
Myosin I Links PIP3 Signaling to Remodeling of the Actin
Cytoskeleton in Chemotaxis

Chun-Lin Chen, Yu Wang, Hiromi Sesaki, and Miho Iijima*

Department of Cell Biology, Johns Hopkins University School of Medicine Baltimore, MD 21205

Abstract
Class I myosins participate in various membrane-cytoskeletal interactions. Several class I myosins
preferentially bind to acidic phospholipids such as phosphatidylserine and phosphatidylinositol
4,5-bisphosphate (PI(4,5)P2) through a tail homology 1 (TH1) domain. Here, we show that the
second messenger lipid phosphatidylinositol 3,4,5-trisphosphate (PIP3) binds to the TH1 domain
of a subset of Dictyostelium class I myosins (ID, IE, and IF) and recruits them to the plasma
membrane. The PIP3-regulated membrane recruitment of myosin I was important for chemotaxis
and induced chemoattractant-stimulated actin polymerization. Similarly, PIP3 recruited human
myosin IF to the plasma membrane upon chemotactic stimulation in a neutrophil cell line. These
data suggest a mechanism through which the PIP3 signal is transmitted through myosin I to the
actin cytoskeleton.

Introduction
In eukaryotic cells, multiple pathways mediate intracellular signaling in chemotaxis, the
process by which cells sense extracellular chemical gradients and migrate toward higher
chemical concentrations (1-5). Phosphatidylinositol 3,4,5-trisphosphate (PIP3) functions as a
key signaling molecule and is transiently produced upon chemotactic stimulation by
phosphoinositide-3 kinases (PI3Ks) and the phosphatase and tensin homolog (PTEN).
Downstream effectors of PIP3 are thought to stimulate actin polymerization and drive
pseudopod extension at the leading edge of cells. In Dictyostelium cells, several pleckstrin
homology (PH) domain-containing proteins have been identified as PIP3 effectors, including
a homolog of AKT (PKBA), cytosolic regulator of adenylyl cyclase (CRAC), and three
PIP3-binding proteins (PhdA, PhdB, and PhdG). However, the role of PIP3 signaling in actin
polymerization at the leading edge of chemotaxing cells is still not well understood. We
identified three Dictyostelium class I myosins (ID, IE, and IF) as PIP3-binding proteins in a
proteomic study using PIP3-affinity purification and mass spectrometry (6).

Myosin I is a membrane-bound, actin-based motor protein that functions in membrane-
cytoskeletal interactions involved in exocytosis, endocytosis, cell migration and plasma
membrane tension (7-9). Several myosin I molecules preferentially bind to acidic
phospholipids such as phosphatidylserine and phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P2) through a TH1 domain that contains a putative PH domain phosphatidylinositol-
binding motif (7, 10). These phospholipids are relatively abundant in biological membranes,
and their abundances change only slightly in response to intracellular signaling. In contrast,
the abundance of PIP3 is regulated and changes in the abundance of PIP3 can trigger
signaling events. If myosin I isoforms bind to PIP3, their localization may be regulated by
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PIP3 in cells. Here, we investigated the mechanisms and cellular function of PIP3-dependent
membrane recruitment of class I myosins during chemotaxis and phagocytosis.

Results
To confirm our proteomic results, we used a lipid dot blot assay. All Dictyostelium class I
myosins (IA, IB, IC, ID, IE, IF, and IK) were expressed as green fluorescent protein (GFP)
fusions in Dictyostelium cells, and whole cell lysates were incubated with nitrocellulose
membranes carrying different phosphatidylinositols (Fig. 1A–C). Consistent with our
previous findings (6), myosins ID, E, and F bound to PIP3, but myosins IA, IB, IC, and IK
did not (Fig. 1C). In addition, myosins ID, IE, and IF bound weakly to PI(3,4)P2. We used
myosin IE to further characterize myosin I-PIP3 interactions. Immunopurified myosin IE-
GFP directly bound to PIP3, but not phosphatidylinositol (Fig. S1). We confirmed the
interactions between myosin IE and PIP3 using liposomes containing small amounts (5%) of
PIP3 or PIP2 (Fig. S2A). Therefore, myosin IE specifically binds to PIP3 under physiological
conditions.

