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Fhos, a mammalian formin, directly binds to F-actin
via a region N-terminal to the FH1 domain and forms a
homotypic complex via the FH2 domain to promote
actin fiber formation
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Summary

Formins constitute a family of eukaryotic proteins that are  formation. However, the N-terminal region of Fhos is
considered to function as a cytoskeleton organizer to required for the targeting of this protein to stress fibers,
regulate morphogenesis, cell polarity and cytokinesis. Fhos which is probably mediated via its F-actin-binding activity.

is a recently identified mammalian formin, which contains  We also show that Fhos occurs as a homotypic complex in
the conserved domains FH (formin homology) 1 and FH2 cells. The self-association of Fhos seems to be mediated via
in the middle region and the Dia-autoregulatory domain the FH2 domain: the domains bind to each other in a direct
(DAD) in the C-terminus. The role of Fhos in the regulation  manner. Thus, the mammalian formin Fhos, which directly
of cytoskeleton, however, has remained unknown. Here we binds to F-actin via the N-terminal region, forms a
show that Fhos, in an active form, induces the formation of homotypic complex via the FH2 domain to organize actin
actin stress fibers and localizes to the actin-based structure. cytoskeleton.

Fhos appears to normally exist in a closed inactive form via

an intramolecular interaction between the N-terminal

region and the C-terminal DAD. Both FH1 and FH2  Key words: Formin proteins, Fhos, Diaphanous proteins, Actin,
domains are required for the induction of the stress fiber Stress fiber, Rac

Introduction which is maintained by an intramolecular interaction between
The actin cytoskeleton functions in various cellular eventsthe N- and C-terminal regions (Alberts, 2001; Ishizaki et al.,
including cell motility, morphogenesis, cytokinesis, and2001; Watanabe et al., 1999). Disruption of the intramolecular
establishment and maintenance of cell polarity. To perforninteraction by deleting the N- or C-terminal region leads to the
these multiple tasks, actin cytoskeleton dynamics must bactivation of mDia, thereby inducing the formation of stress
controlled by a variety of proteins that regulate processes sufiRers. On cell activation, binding of the small GTPase Rho to
as the polymerization of actin monomers into filaments and thé@e N-terminal region of mDia is considered to induce a
bundling of the filaments into a network (Amann and Pollardconformational change to render the protein in an open active
2000; Ayscough, 1998; Chen et al., 2000). Among theétate (Watanabe et al., 1999). The activated mDia seems to
regulatory proteins is the family of formins that are structurallyfunction via the core modules FH1 and FH2 (Nakano et al.,
characterized by the presence of two conserved regions, the B899; Watanabe et al., 1999). The FH1 region of formins is
(formin homology) 1 and FH2 domains. In the fission yeastich in proline residues, which appears to serve as a target of
Schizosaccharomyces pomtiere exists three members of thethe actin monomer-binding protein profilin and/or proteins
family, i.e. fusl, for3 and cdcl2, each participating in thecontaining an SH3 or WW domain (Bedford et al., 1997; Chan
construction of distinct actin-based structures (Chang et akt al., 1996; Evangelista et al., 1997; Imamura et al., 1997;
1997; Feierbach and Chang, 2001; Pelham and Chang, 200&amei et al., 1998; Watanabe et al., 1997). The FH2 domain,
Petersen et al., 1998; Sawin, 2002). In mammals, more thavhich locates C-terminal to the FH1 domain, is the most
five formins have thus far been identified, including mDiaconserved region among the formin family proteins. Recent
Fhos and FRL (formin-related gene in leukocytes) (Watanabgtudies have shown that the FH2 domain of Bnilp, a formin
et al., 1997; Westendorf et al., 1999; Yayoshi-Yamamoto et alcequired for actin cable formation in the budding yeast
2000). It is known that mDia in an active state induces théEvangelista et al., 2002; Sagot et al., 2002a), stimulates de
formation of actin stress fibers (Ishizaki et al., 2001; Watanabeovo actin polymerization in vitro (Pruyne et al., 2002; Sagot
et al., 1999), whereas roles of other mammalian formins in thet al., 2002b). The molecular function of FH2 domains of most
regulation of actin cytoskeleton have remained largely elusivdormin proteins is, however, under investigation.
In resting cells, mDia is probably folded in an inactive form, We had fortuitously cloned cDNA encoding a novel formin
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homologue, which was also identified as Fhos (formirused. Images were visualized with a Nikon Eclipse TE300 microscope
homologue overexpressed in spleen) by other investigatoesd captured on an ORCA digital camera (Hamamatsu Photonics,
during the course of the present study (Westendorf et alHamamatsu, Japan), with the exception of those shown in Fig. 3A and
1999). Although this formin might be involved in Fig. 5C, which were acquired by laser confocal microscopes LSM5

transcription from the serum response element (Westendoff*SCAL (Zeiss, Tokyo, Japan) and Radiance 2100 (Bio-Rad),
2001), its role in the regulation of actin cytoskeleton hadespectively.
remained unknown.

