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An increasing number of actin-related proteins (Arps), which share the basal structure
with skeletal actin but possess distinct functions, have been found in a wide variety of
organisms. Individual Arps of Saccharomyces cerevisiae were classified into Arps 1-10
based on the relatedness of their sequences and functions, where Arpl is the most simi-
lar to actin, and ArplO is the least similar. While Arps 1-3 and their orthologs in other
organisms are localized exclusively in the cytoplasm, Arp4 (also known as Act3) is local-
ized in the nucleus and is involved in transcriptional regulation. Here we examined the
more divergent Arps for possible nuclear functions. We show that Arps 5-8 are localized
in the nucleus, but ArplO is not. The nuclear export signals identified in actin are well
conserved in the cytoplasmic Arps, Arps 1-3, but less conserved in the nuclear Arps. Gel
filtration chromatography experiments show that the nuclear Arps are larger than
monomer in size and thus are present in multi-protein complexes. Since nuclear protein
complexes containing Arps are found to be responsible for histone acetylation and chro-
matin remodeling, it is suggested that most of the divergent Arps are involved in the
transcriptional regulation through chromatin modulation.

Key words: actin-related protein, chromatin, nuclear localization, protein complex, tran-
scriptional regulation.

The actin-related proteins (Arps) constitute a recently char-
acterized protein family whose members exhibit moderate
sequence similarity to each other and to conventional actin
(for reviews, 1-4). Arps and conventional actin appear to
share a common ancestor and compose the branch of the
actin family within a superfamily of proteins that have an
ATP-binding pocket, including 70-kDa heat shock cognate
(Hsc70) and hexokinase (5). Various Arps, including mem-
bers less similar to actin, have been found in a wide range
of eukaryotdc organisms with the progress of genome se-
quencing projects (3, 6), and these comparative studies
show that this protein family is much more divergent than
previously thought. While previously analyzed Arps possess
important and distinct functions from actin, the function of
many of the Arps has not yet been addressed. The budding
yeast Saccharomyces cerevisiae, whose entire genome se-
quence has been determined, is a particularly appropriate
organism to classify and analyze the functions of Arps.
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The 10 Arps (Arps 1-10) of S. cerevisiae have been classi-
fied according to their similarity to actin, where Arpl is the
most similar and ArplO is the least similar (7). Arps closely
related to Arps 1-3 of S. cerevisiae have been characterized
in various organisms including vertebrates, and these Arps
are classified as Arps 1-3, respectively. It has been shown
that Arps 1-3 are predominantly localized in the cytoplasm
as a component of multi-protein complexes that are the
basal units of their function. Moreover, Arps 1-3 each have
a similar function across eukaryotic phyla. Arpl is the
major subunit of dynactin, a 1-2 MDa macromolecular com-
plex initially identified as a factor that promotes dynein-
mediated movement along microtubles, with nine other
polypeptides (8). A remarkable feature of Arpl is that it is
the only Arp known to polymerize into filaments (9). Arps 2
and 3 are present in a macromolecular complex with six
other polypeptides, and the complex is an essential compo-
nent of actin-filament network in the cytoplasm (for re-
views, 10-12).

Although information about the more divergent Arps,
including Arps 4—10 of S. cerevisiae, is still limited, it
appears that some of them have distinct subcellular local-

, ization and/or functions from Arps 1-3. We have shown
that Arp4 (also known as Act3) is an essential protein for
growth of & cerevisiae (13) and is the first example of an
Arp localized in the nucleus (14). Act3/Arp4 interacts with
core histones, and is involved in transcriptional regulation
through the establishment, remodeling, or maintenance of
chromatin structure (75, 16). Recently it was shown that
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NuA4 histone acetyltransferase complex (17) contained
Act3/Arp4 together with Actl, the yeast actin (18). Arps 7
and 9, whose subcellular localization has not been exam-
ined, are included in both Swi/Snf and RSC chromatin
remodeling complexes (19,20). The subcellular localization
of Arps 7 and 9 can not be concluded only from this obser-
vation, because actin, which exists primarily in the cyto-
plasm, is a component of a histone acetyltransferase
complex (18) and of a Swi/Snf-like chromatin remodeling
complex (4, 21). Therefore, the subcellular localizations of
Arps 1-4 only were reported so far.

