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Abstract

Proteins that belong to the protein phosphatase 1 and actin regulator (phactr) family are involved in cell motility and
morphogenesis. However, the mechanisms that regulate the actin cytoskeleton are poorly understood. We have previously
shown that phactr3, also known as scapinin, localizes to the plasma membrane, including lamellipodia and membrane
ruffles. In the present study, experiments using deletion and point mutants showed that the basic and hydrophobic
residues in the N-terminus play crucial roles in the localization to the plasma membrane. A BH analysis (http://helixweb.nih.
gov/bhsearch) is a program developed to identify membrane-binding domains that comprise basic and hydrophobic
residues in membrane proteins. We applied this program to phactr3. The results of the BH plot analysis agreed with the
experimentally determined region that is responsible for the localization of phactr3 to the plasma membrane. In vitro
experiments showed that the N-terminal itself binds to liposomes and acidic phospholipids. In addition, we showed that the
interaction with the plasma membrane via the N-terminal membrane-binding sequence is required for phactr3-induced
morphological changes in Cos7 cells. The membrane-binding sequence in the N-terminus is highly conserved in all
members of the phactr family. Our findings may provide a molecular basis for understanding the mechanisms that allow
phactr proteins to regulate cell morphogenesis.
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Introduction

Protein phosphatase 1 (PP1) and actin regulatory (Phactr)

proteins are a family that comprises four members in humans and

other vertebrates; phactr1–4 [1]. The phactr gene is present in

worms and insects but not in protozoa. Accumulating evidence

indicates the involvement of phactr proteins in human diseases

such as myocardial infarction, Parkinson’s disease, and cancers [2–

4].

Each phactr protein contains four G-actin-binding RPEL

motifs, including an N-terminal motif and a C-terminal triple

RPEL repeat. The C-terminal triple RPEL repeat is adjacent to

the PP1-binding domain. RPEL motifs are also found in the

regulatory domains of myocardin-related transcription factor

(MRTF) transcriptional coactivators where they control subcellu-

lar localization and activity by sensing signal-induced changes in

the G-actin concentration [6,7]. Subcellular localization of

phactr1 that was similar to that of MRTF is controlled by RPEL

motifs. Phactr1 exhibits nuclear accumulation in response to

serum-induced G-actin depletion [8]. However, there is no

evidence for the serum-induced nuclear accumulation of phactr

proteins other than phactr1 [8,9].

Phactr proteins are involved in cell migration both in vitro and
in vivo, and it is believed that phactr is a novel protein family that

regulates cytoskeleton dynamics [9–14]. However, the mecha-

nisms that regulate actin cytoskeleton dynamics are poorly

understood. It has been reported that G-actin and PP1 compet-

itively bind to the C-terminal region and the formation of the

phactr–PP1 complex is inhibited by an increase in the cytoplasmic

G-actin concentration, which is induced by extracellular signals

such as serum. The current hypothesis suggests that the phactr–

PP1 complex is controlled by the changes in the cytoplasmic G-

actin concentration, which regulate the actin cytoskeleton

dynamics by modulating the phosphorylation status of actin

regulatory protein(s) [8,15]. This suggests that phactr proteins

regulate both the PP1 activity and subcellular localization by

sensing the cytoplasmic actin concentration through RPEL motifs.

The catalytic subunit of PP1 interacts with noncatalytic subunits

that determine the activity, substrate specificity, and subcellular

localization of the phosphatase [16]. PP1 can dephosphorylate
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cofilin and myosin [17,18]. The actin filament-severing activity of

cofilin, which stimulates the treadmill-like movement of the actin

cytoskeleton in the lamellipodia and filopodia, is controlled by its

phosphorylation status, and the force-generating activity of myosin

is controlled by the phosphorylation status of myosin itself. In this

context, several studies have shown that the phactr–PP1complex

modulates the phosphorylation status of cofilin or myosin, and

therefore regulating actin cytoskeleton dynamics [8,12,15].