Here we show that Fhos in an active form induces thick actian in vitro pull-down binding assay

stress fibers, which seems to require both the FH1 and FREST (glutathion&transferase)-, MBP (maltose-binding protein)-, or
domains. Fhos localizes to the actin-based structure: the MNis-tagged proteins were expressedEstherichia colistrain BL21
terminal region of Fhos probably mediates the targeting of thisnd purified by glutathione—Sepharose-4B (Amersham Pharmacia
protein to actin stress fibers, probably via its F-actin-bindindpiotech), amylose resin (New England Biolabs), or His-bind resin
activity. We also show that the Fhos forms a homotypidNovagen, Madison, ~WI), respectively, according to the
complex in cells. The self-association of Fhos seems to HBanufacturerss protocol. Pull-down binding assays were performed as

mediated via the FH2 domain: the domains bind to each oth eviously described (Ago et al., 1999). Briefly, a pair of a GST-fusion

. . . . 0 ug) and an MBP- or His-tagged protein ({1§) were mixed in 1
in a direct manner. The novel function of the FH2 domain ma | of phosphate buffered saline (PBS: 137 mM NaCl, 2.68 mM KCI,

participate in processes that involve F-actin organization, sugl; " v NaHPQy and 1.47 mM KHPQs, pH 7.4) containing 1%
as promotion of actin filament assembly. Triton X-100. A slurry of glutathione-Sepharose-4B or amylose resin
was added to the mixture, followed by incubation for 30 minutes at
Materials and Methods 4°C. After washing three times with PBS, proteins were eluted with
- ) ) 10 mM glutathione or with 10 mM amylose. The eluates from the
Cloning of cDNA for human Fhos and plasmid construction resin were subjected to SDS-PAGE and stained with CBB (Coomassie
In the process of a yeast two-hybrid screening (Takeya et al., 200@®rilliant Blue).
we obtained by chance a human cDNA clone partially encoding a
novel formin homologue. On the basis of the sequence, we prepared ) )
the PCR product of 522 nucleotides (corresponding to amino acidsactin co-sedimentation assay
880-1053) and obtained, using the product as a probe, a full-lengiabbit skeletal muscle actin was purchased from Cytoskeleton
cDNA clone for human p127/Fhos (GenBank accession #AB04104&PDenver, CO). The depolymerized G-actin in a G-buffer (5 mM Tris,
from a human T-cell cDNA library (Stratagene, La Jolla, CA). ThepH 8.0, 0.2 mM ATP, 0.2 mM Cagland 0.5 mM dithiothreitol) was
cDNA fragments encoding Fhos-F (amino acids 1-1164), (1- polymerized by the addition of KCI, Mggland ATP at the final
1053), ANAC (415-1053), N (1-569), FH1 (451-619), FH2 (613- concentrations of 50 mM, 2 mM, and 1mM, respectively, and
1053), FH1FH2 (533-1053)C2 (1-1071)AC3 (1-1120),AC4 (1- incubated for 60 minutes at 25°C. His-tagged Fhos-N was diluted into
886) andAC5 (1-721) were amplified from the human Fhos cDNA bya F-buffer (5 mM Tris, pH 8.0, 50 mM KCI, 2 mM MgCI1 mM
PCR using specific primers. The cDNA encoding an FH1-truncatedTP, 0.2 mM CaCJ, and 0.5 mM DTT) and clarified by centrifugation
protein, AFHIAC (1-566 plus 639-1053), was obtained by PCR-for 1 hour at 4°C at 100,0Q9) Polymerized actin and His-Fhos-N at
mediated site-directed mutagenesis. The PCR products were ligatdte indicated concentrations were mixed in F-buffer and incubated for
to pGEX-6P (Amersham Biosciences, Tokyo, Japan), pMALc2 (Newb0 minutes at 25°C. The mixture was then centrifuged for 60 minutes
England Biolabs, Beverly, MA), pProEX-HTb (Invitrogen, Carlsbad, at 100,000y. Both supernatants and pellets were subjected to SDS-
CA), pEGFP-C1 (Clontech, Palo Alto, CA) or pEF-BOS (Noda et al. PAGE, followed by staining with CBB. In the case of the
2001). All the constructs were sequenced to confirm their identitiegjuantification of the free and bound His—Fhos-N, the amounts of the
The construct pEF-BOS-Myc—RhoA-G14V was a generous gift fronprotein on the gel were estimated by the image analyzer LAS1000
Yoshimi Takai (Osaka University). (Fuji Photo Film, Tokyo, Japan).