To determine whether myosin IE binds to PIP3 in cells, we observed the localization of
myosin IE-GFP in both undifferentiated and differentiated cells by quantitative fluorescence
microscopy (Fig. 1D and S3A). In undifferentiated cells, myosin IE-GFP colocalized with
PHcrac-RFP, a fluorescent reporter for PIP3 (11), at macropinocytic cups and pseudopods at
the plasma membrane. The membrane association of myosin IE-GFP depended on PIP3,
because both myosin IE-GFP and PHcrac-RFP were not associated with the plasma
membrane in pi3k-null cells, which contain decreased amounts of PIP3 and lack
macropinocytic cups and pseudopods. Conversely, membrane association of myosin IE-GFP
and PHcrac-RFP was enhanced in pten-null cells, which have higher amounts of PIP3 (12).
Unlike undifferentiated cells, differentiated cells only transiently produce PIP3 in response
to the chemoattractant cAMP, which promotes actin polymerization in chemotaxis (13).
Myosin IE-GFP and PHcrac-RFP were observed primarily in the cytosol in the absence of
cAMP, but were transiently recruited to the plasma membrane after cAMP stimulation (Fig.
1E, S3B and Movie S1-3). The PI3K inhibitor LY294002 blocked the transient recruitment
of myosin IE-GFP and PHcrac-RFP, suggesting that myosin IE-GFP localization requires
PIP3. In contrast, latrunculin A, which disrupts the actin cytoskeleton, did not affect cAMP-
stimulated membrane recruitment of myosin IE-GFP and PHcrac-RFP. Finally, myosin IE-
GFP was observed at the leading edge of chemotaxing cells (Fig. 1F), where PIP3 is
concentrated, and colocalized with LimEΔcoil-RFP, a biomarker for F-actin (14).
Consistent with our findings, a previous study reported myosin IE at the leading edge of
randomly migrating cells (15).

To determine the function of myosins ID, IE, and IF, we generated single, double, and triple
knockouts in Dictyostelium cells by homologous recombination (Fig. S4). Single knockouts
exhibited only minor growth defects, whereas double and triple knockouts showed more
severe growth defects (Fig. 1G). These results suggest that myosins ID, IE, and IF have
overlapping functions. When starved, Dictyostelium cells display chemotactic migration
toward aggregation centers, which secrete cAMP and differentiate into fruiting bodies (1, 4).
Single knockouts normally developed, but double knockouts produced fewer, smaller
fruiting bodies (Fig. 1H). Triple knockout cells were defective in chemotactic aggregation
and fruiting body formation, developmental phenotypes that were rescued by myosin IE-
GFP overexpression (Fig. S5). These developmental defects were not due simply to
impaired expression of developmentally regulated genes, because cAMP receptor 1 and
adenylate cyclase were present at normal abundances in triple knockout mutants during
development (Fig. S6).
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To map PIP3-binding regions in myosin IE, we performed lipid blot assays using truncated
forms of this protein. Deletion of the TH1 domain blocked interactions with PIP3, showing
that this region is necessary (1–798 in Fig. 2A–C). Furthermore, alanine substitutions of the
four conserved positive residues (Lys859, Lys863, Arg868, and Arg869) in the second beta
sheet of the PH domain of the TH1 domain (16) also inhibited the interaction (A4 in Fig.
2A–C). However, the TH1 domain was not sufficient for the interaction and the IQ domain
was also required (694–1005, 740–1005, and 799–1005 in Fig 2A–C). We confirmed that
the TH and IQ domains were sufficient for PIP3-interactions, which were reduced by A4
mutations in the liposome binding assay (Fig. S2B). Mutants that could not interact with
PIP3 (A4) failed to localize to the plasma membrane in undifferentiated cells (Fig. 2D) and
were unable to rescue the growth defect of triple knockout cells whereas wild-type myosin
IE-GFP fully rescued the growth defects of triple knockouts (Fig. 2E). Similarly, these
mutant proteins did not translocate to the plasma membrane in differentiated cells upon
cAMP stimulation (Fig. 2F and Movie S4). A mutation in the conserved critical residue in
the motor domain (Glu391→Ala; E391A) (17) did not interfere with PIP3-interactions in
vitro or in vivo (Fig. 2C, D, F and Movie S4), but abolished the ability of myosin IE to
rescue the growth defect of triple knockout cells (Fig. 2E).