Phactr3 was originally named as the nuclear scaffold-associated

PP1-inhibiting protein (scapinin), which is found in the nuclear

insoluble fraction of the leukemia cell line HL-60 [19]. However,

phactr3 is distributed to the plasma membrane in adherent cells,

and it enhances cell migration [9]. In the present study, we

explored the domains that direct the membrane localization of

phactr3 on the basis of deletion and point mutation experiments.

We identified a membrane-targeting domain that comprises basic

and hydrophobic residues in the N-terminus. This indicates that

phactr3 is a membrane-associated PP1 and an actin regulator.

Our findings provide a molecular basis for understanding the

mechanisms that allow phactr3 to regulate membrane-cytoskele-

ton dynamics. The amino acid sequences of the N-terminal

membrane-targeting domain are highly conserved in the phactr

protein family.

Materials and Methods

Ethics
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Aimals of Shinshu University. The protocol was

approved by the Shinshu University Ethics Committee for animal

care, handing, termination (Permit Number: 230051). All surgery

was performed under Ketamine/xylazine anesthesia, and all

efforts were made to minimize suffering.

GFP-Phactr3 mutants
The full-length phactr3 cDNA (NP_001186435, 518 aa) was

obtained by RT-PCR using an RT primer 59-AATCTC-

TATGGCCTGTGGAA-39, a reverse primer 59-

TCTCTATGGCCTGTGGAATCT-39, a forward primer 59-

CTGGATGAGATGGACCAAACG-39, a template poly A+

RNA of HL-60 cells, and a high fidelity RNA PCR kit (Takara,

Japan). It was subcloned into the SmaI site in pKF18k (Takara,

Japan). pEGFP-c2-phactr3 was produced by inserting the

BamHI/EcoRI fragment of pKF18k-phactr3 into BglII/EcoRI
sites of pEGFP-c2 (Clontech) [10]. A mutant with a deleted N-

terminal region (DNt) (Fig. 1C) was generated by PCR-based

mutagenesis using a reverse primer 59-CATCTCATCCAGGGG-

GATCT-39 and a forward primer 59-GCGCTGGAGAAGAA-

GATGGC-39. Expand High-Fidelity DNA polymerase (Roche

Molecular Biochemicals) was used for the PCR analysis. Deletion

mutants of Nt, PP1-binding domain (DPP1), DRx3/DPP1, and

Figure 1. The distribution patterns of phactr3 in cells. (A) Primary structure of phactr3 (NP_001186435, 518 aa). RPEL, G-actin binding motif,
and PP1-binding domain (PP1) are indicated. P, a region with a proline-rich sequence. The N-terminal region (Nt), RPEL motifs, and PP1-binding
domain are highly conserved in the phactr protein family. (B) Localization of phactr3 in HeLa cells. We have previously established a HeLa cell line
where phactr3 expression was induced by tetracycline [5]. The HeLa cells were cultured with tetracycline (0.5 mg/ml) for 24 h and immunostained
with anti-phactr3 monoclonal antibody. The distribution patterns of phactr3 were compared with that of a-actinin 4, which is known to localize to the
lamellipodia and membrane ruffles [20]. Bars, 20 mm.
doi:10.1371/journal.pone.0113289.g001

Membrane-Binding Domain of Phactr3
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NtR (Fig. 1C) were generated by introducing stop codon

sequences to terminate protein synthesis at targeted positions

using the QuikChange XL site-directed mutagenesis kit (Agilent

Technologies). Primers were designed according to the cDNA

sequence data of phactr3 (AB098521). The mutations in pEGFP-

c2-phactr3 were confirmed by sequencing. Alanine substitution

mutants of N1–12 were also generated using the QuikChange XL

site-directed mutagenesis kit.