Cells and fluorescence microscopy F-actin blot overlay

COS-7 and Hela cells were cultured in Dulebecco’s Modified Eagle'§-actin blot overlays were performed by the method of Luna (Luna,
Medium (DMEM) supplemented with 10% FCS. Cells were 1998) with minor modifications. Briefly, lysates©f coli expressing
transfected with plasmids using Lipofectamine (Invitrogen), andGST-fusion proteins or purified His-tagged proteins were subjected to
cultured for 3 hours. After the addition of DMEM containing 10% SDS-PAGE, and transferred to a polyvinylidene difluoride membrane
fetal calf serum (FCS), cells were cultured for another 13 hourgMillipore, Bedford, MA). The membrane was incubated for 60
Following three washes with PBS, cells were fixed for 15 minutes iminutes at 25°C with 5Qg/ml of F-actin in the presence of 4®/

3.7% formaldehyde. Alternatively, cells were treated simultaneouslphalloidin in TBS (20 mM Tris, pH 7.4, and 150 mM NacCl)
with 1.9% formaldehyde and 0.1% Triton X-100 in PBS for the firstcontaining 0.1% Tween-20 and 3% BSA. The blots were washed three
2 minutes, and further fixed with 3.7% formaldehyde in PBS fortimes for 10 minutes in the same buffer and probed with an anti-actin
15 minutes (in the case of Fig. 4D). In either case, cells weremonoclonal antibody (Roche, Tokyo, Japan). Proteins were also
subsequently permeabilized for 4 minutes with 0.1% Triton X-100 iranalyzed by immunoblot with anti-GST polyclonal antibodies
PBS. After being washed three times, the permeabilized cells wefdmersham Pharmacia Biotech) or an anti-His monoclonal antibody
blocked with PBS containing 3% bovine serum albumin (BSA) for(Qiagen, Tokyo, Japan).

60 minutes (Ishizaki et al., 1997; Stokoe et al., 1994). Indirect

immunofluorescence analysis was performed using an anti-Myc S

primary antibody (9E10, Roche, Tokyo, Japan) and AMCAlMmunoprecipitation

(aminomethylcoumarin)-conjugated donkey anti-mouse secondamjela cells (410° cells) were transfected with indicated plasmids
antibody (CHEMICON, Temecula, CA) or Alexa Fluor 488-labeled using Lipofectamine (Invitrogen) and cultured for 36 hours in DMEM
goat anti-mouse secondary antibody (Molecular Probes, Eugene, ORupplemented with 10% FCS. The cells were broken with a lysis
For F-actin staining, Texas Red-X phalloidin (Molecular Probes) wasuffer (135 mM NaCl, 5 mM EDTA, 10% glycerol, and 20 mM
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HEPES, pH 7.4) containing 1% NP-40. The lysate was precipitateResults

with an anti-Myc antibody (9E10, Roche) or anti-Flag antibody (M2,stress fiber formation induced by mutant Fhos proteins

Sigma-Aldrich) in the presence of protein G-Sepharose. Afte:5 tudv th | f En . lati f th i
washing three times with the lysis buffer, the precipitants were applie 0 study the role ot 0S In regulation of the actin
to SDS-PAGE and transferred to a polyvinylidene difluorideCYtOSkeleton, we transiently expressed the protein in Hela

membrane (Millipore). The membrane was probed with the anti-Fla§€lls. As shown in Fig. 1A, expression of the full-length protein
monoclonal antibody, anti-Myc polyclonal antibodies (Santa CruAFhos-F) hardly affected a pattern of F-actin staining or cell
Biotechnology, Santa Cruz, CA), anti-GFP rabbit polyclonalshape. It is known that the best characterized mammalian
antibodies (Clontech) or anti-Fhos rabbit polyclonal antibodies. Théormin mDia appears to be folded in an inactive form via
anti-Fhos antibodies were raised against the C-terminal peptide (11251 intramolecular interaction between the N- and C-terminal
1144) of human Fhos. regions: a mutant protein deleting either termini are considered
to lack the interaction, and thus acts as an open
active form accordingly (Alberts, 2001; Ishizaki
A et al.,, 2001; Watanabe et al., 1999). It has been
GFP phalloidin GFP or ant-Myc____phalloidin also suggested that Fhos normally exists as a
closed inactive form via such a head-to-tail
interaction (Westendorf, 2001). We therefore
transiently expressed in HelLa cells a C-
terminally truncated mutant of Fhos (Fhd&),
which is expected to function as an active form.
As shown in Fig. 1A, expression of Fha&- led
to the elongation of cells and the formation of
actin stress fibers aligned with the long axis of
the cells. The finding is consistent with the
current idea that formin family proteins regulate
dynamic cytoskeletal networks during a variety
of biological processes (Afshar et al., 2000;
Emmons et al., 1995; Habas et al., 2001;
Woychik et al.,, 1990). The Fhos-induced
phenotypes, i.e. cell elongation and stress fiber
formation, are similar to those elicited by active
forms of mDia (Watanabe et al., 1999), but
different from those by an active form of the
small GTPase RhoA (G14V), in that Rho did not
induce cell elongation (Fig. 1A). The mutant
protein Fhos-FH1FH2, which retains the entire
FH1 and FH2 domains (amino acids 533-1053)
(Fig. 1B), was also capable of fully inducing the
stress fiber formation. However, a mutant protein
solely comprising the N-terminal, FH1 or FH2