Next we directly tested whether myosins ID, IE, and IF are important for chemotaxis (Fig.
3A–C). When placed in a cAMP gradient, wild-type cells migrated toward the tip of the
microneedle releasing cAMP. In contrast, chemotaxis speed was reduced in triple knockout
cells by approximately 70%. The chemotaxis index was also significantly decreased. To
examine actin polymerization, we measured filamentous actin (F-actin) in the Triton X-100-
insoluble cytoskeletal fraction, which represents the amount of F-actin in the cell cortex
(18). cAMP stimulated actin polymerization and transiently increased the amount of cortical
F-actin in wild-type cells, as previously reported (Fig. 3D). In triple knockout cells, the basal
amount of F-actin was not affected; however, cAMP-stimulated actin polymerization was
decreased. The defects in chemotaxis (Fig. 3A–C) and cAMP-stimulated actin assembly
(Fig. 3D) were partially rescued by wild-type myosin IE-GFP, but not by myosin IE(A4)-
GFP or myosin IE(E391)-GFP. PIP3 production was not affected in triple knockout cells,
because PHcrac-GFP was recruited to the plasma membrane in both wild-type and triple
knockout cells upon cAMP stimulation (Fig. S7A and Movie S5). PIP3-simulated PKBA
phosphorylation and PIP3-independent TORC2-mediated PKBR1 phosphorylation (19) also
appeared normal in triple knockout cells (Fig. S7B).

We assessed phagocytosis in triple knockout cells, because this process also involves PIP3
signaling and actin polymerization. PIP3 is produced at phagocytic cups during
phagocytosis, and PIP3-induced actin polymerization facilitates engulfment of yeast cells
and bacteria (11). Myosin IE-GFP colocalized with PHcrac-RFP and LimEΔcoil-RFP at the
phagocytic cups, and all three proteins dissociated from the membrane after engulfment was
complete (Fig. 3E, S8 and Movie S6-7). Quantitative measurements of yeast uptake (20)
revealed defective phagocytosis in triple knockout cells (Fig. 3F). Triple knockout cells
formed phagocytic cups which contained F-actin as shown by LimEΔcoil-RFP, but failed to
complete phagocytosis (Fig. 3G and Movie S8). Triple knockout cells lost yeast cells from
the phagocytic cups (n = 123, 54%) more frequently than wild-type cells (n = 30, 10%) after
apparently attempting to engulf them (Fig. 3G and Movie S8). This phenotype was
statistically significant (p < 0.0001 in Fisher's exact test). These results suggest that myosins
ID, IE and IF specifically control the completion of phagosome formation. Phagocytosis
defects were rescued by wild-type myosin IE-GFP, but not GFP, myosin IE(A4)-GFP, or
myosin IE(E391)-GFP (Fig. 3F). Myosin IE(A4)-GFP failed to associate with phagocytic
cups in triple knockout cells (Fig. S9 and Movie S9). Myosin IE-GFP overexpression
enhanced yeast uptake in wild-type cells (Fig. 3F) as reported previously (15). Similar to
triple knockout cells, pi3k-null cells showed reduced rates of phagocytosis (Fig. 3F). In
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contrast, pten-null cells exhibited normal phagocytosis, suggesting that overproduction of
PIP3 does not inhibit phagocytosis. These results suggest that PIP3-regulated recruitment of
myosin I to the plasma membrane is critical for phagocytosis.