Cell Culture and Transfection
Cos7 cells (ATCC CRL-1651) were cultured in Dulbecco’s

modified minimal essential medium (DMEM) containing 8% fetal

bovine serum, 100 units/ml penicillin, and 100 mg/ml streptomy-

cin with 5% CO2 and at 37uC. We used FuGENE 6 (Roche

Molecular Biochemicals) as the transfection reagent to introduce

the plasmid DNA into Cos7 cells. One day before transfection,

0.45 ml of cell suspensions (36105 cells/ml) were mounted on a

silicone-coated two-well glass slide (Matsunami, Japan). Subse-

quently, 0.5 mg of plasmid DNA (pEGFP-phactr3), its mutants,

and 2 ml of FuGENE 6 were mixed in 50 ml of DMEM (antibiotic

free) and then allowed to stand for 15 min at room temperature.

Twenty microliters of the FuGENE6/DNA mixture was added to

each well before cell culture. At 24–48 h post-transfection, 45 ml of
formaldehyde (36%–38%) was added to the cell culture to fix the

cell morphology. In some cases, the nuclei were stained with

Heochst 33342 (1 mg/ml). Fluorescent cells were observed using a

BX60-34-FLB-1 fluorescence microscope (Olympus) or an LSM 5

EXCITER confocal laser scanning microscope (Carl Zeiss

MicroImaging Inc.). The subcellular localizations of GFP-phactr3

and its mutants were assessed on the basis of three independent

experiments.

Expression of phactr3 in HeLa cells and immunostaining
We established a HeLa cell line using a Tet-ON vector

(Invitrogen Life Technology) [9]. Phactr3 expression was induced

by the addition of tetracycline at a final concentration of 0.5 mg/
ml. After 24 h, the cells were fixed with formaldehyde (3.7%) and

immunostained with anti-phactr3 monoclonal antibody [5],

Figure 2. The N-terminal region (Nt) is responsible for the distribution of phactr3 in the plasma membrane. (A) Deletion mutants of
GFP-phactr3 used in this study. (B) GFP and GFP-phactr3 constructs were expressed in Cos7 cells and their subcellular distributions were observed by
confocal laser scanning microscopy. Bars, 20 mm. (C) The numbers of cells with predominantly plasma membrane (PM) distributions and cytoplasm
(CYT) distributions were counted by fluorescence microscopy. The mean and standard error (SE) were calculated on the basis of three independent
experiments (shown in the figure as mean 6 SE). The asterisks in the histograms indicate significant differences between Wt and each mutant
(Student’s t-test; **P,0.005). NS, not significant.
doi:10.1371/journal.pone.0113289.g002

Membrane-Binding Domain of Phactr3
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Figure 3. Basic and hydrophobic residues in the Nt are responsible for the distribution in the plasma membrane. (A) Alignment of the
Nt amino acid (aa) sequences of phactr. Human phactr 1–4 (hPh1–4), mouse phactr3 (mouse), chicken phactr3 (bird), zebra fish phactr3 (fish),
Drosophila melanogaster phactr (fly), and Caenorhabditis elegans phactr (worm) were aligned. N1–12 indicate substituted with alanine residues. (B)
The distribution patterns of GFP-phactr3 Wt, N1, and N2. Cos7 cells expressing each construct were photographed using confocal laser microscopy at

Membrane-Binding Domain of Phactr3
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followed by FITC-conjugated anti-mouse antibody. Actinin-4

rabbit antibody (rabbit) was generously provided by Dr Yamada

T. (National Cancer Center Research Institute, Japan) [20].

GST-Nt fusion protein
Nt was generated as a fusion protein with glutathione

transferase (GST) in Escherichia coli. The Nt cDNA was amplified

by PCR using a forward primer (59-CCCGAATTCGATGA-

GATGGACCAAACGCCCCCG-39) and a reverse primer (59-

CCCCTCGAGCTACGTTGTCTGCTTCAGTTTTTCGT-

39). The forward primer included an EcoRI cleavage site

(underlined above), whereas the reverse primer included an XhoI
cleavage site (CTCGAG) and a stop codon (underlined above).