Here we examined subcellular localization of the more
divergent Arps of & cerevisiae using fusion to green fluores-
cent protein (GFP). Surprisingly, most of the divergent
Arps were found to be localized in the nucleus. Although
these proteins are functionally distinct from the cytoplas-
mic Arps 1—3, these nuclear Arps are like cytoplasmic Arps
in that they are present in high molecular mass complexes.

MATERIALS AND METHODS

Yeast Strains, Media, and General Methods—Strain MZ3
(MATa pep4-3 trpl Ieu2-Al ura3-Al) was derived from
20B12 (22). Yeast strains DY2864 (MATBL his4-9128-ADE2
his4-912h Iys2-128i> canl trpl ura3 ACT3) and DY4519
(MATa his4-912S-ADE2 lys2-128S canl Ieu2 trpl ura3 act3-
tsl2) were used for complementation analysis. To isolate a
new temperature-sensitive allele oiACT3IARP4, a plasmid
shuffle was performed as described (23). A 3.1 kb Xbal-
Xhol fragment with ACT3/ARP4 was cloned into Xbal-
and X7wl-digested pRS315, creating plasmid M2997. This
plasmid was mutagenized with hydroxylamine and trans-
formed into strain DY3677 (act3.-TRPl ade2 canl his3 Ieu2
trpl ura3) with plasmid M2706, a URA3 plasmid with the
ACT3IARP4 gene. Transformants were grown on 5-fluoro-
orotic acid to select for colonies that have lost the URA3
M2706 plasmid but retain the mutagenized LEU2 plasmid.
These strains, which grew well at 30*C, were screened for
complete lack of growth at 37*C. Plasmids with the act3-
tsl2 allele were recovered and retransformed to verify that
the phenotype is plasmid-dependent. DNA sequencing
shows that the act3-tsl2 allele has a single amino acid sub-
stitution of G455S. The native ACT3IARP4 allele was
replaced with the act3-tsl2 allele using strain DY3460 as
described (15), and crosses were performed to yield strain
DY4519.

Plasmid Constructs—Primers used for PCR amplifica-
tion of genes are listed in Table I. The genes coding for a
yeast Arp were amplified with the primer sets for each ARP
with yeast genomic DNA as a template. All reactions were
done in a total volume of 50 jii with final concentration of 1
x Pfu DNA polymerase buffer (Stratagene, La Jolla, CA),
0.4 JJLM dNTPs, and 0.25 ^LM each primer with 2.5 units of
cloned Pfu DNA polymerase (Stratagene). Plasmid vector
pGAL-GFP, which can express a GFP gene fusion under
the control of GAL1 promoter, was constructed: the first
PCR amplified the entire coding sequence for GFP with
primers that introduce Sail and Xhol sites at each end,
then this Sail—Xhol fragment was cloned into plasmid
pYEUra3. Using the primer-derived BamHl and Sail sites
of the amplified PCR products for the various Arps, the
entire coding sequences for Arps were subcloned into the
corresponding cloning sites upstream of GFP in pGAL-

TABLE I. Primers used in this study.

CFP

ARP4

ARP5

ARP6

ARP7

ARHH

ARP9

ARP10

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

CGCGTCGACTATGGGTAAAGGAGAAGAAC

CCGCTCGAGCTTGTATAGTTCATCCAT

AAGGATCCATGTCCAATGCTGCTTTG

CGCGTCGACCTAAACCTATCGTTAAG

GTGGATCCATGTCTAGCAGAGACGC

CGCGTCGACAGGTCTTCAAAATACTTCG

TCGGATCCATGGAAACACCACCCATTG

CCGGTCGACGATATCCAATTCTGGTAAC

GCGGATCCATGACATTGAATAGGAAG

CCAGTCGACAGGTTTGTTGCGTTCGTAGC

CGGGATCCATGTCGCAAGAAGAAGCAG

CCTGTCGACGAGTACGTGAAAATACATTT

GAGGATCCATGGTCCCATTTAGGCAG

CGCGTCGACGAAAATTGCACGTCCCAAAG

GCGGATCCATGTCGAATACTATTCTG

CCTGTCGACGATTGTAAGCGCTTCACTCC

GFP, and plasmids coding for an Arp fused in frame at its
carboxyl-terminus to GFP were constructed.

