds to these regions as a com-
plex with Swrl. Furthermore, the binding
of Swrl to most promoters is impaired in
a yeast arp6A strain, and deletion of ARP6
and SWRI caused similar effects on the

Figure 2. Roles of Arp6 in the local alteration of chromatin structure and the spatial organization
of the nucleus. Arp6 has an essential function in chromatin remodeling through the deposi-

tion of H2A.Z by the SWR1 complex (lower chromatin). In addition, Arp6 has a role in the spatial
arrangement of chromatin through its interaction with the myosin-like proteins Milp1 and Mip2
(upper chromatin). This function of Arp6 is independent of the SWR1 complex.

transcription of some genes, including
GALI17% These results indicate that Arp6 has an essential function
in the organization of chromatin through the SWR1 complex.

In contrast, in some other regions of the genome, including
RP genes and telomeres, Arp6 binds to chromatin independently
of Swrl. Interestingly, these regions have been shown to associate
with the nuclear envelope.?”* Deletion of ARP6 impaired both
the association of RP genes with the NPC and the localization
of an RP gene to the nuclear periphery. In addition, the artificial
binding of Arp6-LexA to a chromatin region caused the region
to relocate to the nuclear periphery in both wild-type and swrIA
cells. These results suggest that Arp6 has a role in the spatial
arrangement of chromatin and that this function of Arp6 is inde-
pendent of its role in the SWR1 complex (Fig. 2).

The myosin-like proteins Mlpl and Mlp2 are components
of the NPC and are located on the nucleoplasmic surface.”” To
test the possibility that Arp6 has a functional relationship with
the myosin-like proteins, mlpIA mip2A strains were utilized in
the chromatin relocation assay with Arp6-LexA. It was found
that the perinuclear relocation activity of Arp6 was impaired in
these strains, which suggested that a direct or indirect interac-
tion between Arp6 and Mlp1/2 is involved in the Arp6-mediated
anchoring of chromatin to the nuclear envelope. Yral, which
interacts physically with Mlpl/MIp2, has been identified as a
binding partner of Arp6.”® Therefore, it seems likely that the
Mlp-Yral-Arp6 interaction contributes to the perinuclear local-
ization of RP genes bound by Arp6 (Fig. 2).
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Possible Molecular Features Shared
between Actin and Nuclear ARPs

The molecular mechanisms by which ARPs contribute to the
organization of chromatin and the nucleus have not been fully
elucidated yet. However, ARPs are assumed to share molecu-
lar features with actin, and it is likely that these features are
involved in their function. In the following sections, molecular
features that are possibly conserved between actin and nuclear
ARPs are discussed. Analysis of such features will be useful for a
better understanding of the molecular function of ARPs in the
nucleus.

ATP-Binding Pocket of Actin and ARPs

Actin binds ATP and this ability is necessary for its function.
Although the ATP-binding ability of the nuclear ARPs has
not been tested thoroughly, yeast Arp4 at least possesses ATD-
binding ability.”® Interestingly, binding of ATP to Arp4 causes
Arp4 to dissociate from the other components of nuclear com-
plexes (assumed to be the NuA4, INO80 and SWRI1 chromatin-
remodeling complexes), whereas inhibition of ATP binding to
Arp4 increases the amount of Arp4 that is incorporated into the
complexes.”? Given that the presence of Arp4 in the chromatin-
remodeling complexes is essential for their function, it is expected
that the association/dissociation of Arp4 caused by ATP binding
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is involved in the functional regulation of the complexes. This
feature of Arp4 seems to resemble the assembly/disassembly of
actin filaments, which is also regulated by the exchange of ATP/
ADP.

Serinel4 and Glycinel56 of actin, which are located in differ-
ent loops close to the bound ATD, are crucial for the structure of
the ATP-binding pocket.”>” Consistent with the analysis of ATP
binding mentioned above, mutation of the amino acids in Arp4
that correspond to S14 and G156 affects the dissociation of Arp4
from nuclear complexes. This result suggests that Arp4 shares the
structure of the ATP-binding pocket with actin. Interestingly,
features of the amino acid sequences around S14 and G156 are
conserved not only in the nuclear ARPs but also in members of
the actin superfamily, including Hsc70, hexokinase and prokary-
otic MreB and FtsA. Given that the actin fold and ATP-binding
ability are conserved among the members of the actin superfam-
ily, it is most likely that the nuclear ARPs share the structure of
the ATP-binding pocket with the other members.