The PCR product was double-digested with EcoRI and XhoI and
integrated between the EcoRI and XhoI sites of pGEX 4T-1. The

BL21 strain of E. coli was used to reduce the proteolytic products

of a GST fusion protein. GST-Nt was generated by induction with

0.5 mM isopropyl b-D-1-thiogalactopyranoside for 4 h at 25uC
and purified with glutathione-Sepharose 4B beads (GE Health-

care).

24 h after transfection. The nucleus was stained with Hoechst 33342. Bars, 20 mm. (C) Amino acid residues in the indicated Nt (A) were substituted
with alanine residues and expressed in Cos7 cells. The numbers of cells with predominantly plasma membrane (PM) distributions and cytoplasm
(CYT) distributions were counted by fluorescence microscopy [(denoted as mean 6 standard error (SE)]. The asterisks in the histograms indicate
significant differences between Wt and each mutant (Student’s t-test; *P,0.05, **P,0.005). NS, not significant. (D) The BH plot analysis of the
membrane interaction domains [24] detected a potent membrane interaction domain in Nt. Red bar indicates the experimentally deduced region
responsible for the distribution in the plasma membrane.
doi:10.1371/journal.pone.0113289.g003

Figure 4. The interaction between the Nt and lipid bilayers. (A) Liposome co-sedimentation assay. Nt was produced as a fusion protein with
glutathione transferase (GST-Nt) in the BL21 strain of Escherichia coli and purified with glutathione-Sepharose 4B beads. GST was used as a control.
Diagram showing the liposome sedimentation assay. GST and and GST-Nt were centrifuged before use to sediment insoluble proteins and mixed
with liposomes (input). After centrifugation, the liposome-bound (ppt) and liposome-unbound (sup) fractions were recovered. Aliquots of each
fraction were separated on an SDS-PAGE and stained with Coomassie brilliant blue. (B) Lipid binding assay using the spot array method. Lipid-spotted
membrane strips were incubated with GST or GST-Nt and the lipid-bound proteins were detected using anti-GST antibody. LPA, lysophosphatidic
acid; PI, phosphatidylinositol; PI(3)P, phosphatidylinositol-(3)-phosphate; PI(4)P, phosphatidylinositol-(4)-phosphate; PI(5), phosphatidylinositol-(5)-
phosphate; PE, phosphatidylethanolamine, PC, phosphatidylcholine; SIP, sphingosine-1-phosphate; PI(3,4)P2; phosphatidylinositol-(3,4)-bisphosphate;
PI(3,5)P2, phosphatidylinositol-(3,5)-bisphosphate; PI(3,4,5)P3, phosphatidylinositol-(3,4,5)-trisphosphate; PA, phosphatidic acid; PS, phosphatidylser-
ine.
doi:10.1371/journal.pone.0113289.g004

Membrane-Binding Domain of Phactr3
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Liposome co-sedimentation assay
All surgery was performed under Ketamine/xylazine anesthe-

sia, and all efforts were made to minimize suffering. Rat brains

were homogenized in a methanol/chloroform mixture that

included acetic acid, and the total lipid fraction was extracted

and dried with nitrogen gas [21]. The dried lipids were hydrated

in a binding buffer (25 mM HEPES-NaOH, pH 7.4, 100 mM

NaCl, and 0.5 mM EDTA) at a final concentration of 2 mg/ml by

shaking for 60 min at 37uC. The hydrated lipid sample was then

sonicated in a bath sonicator to generate liposomes. A liposome

co-sedimentation assay was performed [22]. The GST-Nt and

GST solutions were centrifuged for 90 min at 100,0006g at 4uC
to remove any aggregates. The protein concentrations were

measured using a BCA protein assay kit (Pierce) and diluted to

100 mg/ml. Subsequently, 250 ml of the liposome and protein

solutions, respectively, were mixed and incubated for 20 min at

room temperature. The protein/liposome mixture was centrifuged

for 60 min at 100,0006g at room temperature to yield the

supernatant (sup) and precipitate (ppt). ppt was resuspended in

500 ml of binding buffer. Aliquots of sup and ppt were subjected to

SDS-PAGE and stained with Coomassie brilliant blue.