Cell Culture—The yeast transformants were grown in 20
ml of synthetic complete media minus uracil in the pres-
ence of 2% glucose as sole sources of carbon and energy at
24*C overnight to early log phase. After being harvested
and washed twice with water, cells were inoculated in 100
ml of 2% polypeptone/1% yeast extract/2% galactose and
cultured at 24"C for 10 h. For preparation of yeast extract,
cells were harvested by centrifugatdon, washed once with
water, and kept at -70"C for at least 1 h. Cells were resus-
pended in two volumes of gel filtration buffer (25 mM
HEPES, pH 7.4, 50 mM KC1, 5 mM MgCL,, 1 mM EDTA,
5% glycerol, 1 mM DTT, protease inhibitors). After addition
of DNasel (TaKaRa Shuzo, Shiga) at 350 U/ml, cells were
disrupted by vortexing with an equal volume of glass
beads.

Western Blot Analysis—-Endogenous Act3/Arp4 and GFP-
fusion proteins on the blots were detected with a polyclonal
rabbit antibody against Act3/Arp4 (14) and with a poly-
clonal rabbit antibody against GFP (Santa Cruz Biotech-
nology, Santa Cruz, CA). The anti-GFP antibody was used
for Western blot analysis after incubation with yeast
extract prepared from MZ3 (100 (il/ml of working solution)
at room temperature for 30 min to absorb antibodies that
recognize yeast proteins non-specifically.

Gel-Filtration Column Chromatography—Yeast extracts
prepared from 300-ml culture of cells were applied to a
TSK-gel HW65S (Toyo Soda Manufacturing, Tokyo) column
(2.2 X 60 cm) which had been equilibrated with the gel fil-
tration buffer, and proteins were eluted with the same
buffer at a flow rate of 2 ml/min. Two-milliliter fractions
were collected from 55 min after the start of gel filtration,
and 1 ml of each fraction was subjected to Western blot
analysis after TCA-precipitation of proteins. Alternatively,
eluted proteins were pooled into two fractions correspond-
ing to 55 to 81 min and 82 to 90 min in elution time as
>150 kDa and <150 kDa fractions, respectively, and one
twentieth of each fraction was subjected to Western blot
analysis after TCA-precipitation.
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Confocal Laser Scanning Microscopy—Cells were fixed in
4% formaldehyde for 30 min, washed twice in PBS, and
resuspended in 20 \il of PBS containing 1.7 ng/ml propid-
ium iodide and 1 mg/ml ribonuclease A (Sigma, St. Louis,
MO). Samples were placed on a glass slide and squashed
gently under a cover slip. Propidium iodide staining and
ribonuclease treatment were performed at 37*C for 8-12 h.
The following conditions were used for confocal microscopy
(NRC-1024, Bio-Rad, Hemel Hempstead, United Kingdom):
excitation at 488 nm with a krypton-argon laser and detec-
tion using 522DF32 emission filter allowed visualization of
GFP-mediated fluorescence with no significant autofluores-
cence background. Excitation at 568 nm and an emission
filter 585EFLP were used to visualize the fluorescence of
nuclei stained with propidium iodide.

observation of the GFP signal in cells, and the exfract was
fractionated by gel nitration (Fig. 3, upper panel). Using an
antd-Act3/Arp4 antibody; a part of the endogenous Act3/
Arp4 was detected in a wide range of fractions in higher
molecular mass (fractions 8-22) with a peak at around 1-2
MDa (fraction 16). The amount of Act3/Arp4-GFP is slightly
less than that of endogenous Act3/Arp4 in these cells, but is
not excessively expressed. The elution profile of Arp4-GFP
from the gel filtration column was nearly the same as that
of endogenous Act3/Arp4 (Fig. 3, upper panel), and GFP
itself was mostly separated into the fractions covering the
molecular mass of its monomer (Fig. 3, lower panel, frac-
tions 28-32). These results, taken together with the results

RESULTS AND DISCUSSION

Construction and Expression of Arp-GFP Fusions—
Green fluorescent protein (GFP) is often used as a tag to
characterize proteins in a wide variety of organisms includ-
ing S. cerevisiae. In the case of actin-related proteins (Arps)
in S. cerevisiae, it was previously shown that Arp2 and
Arp3 that were fused with GFP at their carboxyl termini
were both localized in the cytoplasm, and that Arp2-GFP
and Arp3-GFP fusions both rescued the appropriate tem-
perature-sensitive mutations (24). To examine the more
divergent Arps of & cerevisiae (Arps 4—10), we constructed
and expressed the Arps conjugated with GFP at their car-
boxyl termini (Fig. LA). Expression of the various Arp-GFP
fusions was induced at 24'C for 10 h to avoid producing
excessive Arp fusions (see below). Expression of the Arp-
GFP fusions was detected by Western blot analysis with an
anti-GFP antibody. In all of the transformants GFP-fusion
proteins of the appropriate molecular mass were detected
(Fig. IB).