Fhos-F
Fhos-N

Fhos-AC
Fhos-FH1

Fhos-ANAC
Fhos-FH2

Fhos-FH1FH2
Myc—RhoA-G14V

B e domain failed to form the stress fiber (Fig. 1A).
stress hlhﬂr

GFP FH1 FH2 formation

—»——mw——11 F (1-1,164) -

< T Ac - (1-1.053) + The DAD of Fhos in the C-terminus appears
e ANAC ~ (415-1,053) + to regulate the Fhos activity probably by

D— ;HIFm (rls_%:;;,nsz} + interacting with the N-terminus

= — -569) - . :

JE—— FHI (451-619) _ Deletion of the C-terminus of Fhos seems to

—— FH2  (613-1.053) _ render the protein in an active form, as
described above (Fig. 1). Alberts has recently

Fig. 1. Stress fiber formation induced by Fhos mutant proteins. (A) HeLa cells werteported that the diaphanous-related formin
transfected with vectors encoding the indicated mutant proteins of Fhos or RhoA-homology proteins, such as mDial-3 and Bnilp,
G14V. Cells were fixed 16 hours after the addition of DNA-lipofectamine, and contain a conserved module in the C-termini,
expressed proteins were detected by GFP fluorescence or immunostaining for thejesignated the Dia-autoregulatory domain
Myc epitope (left panel). F-actin was deteqted by ph.alloidin staining (right panel). (DAD), in which several residues situated
Bar, ZOum. (B) _T_he structure of Fhos and its truncation mutants. Numbgrs denOtetowards the C-termini are basic ones (Fig. 2C):
amino acid positions in Fhos. Although the FH2 domain is originally defined as a the DAD seems to interact intramolecularly
conserved sequence of approximately 100 residues, the analysis of additional - . :
formins revealed that the similarity extends over about 500 amino acids (Frazier aWJith .the l\_l—'Fermlnus, thereby regulatlng the
Field, 1997; Zeller et al., 1999). The FH2 domain of Fhos (amino acids 613-1053)R§0tein activity (Alberts, 2001). Alignment of
also delineated by the extended definition. All constructs were tagged with GFP athe€ sequence of Fhos revealed that the C-
the N-termini. The effect of each mutant on the induction of actin stress fibers is terminal region of this protein (amino acids
summarized on the right. 1101-1132) exhibits a modest homology with
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the DAD sequences of the Diaphanous-related proteins, asteraction appears to lead to activation of Fhos, thereby
shown in Fig. 2C; this was also raised by Westendorpromoting the formation of actin stress fibers.
(Westendorf, 2001). To study the role of the DAD in the
regulation of Fhos, we prepared some C-terminally truncated ) ) ) ]
mutants and expressed them in HeLa cells (Fig. 2A,B). Fho&hos in an active form localizes to actin stress fibers
AC3 (1-1120), which lacks the polybasic region of the DAD,Active forms of Fhos, such as Fha& and Fho&ANAC, not
could promote actin fiber formation, suggesting that the DADnly induce stress fiber formation but also appear to be
plays an important role. recruited to the actin-based structure (Fig. 1). To verify the
We next purified GST-Fhos-DAD (1081-1145) andlocalization of activated Fhos, we expressed GFP—BEhZSS
performed an in vitro pull-down binding assay to investigaten HelLa cells and performed optical sectioning by confocal
whether the DAD of Fhos is responsible for the head-to-tainicroscopy. The analysis revealed that FABN&C exactly
interaction. As shown in Fig. 2D, GST-Fhos-DAD directly localized to these thick actin fibers that mainly aligned with the
interacted with His—Fhos-N, whereas it was incapable oong axis of the spindle-shaped cells, in sections throughout
binding to His—Fhos-FH1FH2. In addition, GST-Fhos (1081from the bottom to the top of the cells (Fig. 3A). The
1120), which lacks the polybasic region in the DAD, failed tolocalization of this protein provides a remarkable contrast to a
interact with His—Fhos-N (Fig. 2E), suggesting that thecytoplasmic distribution pattern of an active mDia, which can
polybasic region is essential for the binding to the N-terminuslso induce the formation of actin stress fibers (Watanabe et
of Fhos. On the basis of these findings, we propose that Fhak, 1999). In some cells, thick actin fibers were observed to
probably occurs in a closed inactive form via the DAD-wind round and Fhos was still targeted to such unusual fibers
mediated intramolecular interaction, and that disruption of thérig. 3B). Furthermore, also in COS-7 cells, the active mutant
protein FnosANAC induced the formation of thick actin
A AC (1-1,053) AC2 (1-1,071) AC3 (1-1,120) F (1-1,164) Eilgerssrzl:r;d localized to the induced actin-based structure
. ig. .