Lipid-binding assay with Membrane Lipid Strips
PIP strips and Membrane Lipid Strips (Echelon Biosciences

Inc.) were used in this study. The membrane strips were

prespotted with various lipids, and lipid-binding assays were

performed [23]. 100 moles of each of the following lipids were

spotted: lysophosphatidic acid (LPA), lysophosphocholine (LPC),

phosphatidylinositol (PI), phosphatidylinositol-(3)-phosphate

(PI(3)P), phosphatidylinositol-(4)-phosphate (PI(4)P), phosphatidy-

linositol-(5)-phosphate (PI(5)P), phosphatidylethanolamine (PE),

phosphatidylcholine (PC), sphingosine-1-phosphate (SIP), phos-

phatidylinositol-(3,4)-bisphosphate (PI(3,4)P2), phosphatidylinosi-

tol-(3,5)-bisphosphate (PI(3,5)P2), phosphatidylinositol-(4,5)-bi-

sphosphate (PI(4,5)P2), phosphatidylinositol-(3,4,5)-trisphosphate

(PI(3,4,5)P3), phosphatidic acid (PA), and phosphatidylserine

(PS). The strips were blocked with 3% bovine serum albumin in

PBS-T [PBS (2) containing 0.02% Tween 20] and then incubated

with GST-Nt or GST at a protein concentration of 0.5 mg/ml.

GST-Nt and GST were detected using rabbit anti-GST antibody

(MBL, Japan) and horseradish peroxidase-conjugated anti-rabbit

immunoglobulin (the second antibody). Finally, the strips were

immersed in a solution of Immobilon Western Chemiluminescent

HRP Substrate (Merck Millipore) and exposed to X-ray films.

Results

Phactr3 localizes to the plasma membrane through its N-
terminal region (Nt)
The entire sequence of Nt (1–52 aa), the functional roles of

which are unknown, is encoded by exon2 of the phactr3 gene

(Fig. 1A). In HeLa cells, phactr3 was distributed throughout the

cells, but it was frequently localized to the plasma membrane

including the lamellipodia and membrane ruffles (Fig. 1B).

Figure 1B compares its distribution pattern with that of a-actinin
4, which localizes to the lamellipodia and membrane ruffles [20].

In the present study, we introduced deletions and point mutations

into GFP-phactr3 (Fig. 1) to determine the domain responsible for

localization to the plasma membrane. GFP-phactr3 constructs

were expressed in Cos7 cells and their distribution patterns were

observed by fluorescent microscopy and confocal laser scanning

microscopy. GFP-Phactr3-Wt was distributed in the plasma

membrane including the lamellipodia and membrane ruffles [9].

The distribution pattern of GFP-phactr3-Wt in Cos7 cells was

essentially the same as that of phactr3 (no tag) in HeLa cells

(Fig. 1B and 2B).

DNt greatly impaired localization to the plasma membrane.

However, Nt could be localized to the plasma membrane by itself

(Fig. 2). These results demonstrate that the localization of phactr3

to the plasma membrane requires Nt.

In addition to the lamellipodia and membrane ruffles, GFP-

phactr3-Wt was often distributed in long/slender cytoplasmic

extensions in Cos7 cells where it was concentrated at the tips of

these extensions (Fig. 2B). We also analyzed these cytoplasmic

extensions using mutants (see below).