Comparison of Endogenous Arp and Its Fusion with
GFP—We examined the effect of GFP on the divergent Arp
fusions. Analysis of the individual Arps has just begun, and
genetic and functional information is not available for
checking all of the divergent Arp fusions. On the other
hand, although sequence alignments show that Arps 4-10
all have insertions when compared to actin (Fig. LA), it is
believed that they will all show a similar dimensional
structure to actin (2, 3, 7). Additionally, the amino acid
sequences at their carboxyl termini, where the GFP fusion
occurs, are relatively well conserved (Fig. 1A) (7). Therefore,
Act3/Arp4, the most characterized divergent Arp, was used
to represent them.

A genetic complementation experiment was performed to
determine whether the Act3/Arp4-GFP fusion protein was
functional. The Act3/Arp4-GFP plasmid was transformed
into a strain with a temperature-sensitive arp4 allele that
is unable to grow at 37"C. Act3/Arp4-GFP expressed from
the GAL1 promoter on medium with galactose was able to
rescue the growth defect of the temperature-sensitive mu-
tant at the non-permissive temperature (Fig. 2).

Recent work has shown that 1.3 MDa NuA4 histone ace-
tyltransferase complex (17) contains Act3/Arp4 (18). Thus
we compared the native molecular mass of Act3/Arp4 and
its GFP-fusion by gel filtration chromatography. An extract
was prepared from yeast cells expressing both endogenous
Act3/Arp4 and Act3/Arp4-GFP under the conditions for the

NKS-l, NES-2

B
GFP Arp+GFP

kDa 4 5 6 7 8 9 10
200 —

116—
97—

66—

45 —

anti-GFP polyclonal antibody
Fig. 1. Construction and expression of Arp-GFP fusion pro-
teins for Arps 4-10. (A) Schematic representation of Arps of S. cer-
evisiae. The blocks of conservation and sequence insertions are
indicated by solid boxes and hatched boxes, respectively, while the
dotted lines represent gaps introduced for alignment. Boxes distin-
guished by arrows indicate the positions of motifs corresponding to
NES-1 and NES-2 of actin. Boxes marked by GFP represent the po-
sition of GFP conjugated to the Arps. (B) Detection of expressed fu-
sion proteins by Western blot analysis. Numbers over the panel re-
present the Arp gene number. Extracts from cells expressing each of
the fusion proteins were subjected to Western blot analysis accord-
ing to the "MATERIALS AND METHODS." Arrowheads show fusion
proteins detected with appropriate molecular mass.
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of complementation experiments with Act3/Arp4-GFP and
the findings on Arp2-GFP and Arp3-GFP described above,
suggest that the fusion of GFP to the carboxyl termini of
Arps is unlikely to have a significant effect on protein func-
tion.

Subcellular Localization of More Distantly Related Arps
than Arps 1-3—Yeast transformantB expressing the Arps-
GFP fusions were fixed, stained with propidium iodide, and
observed with a confocal laser microscope (Fig. 4). In cells
expressing GFP that was not fused to another protein, the
fluorescence of GFP was dispersed throughout the cell and
was not concentrated in the nucleus. As the molecular mass
of GFP itself is small enough to go through the nuclear
pore, the results show that GFP, which is not localized in
the nucleus by itself, passively diffused in the cells. On the
other hand, Act3/Arp4-GFP was observed to be concen-
trated uniformly in the nucleus as reported previously {14),
and the overlap of the two fluorescences of GFP and propid-
ium iodide turned the color of nuclei yellow in the merged
image (Fig. 4, Arp4-GFP, right panel). Along with many
studies using GFP-fusion proteins (25), these results sup-
port the utility of the GFP-system for determining the sub-
cellular localization of Arps of S. cerevisiae. We noted that
there were some differences in the intensity of the GFP-flu-
orescence in the population of transformed cells. These dif-
ferences probably result from variation in plasmid copy
number and/or in the condition of the cells.