In contrast, the mutations in the ATP-binding pocket of Arp4
did not decrease the acetylation of histones.””> Similarly, muta-
tions in the predicted ATP-binding sites of Arp5 and Arp8 did
not decrease expression of the ZNOI gene, which is a target of the
INOB8O0 complex.”® Taken together with our observation that the
ATP-binding arp4 mutants show defects in the dissociation, but
not association, of Arp4-containing complexes, these findings
suggest that the ATP-binding pocket of nuclear ARPs is essen-
tial for the clearance of the complexes, but dispensable for their
activity.

Various Intermolecular-Interaction Targets
of Actin and ARPs

Actin is known to interact with a variety of proteins, including
DNasel, myosins and various actin-binding proteins. In addi-
tion to components of chromatin-remodeling complexes, various
other proteins have been determined to associate with ARPs. It
is plausible that not only the ATP-binding pocket but also the
participation in multiple intermolecular interactions are common
features among members of the actin family.

The association of yeast Arp4 with core histones was the first
reported intermolecular interaction of the nuclear ARPs.”” The
ability of Arp4 to interact with histones is assumed to contribute
to the recruitment of the chromatin-remodeling complexes that
contain Arp4 (NuA4, INO80 and SWR1) onto chromatin. It has
also been shown that Arp4 preferentially associates with histone
H2A that has been phosphorylated at serine 129 (y-H2AX), and
it is assumed that this property is involved in the recruitment
of these remodeling complexes to sites of DNA damage.'” Arp8
also interacts with core histones H3 and H4,%° in both yeast
and vertebrates. Interestingly, human Arp8 recruits the INO80
complex to DNA damage sites in a y-H2AX-independent man-
ner.!” High throughput analyses with budding yeast have indi-
cated that Arp5 and Arp7 interact with core histones.”®'*? These
observations seem to imply that interaction with histones might
be a common characteristic of the nuclear ARPs. The isoelectric
point of nuclear ARPs is lower than that of cytoplasmic ARPs
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(a mean of 5.1 vs. 6.1 in budding yeast), and this feature might
contribute to their association with core histones, which pos-
sess high isoelectric points. In addition to core histones, various
chromatin proteins have roles in the organization of chromatin.
Heterochromatin protein 1 (HP1) is known to play a crucial
role in the organization of heterochromatin. Vertebrate Arp6
associates with HP1 and is co-localized in regions of pericentric
heterochromatin.?®

The domains of the nuclear ARPs that are responsible for
intermolecular interactions have not been elucidated in detail
yet. However, some observations have suggested the involvement
of the insertion domains that are specific for each nuclear ARP.
Insertion II of yeast Arp4 is responsible for the interaction with
core histones mentioned above.”” In addition, the brain-specific
isoform of human Arp4, BAF53b/ArpNa, interacts with the
transcriptional corepressor CtBP through the a-specific region
(Fig. 1).! BAF53b/ArpNa is structurally distinct from the
other isoform BAF53a/ArpNf in this region,'” and the cor-
responding B-specific region of BAF53a/ArpNp (Fig. 1) does
not associate with C¢BP,'” but is co-precipitated with a HAT
enzyme.'” Therefore, it is expected that the distinct intermo-
lecular interactions in which the insertion domains participate
are responsible for the individual functions of specific ARPs in
the nucleus.