N-terminal basic and hydrophobic residues are crucial for
membrane targeting
To determine the N-terminal amino acid (aa) sequence required

for the interaction with the plasma membrane, we substituted the

aa residues in Nt with alanine (N1–12; Fig. 3A) and observed

subcellular distributions. For example, the N1 (RKK.AAA) and

N2 (WKW.AAA) mutants were predominantly distributed in the

cytoplasm (Fig. 3B). We counted the number of cells that

predominantly exhibited plasma membrane distributions or

cytoplasm distributions using a fluorescent microscopy. In the

triplet mutants N1, N2, N3, and N9, and the point mutants N4,

N5, N6, and N7, the number of cells that localized to the plasma

membrane was greatly or moderately reduced (Fig. 3C). These

mutation experiments demonstrated that aa sequence of

GRIFKPWKWRKK (31–42 aa) in Nt is crucial for localization

to the plasma membrane. In addition, the peptide of SKL (25–27

aa) may be involved in membrane targeting.

A BH plot analysis (http://helixweb.nih.gov/bhsearch) is a

program developed to identify or predict unstructured membrane-

binding domains that comprise basic and hydrophobic residues in

membrane proteins [24]. Therefore, we applied this program to

phactr3 (HP_001186435, 518 aa). The BH plot analysis detected a

peak score in Nt (Fig. 3D). The region with a BH score of .0.8

ranged from 29 to 45 aa, and the region with a BH score of .0.6

ranged from 25 to 49 aa. The results of the BH plot analysis

agreed with the experimentally determined region that is

responsible for the localization of phactr3 to the plasma

membrane. Furthermore, the BH plot analysis indicated that a

wide range of N-terminal polypeptides, including

GRIFKPWKWRKK (31–42 aa), may be involved in the

membrane targeting of phactr3. However, we could not exclude

the possibility of contributions by other regions. A weak

membrane-targeting signal is present within the C-terminal RPEL

repeats (Fig. 3D).

Interaction between Nt and lipid layers
The following two possible molecular mechanisms may allow Nt

to interact with the plasma membrane: direct or indirect binding

(binding via other membrane proteins) with lipid bilayers. The BH

search results indicated that Nt interacts directly with the lipid

bilayers [24].

We examined whether Nt directly binds to lipid bilayers using a

liposome co-sedimentation assay. First, the insoluble proteins were

precipitated by centrifugation. Subsequently, GST-Nt (1–52 aa) or

GST (control) were mixed with liposomes and separated into

liposome (ppt) and soluble (sup) fractions by centrifugation

(Fig. 4A). GST-Nt sedimented with the liposomes, whereas GST

did not. It was notable that the cleaved products did not sediment

with the liposomes. Although we used the BL21 strain of E. coli to
express GST-Nt and to reduce proteolytic products, the GST-Nt

samples always included cleaved products (star-shaped products).

Membrane-Binding Domain of Phactr3
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Therefore, it appears that Nt is highly sensitive to cleavage by the

endogenous bacterial protease.

Subsequently, we examined the species of lipids that interact

with Nt using lipid spot array filters (Fig. 4B). This assay showed

that Nt predominantly bound to acidic phospholipids but not with

neutral phospholipids such as phosphatidylcholine and phospha-

tidylethanolamine. Nt did not bind to cholesterol and phospha-

tidylglycerol (data not shown).

Stimulation of the formation of long/slender cytoplasmic
extensions in Cos7 cells
GFP-phactr3-Wt was often distributed in long/slender cyto-

plasmic extensions in Cos7 cells, where it was frequently

concentrated at the tips of these extensions (Fig. 2B and 5A).