Among the divergent Arps of & cerevisiae, Arps 5 and 7-
9 fused to GFP were clearly concentrated in the nucleus as
strongly as Arp4-GFP. In the case of Arp6, the fluorescence
of Arp6-GFP was rather observed in the nucleus, and the
color of nuclei turned yellow in the merged image (Fig. 4,
Arp6-GFP, right panel). In contrast to the other nuclear
Arps (Arps 4, 5, 7, 8, and 9), a significant amount of Arp6-
GFP was observed in the cytoplasm. As the molecular mass
of Arp6-GFP, as well the other nuclear Arps, is too large to
passively diffuse through nuclear pore, this difference in
subcellular distribution suggests that Arp6 has a weaker
nuclear targeting signal or a more modest nuclear export
signal than the other nuclear Arps. ArplO-GFP showed a
quite different pattern from Arps 4-9. ArplO-GFP was not

observed predominantly in the nucleus, but was dispersed
throughout the cells. The nuclei appear red in the merged
image of GFP and propidium iodide (Fig. 4, ArplO-GFP,
right panel). ArplO is the smallest Arp ever reported, and
ArplO-GFP is small enough to diffuse through the nuclear
pore. Thus, this result suggests that ArplO is not localized
predominantly in the nucleus, but ArplO translated in the
cytoplasm passively enters the nucleus as well as GFP.

Comparison of the Motifs Corresponding to Nuclear Ex-
port Signals ofActin—In spite of its small molecular mass,
monomeric actin exists primarily in the cytoplasm. The
subcellular distribution of actin is controlled by nuclear
export signals (NESs) present in its amino acid sequence
(4,26). NESs were first identified as short sequence motifs
that are necessary and sufficient to mediate the nuclear
export of large carrier proteins (27,28). Important for their
function is a characteristic spacing of hydrophobic residues.
Actin contains two NES sequences (NES-1 and NES-2,
Figs. 1A and 5A), and both are conserved in all isoforms of
actin from higher eukaryotes to yeast. Each NES contains
four hydrophobic residues with a specific spacing (Fig. 5A,
boxed residues) (26).

The peptide blocks of actin where the NESs are localized
(Fig. 1A, boxes indicated by NES-1 and NES-2) are rela-
tively well conserved in Arps in & cerevisiae, except ArplO
(Fig. 1A). NES-1 and -2 of actin were aligned with the cor-
responding sequences in Arps 1-9 of S. cerevisiae, and the
four hydrophobic residues in the NESs were boxed (Fig.
5A). In Arpe 1-3, the four residues in each motif are mostly
conserved or substituted by other hydrophobic residues

fractions from a gel filtration column (HW 65S)

Vo 2 4 I I II II II l< IS 20 32 24 2< 211 .U .12

(kDa)

200

arp4-W
OMIAR?4-GTT

nrp4.lv
f. t V /- tDPJ-FI \C.

37 V

Fig. 2. Complementation of an arp4 mutant with Act3/Arp4-
GFP fusion. A temperature-sensitive mutant possessing a point
mutant in ACT3IARP4 was transformed with a plasmid coding for
an Act3/Arp4-GFP under GAL1 promoter (arp4-ts/GAL7-ARP4-
GFP), or with a plasmid coding for an Act3/Arp4 tagged with a
FLAG epitope under GAL1 promoter (arp4-ts/GAL2-ARP4-FLAG).
The transformants and a strain possessing a wild-type Act3/Arp4
(ARP4-wt) were grown in the presence of glucose (upper panels), or
galactose (lower panels) as the only carbon source at 26*C (middle
panel) or at 37'C (right panel) for 3 days. The left panel shows the
positions of yeast strains on the plates.