Localization of active Fhos to actin stress fibers is
probably mediated via its N-terminal F-actin-

binding region

Although a mutant protein comprising only the entire
FH1 and FH2 domains (amino acids 533-1053) could
induce the formation of actin stress fibers, it failed to
localize to the fibers in HelLa cells (Fig. 1) and COS-7
cells (data not shown), in contrast with FHS-and
FhosANAC. Because the protein Fhos-FH1FH2 lacks a
fragment N-terminal to the FH1 domain (amino acids

phalloidin

B stress I'ilhcr
formation
[/ — AC  (1-1,053) + Fig. 2. The DAD of Fhos in the C-terminus appears to regulate
y/—m AC2 (1-1,071) + the Fhos activity by interacting with the N-terminus. (A) HeLa
cells were transfected with vectors encoding the indicated
v/—su{] AC3  (1-1,120) + GFP-fused C-terminally truncation mutants of Fhos. Cells
v//—ss{__m F o (1-1,164) - were fixed and then detected by GFP fluorescence (upper
FH2 DAD panels) or phalloidin staining (lower panels). Barua
(B) The C-terminally truncated mutant proteins are illustrated
C polybasic on the left, and the effects of each mutant on the induction of
#MD L# # region actin stress fibers (shown in Fig. 2A) are summarized on the

Fhos HUMAN 1101 SDTSDEINWILIAVQSVTKSSPRA....
Dia DROME 1022 PQTQE
mDia MOUSE 1175 EGDET
Bnil YEAST 1794 AEDRRA

SepA ASPERG 1581 -MDELLIE

right (indicated by plus and minus signs). Asterisks in the
------ DAD indicate the polybasic region (amino acid sequences are
-------- shown in Fig. 2C). (C) Sequence alignment of the DAD and
the polybasic region of Fhos, Diaphanous, p140mDia, Bnil
and SepA. Identical residues are shown on a black background
and similar residues are shown on a gray background. The

GLLIS

D E polybasic region is shaded in dark gray and basic residues are
Input  Pull down I 2 3 [xpa] indicated by white letters. (D) The direct interaction between

o () _97a the N-terminus and DAD of Fhos. His—Fhos-N (1-569) or
= = His—Fhos-N = s L 67 His—Fhos-FH1FH2 (533-1053) was incubated with
E z I =z GST-Fhos-DAD (1081-1145). Proteins were pulled down
L s s 2 an 43 with glutathione-Sepharose-4B, subjected to SDS-PAGE, and
T _:. T T - L3 stained with CBB. (E) Role for the polybasic region of the

| — = DAD in the intramolecular interaction. His—Fhos-N (1-569)

binds directly to GST-Fhos-DAD (1081-1145), whereas it
1: GST-Fhos-DAD (1,081-1,145) failed to bind to GST-Fhos (1081-1120), which lacks the
2: GST-Fhos- (1,081-1,120) polybasic region, or GST alone. An in vitro pull-down binding

«GST-DAD 3:GST assay was performed as in Fig. 2D.
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GFP-ANAC  phalloidin

GFP-ANAC phalloidin

Bottom

Fig. 3.Fhos in an active form localizes to actin
stress fibers. (A) Confocal images of HeLa
cells expressing the GFP—FhASIAC (415-
1053), a constitutively active mutant protein.
Confocal images near the bottom, middle and
top of the cells, as well as stacked images, are
shown. For each pair of images, GFP
fluorescence (left panel) and phalloidin
. staining (right panel) are shown. (B) Actin
GFP-ANAC phalloidin fibers in HelLa cells expressing the GERAC

{ mutant. GFP fluorescence (left panels) or
phalloidin staining (right panels) are shown. A
magnified view of the insert is also shown in
the lower panels. (C) COS-7 cells expressing
the GFPANAC mutant were fixed and
detected by GFP fluorescence (left panel) or
phalloidin staining (right panel). Bar, 20n.

Middle

Top

Stacked

Fhos-N - + + )
Actin + + - '

0.5

ctin

0.4}
0.3

[KDa]
97
Fhos-N—= — - - 66

Bound Fhos-N / A
o
]
L )

Actin | w - - 43 0 0 é n 6

Free Fhos-N (M) Fig. 4. Localization of active Fhos to actin stress

fibers is mediated via its N-terminal F-actin-binding

region. (A) Binding of Fhos to F-actin in a co-

C D sedimentation assay. Polymerized F-actin and His-
tagged Fhos-N (1-569) were mixed in F-buffer to a
final concentration of 6.aM and 1.3uM,
respectively, and incubated for 60 minutes at 25°C.

Myc—Fhos-N - The mixture was centrifuged for 60 minutes at

100,000g, and both supernatants (S) and pellets (P)

were analyzed by SDS-PAGE, followed by staining

with CBB. (B) Quantitative analysis for binding of

Fhos-N to F-actin. Various amounts of His-tagged

Fhos-N (1-2Qug) were incubated with fig of

polymerized actin in a total volume of H0 After

ultracentrifugation, the free and bound His—Fhos-N

GST-Fhos-FH2

GST

|
PN |GST-Fhos-N
"
=
2
£

GST-Fhos-FH2

GST
GST-Fhos-FH2

GST-Fhos-N
GST-Fhos-N

——
Blot: Blot:  CBB were subjected to SDS-PAGE followed by staining
anti-actin anti-GST ~ stain with CBB. The amounts of the protein on the gel were

estimated by an image analyzer. (C) Direct binding of F-actin to GST—Fhos-N in an F-actin
overlay assay. Lysates Bf coliexpressing GST—Fhos-N, GST-Fhos-FH2 and GST alone were
E subjected to SDS-PAGE and transferred to a polyvinylidene difluoride membrane. The