We have previously shown that phactr3-expressing Hela cells

frequently exhibited elongated shapes that were rarely seen in the

parental Hela cells [9]. However, the long/slender extensions were

not seen in HeLa cells that expressed phactr3 (no tag) and GFP-

phactr3-Wt [9,19]; therefore, indicating that the formation of

these structures is cell type-dependent. Long/slender cytoplasmic

extensions were observed in Cos7 cells that expressed GFP,

although the number of cytoplasmic extensions was less than that

with GFP-phactr3-Wt. We compared the number of cytoplasmic

extensions in Cos7 cells that expressed wild-type or mutant

phactr3 at 24 h after transfection (Fig. 5B). The number of

cytoplasmic extensions was reduced in Cos7 cells that expressed

N1 and N2 (mutants with incomplete membrane-targeting

sequences), but it was not reduced in Cos7 cells that expressed

N8 and N11 (mutants with the complete membrane-targeting

sequence). In addition, the N10 and N12 mutants with complete

membrane-targeting sequences stimulated the formation of long/

slender cytoplasmic extensions, whereas the N3, N5, N6, and N7

mutants with incomplete membrane-targeting sequences failed to

stimulate the formation of long/slender cytoplasmic extensions

(data not shown). Nuclear morphologies that are characteristic to

apoptosis or necrosis were not seen in Cos7 cells that expressed

wild-type or mutants of phactr3. These results indicate that the

integrity of the membrane-targeting sequence in the N-terminus is

required to stimulate the formation of long/slender cytoplasmic

extensions in Cos7 cells. It should be noted that GFP-Nt did not

stimulate the formation of these cytoplasmic extensions; therefore,

implying that Nt is sufficient for membrane targeting whereas it is

insufficient for stimulating the formation of long/slender cytoplas-

mic extensions in Cos7 cells.

Discussion

The phactr protein family is considered to be involved with cell

migration and morphogenesis by modulating the actin cytoskel-

eton, but their regulatory mechanisms are poorly understood [8–

10,12]. Our experiments with deletion mutants demonstrated that

Nt is required for the localization of phactr3 to the plasma

membrane (Fig. 2).

Phactr3 lacks fatty acid-attachment sites (e.g., palmitoylation,

prenylation, and myristorylation sites) and lipid-binding domains

with defined ternary structures (e.g., a PH domain). The mutation

experiments showed that the N-terminal peptide (31–42 aa), which

comprises basic and hydrophobic residues, is critical for localiza-

tion to the plasma membrane (Fig. 3C). The BH plot analysis, a

program that identifies membrane-targeting domains containing

unstructured clusters of basic and hydrophobic residues in

membrane proteins, supported this result (Fig. 3D). The BH plot

analysis also indicated that the N-terminal sequence can directly

interact with lipid bilayers without any requirement for other

membrane proteins. We also performed an in vitro analysis and

showed that Nt interacts with the liposome without the involve-

ment of other membrane proteins (Fig. 4A); therefore, demon-

strating the direct interaction between phactr3 and lipid bilayers.

The region with a BH score of .0.8 ranged from 29 to 45 aa,

and the region with a BH score of .0.6 ranged from 25 to 49 aa.

This indicates that although the 31–42 aa sequence in Nt is the

most critical for interactions, other aa residues adjacent to the

critical sequence may be involved in membrane interactions.

Analyses using synthetic peptides are necessary to determine the

precise ranges of the membrane-interacting domains.

Point mutations of phenylalanine (N5) or tryptophan (N6) in the

membrane interaction sequence resulted in impaired localization

to the plasma membrane. This indicates that these hydrophobic

residues play critical roles in the interactions with the plasma

membrane possibly by inserting their aromatic head groups into

lipid bilayers. Analyses using lipid blot array filters demonstrated

that Nt of phactr3 binds to a broad range of acidic phospholipids

(Fig. 4B). It is well known that the clusters of basic residues in

membrane proteins are involved in electrostatic interactions with

the negative surface charge on the inner leaflet of the plasma

membrane [25–27]. The aa sequence of GRIFKPWKWRKK

(31–42 aa) was shown to be critical for localization to the plasma

membrane and it includes six basic residues (Fig. 3A). Nt with a

BH score of .0.6 included 10 basic residues.