Actin-binding proteins and myosin are known to be major
binding partners of cytoplasmic actin. Although the interaction
of ARPs with these molecules has not been analyzed in depth,
some observations suggest that ARPs also interact with actin-
binding proteins and members of the myosin family. Mouse
Arp4 interacts with gelsolin,' and the interaction is thought to
contribute to the recruitment of the Brg/BRM complex, which
includes Arp4, to gene promoters through the association of

gelsolin with a nuclear receptor.*®

Importantly, the residues in
actin that bind gelsolin are highly conserved in Arp4 from yeasts
to humans, which suggests that the interaction between Arp4
and gelsolin is evolutionarily conserved.'”” Recently, it has been
shown that the actin-bundling protein actinin-4 interacts with
the INO80 complex, which contains actin, Arp4, Arp5 and
Arp8, and participates in transcriptional regulation.'”® Given
that actinin in the cytoplasm associates with filamentous actin,
it is supposed that a subcomplex that contains monomeric actin
and some ARP molecules interacts with actinin-4 in the nucleus.
Another actin-binding protein, profilin, also associates with
ARDPs in the nucleus.'”'"* Indeed, a number of actin-binding pro-
teins are found in the nucleus, and at least some of them would be
expected to function in association with ARPs.

With respect to myosin, an isoform of myosin I has been
shown to accumulate in the nucleus and has been named nuclear
myosin I (NM1)."">1"2 NM1 is required for transcription by RNA
W7 Te has also

been shown that NM1 is required for the directional movement

polymerases I and II both in vitro and in vivo.

of active genes into the center of the nucleus and to the subcom-
partmental interchromatin granules, which harbor key factors for
transcriptional elongation and pre-mRNA splicing.”**" In addi-
tion, NM1 is required for the repositioning of entire chromo-
some territories after the removal of serum from the culture.®?
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Importantly, actin and Arp4 are required for this activity of
NMI1.7#! These observations suggest that members of the actin
family are involved in functional associations with members of
the myosin family in the nucleus. It seems plausible that func-
tional interactions between NM1 and nuclear ARPs have a major
role in regulating the spatial positioning and the dynamics of
chromatin within the nucleus.

Perspectives

Two hierarchical genome structures, the organization of chro-
matin on the chromosomes and the spatial arrangement of
chromatin in the nucleus, have central roles in the regulation of
genome functions, including the processes of transcription, DNA
replication and repair. It can be supposed that nuclear ARPs are
involved in various biological phenomena through their contri-
bution to these hierarchical organizational processes.

Recently, it has been reported that Arp6 is involved in thermo-
sensing in plants."'® Interestingly, Arabidopsis mutants in ARP6
were found to exhibit a global high-temperature response even at
lower temperatures, which indicated that Arp6 is involved in the
temperature-sensing machinery. Given that mutants of genes for
the histone variant H2A.Z show similar phenotypes, the findings
suggest that the abnormal temperature response in 7p6 mutants
results from a defect in the deposition of H2A.Z by the SWR1/

SRCAP ADCR complex, which contains Arp6. Nucleosomes that
contain H2A.Z have been shown to be involved in the forma-
tion of “nucleosome-free regions” in gene promoters in mamma-
lian cells,'” and indeed, in Arabidopsis, nucleosomes that contain
H2A.Z are evicted from chromatin at high temperature.''® Arp6 is
evolutionarily conserved, and it is plausible that Arp6 also has this
function in response to environmental changes in other eukary-
otes. Although the major contribution of Arp6 during tempera-
ture sensing appears to be the deposition of H2A.Z,"'%120 Arp6
also has an H2A.Z-independent function in the nucleus, which is
described above.” It would be interesting to determine the involve-
ment of the H2A.Z-independent function of Arp6 in responses to
environmental changes in plants and other organisms.

The organization of the nucleus changes during differentia-
tion and development, and the disruption of this organization
has been observed in multiple types of cancer cell. However, in
contrast to the structure of chromatin, little is known about the
factors that contribute to the architecture of the nucleus. Nuclear
ARDPs are novel molecules that have important functions at both
hierarchical levels of organization. Given the evolutionary con-
servation and multiple important functions of actin and ARDPs
in the organization and dynamics of the cytoskeleton, further
analyses of the nuclear ARPs will certainly contribute to under-
standing of the molecular basis and dynamics of the nuclear
architecture.
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