Arp4

M9 456 1*0 90 (kDa)

Arp4 and Arp4-GFP with antl-Arp4 antibody

GFP-
kk

ISO 90

GFP with anti-GFP antibody
Fig. 3. Native molecular mass of endogenous Act3/Arp4 and
its conjugation with GFP. Extracts from cells expressing endoge-
nous Act3/Arp4 and Act3/Arp4-GFP (upper panel) or GFP (lower
panel) were fractionated on a HW65S gel nitration column, and the
proteins in the fractions were detected on a Western blot with an
anti-Act3/Arp4 antibody (upper panel) or an anti-GFP antibody
flower panel). The positions of proteins detected on the blot are
shown by arrows on the left of each panel. The numbers of fractions
and the positions of molecular mass standard proteins are shown
over and under each panel, respectively.
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GFP merged

GFP

Arp4
GFP

GFP merged

Arp5
GFP

Fig. 4. Subcellular localization of more distantly related Arps
than Arps 1-3. Cells expressing an Arp-GFP fusion protein were
observed under a confocal laser scanning microscope DNA-staining
with propidium iodide (red color in left panels of each set) and the

Arp7-
GFP

Arp8
GFP

Arp9
GFP

ArplO
GFP

distribution of the fluorescence of GFP (green color in middle panels
of each set) were observed. These two images were merged in the
right panels of each set, and the overlap of the fluorescences of GFP
and propidium iodide showed yellow. (Bar = 10 jun.)

(Fig. 5A), and the sums of the hydrophobic value of the four
residues in the motifs are not much lower than those of
actin (Fig. 5B). As Arps 1-3 are localized exclusively in the
cytoplasm, we expect that the NES motifs in Arps 1-3 func-
tion as well as those of actin. On the other hand, in nuclear
Arps 4—9, the sums of hydrophobicity value of the residues
are smaller than those of the cytoplasmic acttn-family pro-
teins, actin and Arps 1-3 (Fig. 5B), showing that the con-
servation of the motdfe is correlated with subcellular
localization of the Arps. We note that among the nuclear
Arps of & cerevisiae, Arp6 has the highest value in the
hydrophobicity of the residues in the motifs, and this pro-
tein had significant cytoplasmic accumulation. Taken to-
gether, these findings suggest that, while the NES motifs
do not seem to be functional in most of the nuclear Arps
(Arps 4, 5, 7, 8, and 9), the motifs in Arp6 might possess
some ability for nuclear export.

The Presence of Nuclear Arps in High Molecular Mass
Complexes—Arps 1-3 of S. cerevisiae and their orthologs in
other organisms including vertebrates have been character-
ized relatively well, and it has been shown that they form

multi-protein complexes that are the basal units of their
function (8, 29). In addition, ArplO was recently shown to
interact with Arpl by two-hybrid analysis (30), suggesting
that the cytoplasmic Arps are contained in multi-protein
complexes. To investigate whether Arps in the nucleus are
also present in large complexes, we determined the native
molecular mass of the nuclear Arps. Extracts from cells
expressing each of the Arps conjugated with GFP were sep-
arated by gel-filtration into two fractions corresponding to
>150 kDa (Fig. 6, lanes H) and <150 kDa (Fig. 6, lanes L)
in molecular mass, and the presence of the fusion proteins
in the fractions was detected with an anti-GFP antibody.
The amounts of the fusion proteins present in the two frac-
tions are summarized in Table II. For Arps 5-9, a signifi-
cant fraction of the GFP fusion was present in the >150
kDa fraction. This suggests that these nuclear Arps, like
Act3/Arp4, are able to form high molecular mass complexes
with other proteins. For Arp7 and Arp9, these results are
consistent with previous reports showing that these pro-
teins are present in multi-protein complexes, the Swi/Snf
and RSC chromatin remodeling complexes (19, 20). As
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GFP

NES1
Actl(actln)
Arpl
Arp2
Arp3
Arp4
ArpS
Arp6
*rp7
ArpS
Arp9
ArplO

ALPA84MRHDIQ
VLSHLIUUDVA
V108A I KM IPIA
TlSKSIRKtriA

VLEHBII1L

PITKA9KKLDI8

QLDBLl/SSIP^O
P L QQTIKX 9 K

NES2
j

T4KKKV-CXLMN
QIKEKI-CXVBIDJ
MIKS
MIKKQC

SLKKSI

-CHIRP*
-l-CTD

-LTVSCV

B
• 15

Acll Arpl Arpl ArpJ Arpl ArpS Arp4 *rp7 Arpl Arp«

Fig. 5. Conservation of nuclear export sequences (NESs)
among Arps of S. cereoisiae. (A) The amino acids motifs of NES-1
and -2 in actin of S. cerevisiae were compared with the corresponding
sequences of Arps 1-10 of S. cereuisiae according to the alignment by
Poch and Winsor (7). Four hydrophobic residues reported to be re-
quired for NES function in actin are boxed. (B) The sums of the hy-
drophobic value of the four residues boxed in A. The values of the
motifs corresponding to NES-1 (open bar), NES-2 (hatched bar), and
the total of both NES-1 and -2 (closed bar) are shown for Arps 1-9.

these complexes do not contain any other Arps, the nuclear
Arps would be contained in several distinct complexes.