o o membrane was probed with F-actin, and bound F-actins were detected using an anti-actin
g K Y Kk antibody (left panel). Proteins in bacterial lysates were also analyzed by immunoblot with the
Z E Z E anti-GST antibodies (middle panel) or CBB staining (right panel). (D) Localization of
z % PR Myc—Fhos-N to actin stress fibers in HeLa cells. Myc—Fhos-N and Flag-Fhos-FH1FH2 were
sl T coexpressed in HelLa cells. The cells were fixed and stained with the anti-Myc antibody (left
s s L b panel) and phalloidin (right panel). Bars, |2®. (E) Direct binding of F-actin to His—Fhos-
= E T ANAC in an F-actin overlay assay. His—FAC and His—Fhos-FH1FH2 proteins were
- —'| subjected to SDS-PAGE and transferred to a polyvinylidene difluoride membrane. The
membrane was probed with F-actin, and bound F-actins were detected using an anti-actin
Blot: Blot: antibody (left panel). Proteins were also analyzed by immunoblot with the anti-His antibody

anti-actin  anti-His (right panel).
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415-532) compared with FhdsNAC, it seems possible that F-actin did not interact with GST—Fhos-FH2, GST alone or
the N-terminal region is responsible for the targeting to actifacterial proteins.

filaments. To test this possibility, we prepared the N-terminal We also tested whether the N-terminal region of Fhos
region (amino acids 1-569), Fhos-N, as a His-tagged proteiassociates with F-actin in vivo. When expressed in HelLa cells,
and carried out an F-actin co-sedimentation assay. As shovnos-N was targeted to the stress fibers elicited by Fhos-
in Fig. 4A, Fhos-N was pelleted together with F-actin but noFH1FH2 (Fig. 4D), although a part of Fhos-N was distributed
precipitated in the absence of F-actin, indicative of its direcin the cytoplasm. Thus, Fhos-N appears to interact with F-actin
interaction with F-actin. We next titrated in different amountsin vivo as well as in vitro.

of the formin to estimate a dissociation constant, and found To verify the role of the F-actin-binding activity in the
that Fhos-N bound to actin in a dose-dependent manner witbcalization of Fhos, we performed the F-actin overlay
an apparenKq of about 2uM (Fig. 4B). TheKq value is assay using His—FhaSNAC (533-1053) and His—Fhos-
similar to those of actin-binding proteins suclweaactininand FH1FH2 (415-1053); the former localized to stress fibers,
talin (Bennett et al., 1984; McCann and Craig, 1997). Théut the latter did not (Fig. 1). As shown in Fig. 4E, F-actin
specific interaction of Fhos-N with F-actin was confirmed bybound directly to His—FhoANAC, whereas it failed to

an F-actin overlay assay: after the lysat& o€oliexpressing interact with His—Fhos-FH1FH2, which lacks the N-terminal
GST-Fhos-N, GST-Fhos-FH2 or GST alone was subjected tegion. Taken together, the present findings indicate that
SDS-PAGE, proteins were transferred to a membrane arile N-terminal region of Fhos mediates the targeting of
probed with F-actin. As shown in Fig. 4C, F-actin boundthis protein to actin stress fibers via its F-actin-binding
solely to Fhos-N on the filter membrane in a direct manneictivity.

A B Fhos forms a homotypic complex via the

FH2 domain

Myc-FHIFH2 + It is known that the organization of individual
Myc-N + actin filaments into higher ordered structures is
Flag—FH2 ST controlled by bivalent actin-crosslinking
Blot: proteins that contain two discrete F-actin-
Blot: . SN binding sites or by noncovalently dimerized F-
anti-GFP IP: z actin-binding proteins  (Ayscough, 1998;
and-Flag Janmey, 2001; Puius et al., 1998). To test the
- anti-Flag — nosgipility that the F-actin-binding protein
| 43 Blot: Fhos functions as a dimer, we expressed both
] 1-0 anti-GFP cell lysate |qge | anti-Myc GFP- and Myc-tagged Fhos proteins in HelLa

-

GFP-FHI1FH

GFP-ANAC
GFP-N

GFP-F
GFP-FH1

IP:
anti-Myc

cell 974
lysate
674

[kDa] [kDa]

l’ti.
|
1"

Fig. 5.Fhos forms a homotypic complex via the
FH2 domain. (A) HelLa cells co-expressing Myc-
(@ D Input  Pull down tagged Fhos-F and GFP-fused Fhos mutants were

GFP-ANAC

FH2 onl FH2+ANAC = lysed, and proteins were immunoprecipitated with
(f;.[ 1',, D AID the anti-Myc antibody. The precipitants were
) — analyzed by immunoblot with the anti-GFP
MBP-FH2 + + * antibodies. Proteins in cell lysates were also
MBP + + + . . y
: analyzed directly by immunoblot (lower panel).
=y g (B) HelLa cells co-expressing Flag-tagged Fhos-