Some actin regulatory proteins, such as N-WASP, WAVE,

profilin, and cofilin, selectively bind to specific species of

phosphoinositides such as phosphatidylinositol-(4,5)-bisphosphate

and phosphatidylinositol-(3,4,5)-trisphosphate [28–29]. The selec-

tive recognition of phospholipids facilitates the controlled (spatial

and temporal) recruitment of these actin regulatory proteins to

specific membrane domains. However, Nt of phactr3 nonselec-

tively binds to negatively charged phospholipids. This nonselective

recognition mode may allow the constitutive recruitment of

phactr3 to the plasma membrane and/or intracellular membrane

[27].

The experimentally determined membrane-targeting sequence

is highly conserved in phactr proteins from insects to humans and

partly conserved in that from worms (Fig. 3A). The BH plot

analysis showed that the highly or partly conserved sequence of all

members of the phactr family is probably the membrane-binding

site. Huet et al., [15] demonstrated that phactr4 localizes to the

plasma membrane through its Nt (1–111 aa). They measured the

Forster resonance energy transfer between GFP-Phactr4 and

mCherry-CAAX (a plasma membrane probe) to assess the

interaction between phactr4 and the plasma membrane. Their

conclusion appears to be in agreement with our results, although

they did not characterize the membrane interaction sequence.

Therefore, it is likely that the N-terminal conserved sequence acts

as the membrane-targeting sequence in all members of the phactr

family.

GFP-phactr3-Wt stimulated the formation of long/slender

cytoplasmic extensions in Cos7 cells (Fig. 2B and 5). GFP-phactr3

mutants with incomplete membrane-targeting sequences failed to

stimulate the formation of these cytoplasmic extensions, whereas

GFP-phactr3 mutants with the complete membrane-targeting

sequence resulted in morphological changes that were similar to

those with GFP-phactr3-Wt. GFP-Nt did not increase the number

of long/slender cytoplasmic extensions (Fig. 5); therefore, implying

that Nt is sufficient for membrane targeting but that it is

insufficient to stimulate the formation of long/slender cytoplasmic

extensions in Cos7 cells (Fig. 5). Therefore, the interactions with

PP1 and actin via the C-terminal region and the interaction with
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Figure 5. Long/slender cytoplasmic extensions induced by the expression of GFP-phactr3 and its mutants in Cos 7 cells. (A)
Distribution patterns of GFP-phactr3 Wt and mutants in Cos7 cells. Cos7 cells expressing Wt or each mutant were imaged using confocal laser
microscopy at 24 h after transfection. The nucleus was stained with Hoechst 33342. The arrows show long/slender cytoplasmic extensions. (B) The
number of long/slender extensions in Cos7 cells expressing each mutant. Each plasmid was transfected into Cos7 cells and the number of long/
slender extensions per cell was counted by fluorescent microscopy at 24 h after transfection. Mean 6 standard error (SE). The asterisks in the
histograms indicate significant differences between Wt and each mutant (Student’s t-test; **P,0.005). NS, not significant.
doi:10.1371/journal.pone.0113289.g005
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the plasma membrane via Nt may be necessary for inducing

morphological changes in Cos7 cells.

G-actin and PP1 competitively bind to the C-terminal regions of

phactr proteins and the cytoplasmic G-actin concentration is

determined by RPEL motifs, which control the formation of the

phactr-PP1 complex [8,15]. Previous studies suggest that the

phactr-PP1complex modulates the phosphorylation status of

cofilin or myosin; therefore, regulating actin cytoskeleton dynam-

ics [8,12,15]. Overall, these results suggest that phactr protein is a

membrane-associated PP1 regulator, which is itself regulated by

signal-induced changes in the cytoplasmic G-actin levels. phactr1

modulates lamellipodial dynamics in human endothelial cells,

which are regulated by dynamic interactions between the plasma

membrane and actin cytoskeleton [13]. Therefore, it is likely that

the phactr-PP1 complex modulates the phosphorylation status of

actin cytoskeleton regulators such as cofilin and myosin, which

associate with the plasma membrane.
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