Possible Function of the Nuclear Arps—The subcellular
distribution of all Arps in & cerevisiae is now disclosed, and
surprisingly, it was found that not only Act3/Arp4 but also
most of the divergent Arps of & cerevisiae are localized in
the nucleus. As none of the nuclear Arps except Act3/Arp4
is able to rescue temperature-sensitive act3/arp4 mutants
(Harata, M. and Tabuchi, T., unpublished observation),
Arps 5-9 must have distinct functions from Act3/Arp4. In
spite of such divergent functions of Arps both in the cyto-
plasm and the nucleus, here we showed that the nuclear
Arps were contained in high molecular mass complexes like
cytoplasmic Arps, suggesting that all Arps function as sub-
units of the complexes. Since, a cytoplasmic Arp, Arpl, and
a nuclear Arp, Act3/Arp4, have the ability to bind ATP as
well as actin (2,16), Arps may regulate the function and/or
formation of the complexes by using this ability.

In contrast to Arps 1-3, information about the functions
of the nuclear Arps is limited. However, protein complexes
containing nuclear Arps are shown to be involved in the
function of chromatin. As mentioned above, NuA4 histone

GIGFP
\rpS- \rp6-
GFP GFP

Arp7-
GFP

H I HII

Arp8- Arp9-
GFP GFP

H L H L

GFP with unti-GFP antibody
Fig. 6. Extracts from cells expressing the GFP fusion proteins
containing each nuclear Arp were applied to the gel filtra-
tion column and separated into two fractions containing
proteins of >150 kDa (lanes H) and <1SO kDa (lanes L) in na-
tive molecular mass. The fusion proteins in the fractions were de-
tected with the anti-GFP antibody.

TABLE II. Relative distribution (.%) of the fusion proteins in
the two fractions from a gel filtration column HW6SS corre-
sponding to <150 kDa and >150 kDa of molecular mass.

Molecular
mass
>150kDa
<150kDa

GFP

<1
>99

Arp4-
GFP

34
66

Arp5-
GFP

48
52

Arp6-
GFP

31
69

Arp7-
GFP

90
10

Arp8-
GFP

69
31

Arp9-
GFP

44
56

acetyltransferase complex (18) and both Swi/Snf and RSC
chromatin remodeling complexes (19, 20) contain the nu-
clear Arps of S. cerevisiae. Temperature-sensitive act3/arp4
mutants lose the activity of NuA4 complex at the non-per-
missive temperature (18), and the deletion of either ARP7
or ARP9 gene causes the su;i/sn/"phenotype (19,20), show-
ing the importance of the Arps in the complexes.

Nuclear Arps have been reported also in metazoan. In
human, two Arps, hArpNa and hArpN(3/BAF53, both of
which show similarity to Act3/Arp4 of S. cerevisiae, are
localized in the nucleus (21, 31). Interestingly, hArpNp/
BAF53, together with actin, was shown to be a component
of Swi/Snf-like RAF chromatin remodeling. Actin and hAr-
pNp/BAF53 are required for optimal ATPase activity of the
complex (21). In addition, Drosophila Arp6/ArpX (also
known as Arp4, but note this is not the ortholog of & cerevi-
siae Act3/Arp4) is co-localized in the nucleus with HP1 (het-
erochromatin protein 1), and is suggested to be involved in
the formation of heterochromatin by forming a complex
with HP1 (32).

Observations on these nuclear Arps both in yeast and
metazoans show that they are required for integrity and/or
regulation of the activity of the complexes involved in the
modulation of chromatin structure. Functional analyses of
nuclear Arps have just begun; however, it seems likely that
most of the divergent Arps in the nucleus are involved in
the regulation of gene expression through the chromatin
modulation.
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