- S FH2 and Myc-tagged Fhos mutants (FH1FH2 or N)

were lysed and immunoprecipitated with the anti-
Flag antibody. The immunoprecipitates were
- analyzed by immunoblot with the anti-Myc or anti-
Flag antibodies. Proteins in cell lysates were also
— analyzed directly by immunoblot. (C) HelLa cells
. |

Myc—FH2

co-expressing Myc-tagged Fhos-FH2 and GFP-
fused FhosANAC. Cells were fixed and detected
by triple-fluorescence microscopy for GFP
fluorescence, Myc immunostaining and phalloidin
staining. Merged images are shown in the lowest
panel. (D) The direct interaction of MBP-FH2 with
His-FHIFH2 - GST-FH2. MBP-FH2 or MBP alone was incubated
with GST-FH2 or GST-DAD. Proteins were pulled
) down with glutathione-Sepharose-4B and subjected
e to SDS-PAGE, and stained with CBB. (E) The

b - direct interaction between His-tagged FH1FH2 and
GST-FH2. His-FH1FH2 was incubated with GST-
= - - FH2 or GST alone. An in vitro pull-down binding
- assay was performed as in Fig. 5D.

GST-FH2
GST

phalloidin
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cells and assessed the ability of A B
proteins to interact with each other. GFP—Fhos Phalloidin
shown in Fig. 5A, GFP—Fhos-F w <
co-immunoprecipitated wil FHI FH?2

Myc—Fhos-F, indicating that the fu I:l:l:l F AC
length Fhos formed a homoty AC (1-1,053)

complex in cells. I:ﬂ:l
. : . AFHIAC (1-566 plus 639-1,053)
We next examined which regi ( pus

mediates the homotypic interact ~—— N (1-569)
using truncation mutants of Fhos, - ~ E—H—1 AC4  (1-836) AFH1AG
truncated proteins FhaSNAC anc —m AC5  (1-721)

Fhos-FH1FH2 were co-precipital
with Fhos-F, whereas neither Fho!
nor Fhos-FH1 interacted with Fho:t
(Fig. 5A). In addition, Myc-tagge

Fhos-FH1FH2, but not Fhos-N, w 9 N
coprecipitated with Flag-tagged F =
(Fig. 5B). These findings indicate tl S5 =
the FH2 domain is required 1 o & o
formation of the homotypic compl Z 2 2 Bl
of Fhos. The role of the FH2 dom: - - anti-Fhos AC4
in the intermolecular interaction w IP: o
corroborated by the analysis anti-Myc - anti-Myc
subcellular colocalization of truncat -
proteins. The protein Fhos-Fl R
distributed in a cytoplasmic patte Ela"" Fhos
[N : cell lysate AC5
when it is solely expressed in He —— anti-Myc
cells (Fig. 1A, Fig. 5C). Howeve e

when Fhos-FH2 was co-expres

with FhosANAC, Fhos-FH2 becan 0. 6 h 4 FH2 d . f Eh ired . in fiber f .
colocalized with Fho&NAC at thick Fig. 6.Both FH1 and FH2 domains of Fhos are required for promoting actin fiber formation,

C : . but the FH1 domain is dispensable for homotypic complex formation. (A) The structure of Fhos
%Ctm flhbers h(FIgF.HSZC)a support|r|1g 1 and its FH1- or FH2-truncated mutant proteins. (B) HeLa cells were transfected with vectors
idea that the omain plays  encoding the indicated Fhos truncation mutants. Cells were fixed and then detected by GFP
crucial role in the self-association  flyorescence (left panels) or phalloidin staining (right panels). Bam2GC) HeLa cells

Fhos. . expressing Myc-tagged Fhos mutants were lysed and immunoprecipitated with the anti-Myc
To determine whether the FI antibody. The immunoprecipitates were blotted with anti-Fhos or anti-Myc antibodies. Proteins
domains interact with each other i in cell lysates were also analyzed directly by immunoblot.

direct manner, we performed an
vitro pull-down binding assay usil
purified proteins. As shown in Fig. 5D, MBP—Fhos-FH2 on thebA). This mutant protein failed to induce the formation of
one hand was capable of directly binding to GST-Fhos-FHZctin stress fibers (Fig. 6B), albeit it retained the activity to
On the other hand, MBP-Fhos-FH2 failed to interact withform a homotypic complex (Fig. 6C). Thus, the FH1 domain
GST-DAD, and MBP alone did not associate with GST-FH20f Fhos appears to be required for the actin reorganization,
(Fig. 5D). Furthermore, we prepared another FH2-containingut not for the homotypic interaction.
protein with a distinct tag, His—Fhos-FH1FH2, and confirmed It seems likely that the FH2 domain of Fhos is also
that the FH2 domains directly bind to each other (Fig. 5E). lindispensable to actin stress fiber formation, given that the
is thus likely that the FH2 domains homotypically interact information was elicited by Fhos-FH1FH2 but not by Fhos-FH1
a direct manner, thereby mediating the self-association of Fhog:ig. 1). To further study the function of the FH2 domain, we
prepared the FH2-truncated proteins FAG (1-886) and

) . FhosAC5 (1-721) (Fig. 6A). As shown in Fig. 6B, the two
Both FH1 and FH2 domains of Fhos are required for proteins failed to induce the formation of actin stress fibers,
promoting actin fiber formation supporting the idea that the FH2 domain is crucial for stress
The present study has shown that the N-terminal region diber formation.
Fhos interacts with F-actin and that the FH2 domain mediates
the homotypic interaction of this protein. However, the role
for the FH1 domain of Fhos in vivo has remained uncertalrplscuss'on
As shown in Fig. 1A, the FH1 domain alone was incapablé&hos is a mammalian protein that belongs to the formin family,
of promoting the stress fiber formation. To address thand contains not only the FH1 and FH2 domains but also the
question of whether this domain is necessary for actironserved module DAD in the C-terminus. In the present study,
reorganization in vivo, we expressed the FH1-truncatesve show that Fhos, in an active form, induces the formation of
protein AFHIAC (amino acids 1-566 plus 639-1053) (Fig. actin stress fibers and localizes to the actin-based structure.
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Fhos appears to normally occur in a closed inactive form viaundling of the actin filaments directly or indirectly. The
an intramolecular interaction between the N-terminal regiomundling of actin flaments can be caused by dimerization of
and the C-terminal DAD. The activity of Fhos to induce theF-actin-binding proteins, such asactinin (Ayscough, 1998;
stress fiber formation requires not only the FH1 but also th@anmey, 2001; Puius et al., 1998). It seems thus possible that,
FH2 domain (Figs 1, 6). in addition to the process of actin polymerization, Fhos may
In the case of mDia, binding of GTP-bound RhoA to the N-be also involved in the process of F-actin bundling via the
terminus is considered to induce the disruption of the DADformation of a homotypic complex.
mediated intramolecular interaction, i.e. activation of mDia . o
(Alberts, 2001; Watanabe et al., 1999). However, the N- We are grateful to Profs S_huh_ Narumiya (Kyoto_ Unlve_rsny) and
terminus of Fhos can interact with the small GTPase Racl b{jgkashi Ito (Kanazawa University) for helpful discussion, Prof.
in a guanine nucleotide-independent manner (Westendor?oShlml Takai (Osaka University) for the plasmid pEF-BOS-

; ; . yc—RhoA-G14V, and Dr Toshimasa Ishizaki (Kyoto University) for
2001). However, the interaction with Racl does not appear vise on fluorescence microscopy. We also thank Ms Yohko Kage

lead to activation of Fhos, because the wild-type full-lengthyyyshu university) for technical assistance. This work was
Fhos was incapable of inducing the formation of actin stressypported in part by Grants-in-Aid for Scientific Research and
fibers, even when co-expressed with a constitutively active aational Project on Protein Structural and Functional Analyses from
a dominant negative form of Rac (data not shown). It alsthe Ministry of Education, Culture, Sports, Science and Technology
seems unlikely that RhoA directly activates Fhos; GTP-RhoAf Japan, ONO Medical Research Foundation, and the BIRD project
was incapable of interacting with Fhos under the conditiongf JST Corporation.

where it bound to mDia (data not shown), which is consistent

with a previous observation (Westendorf, 2001). In addition

the possibility that Fhos acts upstream of RhoA may be alsgeferences _ _
excluded, as neither expression of a dominant negative form 6fshar, K., Stuart, B. and Wasserman, S. A(2000). Functional analysis of
Rho (T19N) nor inactivation of Rho with C3 exotoxin affected tgsvgg%i?gmg{ig{);{ﬁ%gs?.FH protein in early embryonic development.
the stress fiber formation induced by Fhos (data not showndgo, 1., Nunoi, H., Ito, T. and Sumimoto, H.(1999). Mechanism for
Further studies are necessary to know how Fhos is converteghosphorylation-induced activation of the phagocyte NADPH oxidase
into the active state. protein p4Phox Triple replacement of serines 303, 304, and 328 with

We show here that Fhos in the active state localizes to actin3sParates disrupts the SH3 domain-mediated intramolecular interaction
stress fibers (Fig. 1); by contrast, active mDia is not recruited Qggg‘f + thereby activating the oxidasa. Biol. Chem.274, 33644-
to the actin-based structure (Alberts, 2001; Watanabe et ahiperts, A. S.(2001). Identification of a carboxyl-terminal diaphanous-related
1999). Furthermore, the present study shows that the targetingormin homology protein autoregulatory domainBiol. Chem276, 2824-
of Fhos to the stress fibers is mediated by the N-terminal region2830-

. . - - At P _Amann, K. J. and Pollard, T. D.(2000). Cellular regulation of actin network
(Figs 1, 4), which can directly bind to F-actin (Fig. 4). The N assemblyCurr. Biol. 10, R728-R730.

terminal regions of other formin proteins also seem to b@yscough, K. R.(1998). In vivo functions of actin-binding proteirBurr.
involved in their subcellular localization: for instance, the Opin. Cell Biol.10, 102-111.
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