Similar to Dictyostelium myosin IE, human myosin IF also binds to PIP3 (21). Yellow
fluorescent protein (YFP) fused to myosin IF (YFP-MyoIF) and a PIP3-binding PH domain
from AKT (YFP-PHAKT), but not YFP alone, bound to PIP3 in lipid blot assays (Fig. 4A–C)
and liposome assays (Fig. S2C). When expressed in COS-7 cells, YFP-myosin IF and YFP-
PHAKT were recruited to the plasma membrane upon addition of epidermal growth factor
(EGF) to the culture medium, which increases the amount of PIP3 in the plasma membrane
(Fig. 4D and Movie S10) (22). The PI3K inhibitor LY294002 blocked the membrane
recruitment of YFP-myosin IF and YFP-PHAKT (Fig. 4D and Movie S11). Like
Dictyostelium myosin IE, mutations in the second beta sheet in the PH-like sequence in the
TH1 domain (K770A, R780A) blocked membrane association in vitro and in vivo (Fig. 4A–
D and Movie S11). When expressed in the human neutrophil cell line HL-60, YFP-myosin
IF and YFP-PHAKT, but not YFP or YFP-myosin IF (K770A, R780A), were located at the
leading edge of cells stimulated with a chemoattractant, N-formyl-methionine-leucine-
phenylalanine (fMLP) (Fig. 4E). These results suggest that interactions with PIP3 are critical
for the localization of human myosin IF in chemotaxis. Our data are consistent with a
previous study showing that myosin IF regulates F-actin abundance, exocytosis of integrin-
containing granules, and cell motility in neutrophils (23).

Discussion
Our results demonstrate that myosins ID, IE, and IF bind to PIP3 and function as
downstream effecters of PIP3. The triple knockout of these three PIP3-binding class I
myosins revealed their overlapping functions in chemotaxis and phagocytosis. In
chemotaxis, recruitment of the PIP3-binding myosin I to the plasma membrane likely
stimulates actin polymerization at the leading edge of migrating cells. Our data are
consistent with previous studies showing that PIP3 is important for cAMP-stimulated actin
polymerization. In phagocytosis, these myosin I molecules may control the actin
cytoskeleton at the later stages, when the phagocytic membrane dissociates from the plasma
membrane. These roles of myosin I in chemoattractant-stimulated actin polymerization and
phagosome closure are consistent with results of previous studies (7-9). Dictyostelium
myosins IA, IB, IC, and IK, which do not bind to PIP3, also regulate chemotaxis and
phagocytosis (24-27). In mammals, several myosin I molecules have been reported to bind
to phosphatidylserine and PI(4,5)P2 (7, 10). The findings of these previous studies and our
current studies expand the repertoire of regulatory mechanisms and functions of myosin I in
various membrane-cytoskeletal interactions.

The mechanism by which PIP3-myosin I interactions promote actin polymerization remains
to be determined. One possible role for this interaction is to deliver the Arp2/3 complex
which stimulates actin polymerization to the leading edge of chemotaxing cells. Consistent
with this model, myosin I forms protein complexes with the Arp2/3 complex by associating
with the scaffold protein CARMIL (28). In addition to its scaffolding role, CARMIL itself
may promote actin polymerization by uncapping actin filaments and directly inhibiting
capping protein (29, 30). Recruiting CARMIL to the leading edge may be a critical function
for myosin I in generating free barbed ends of actin filaments (31). The interaction of
myosin I with CARMIL is mediated by an SH3 domain that is present in myosin ID, but not
in myosins IE or IF. Future studies to examine whether myosins ID, IE, and IF associate
with CARMIL through SH3-dependent or -independent mechanisms would be interesting.
Finally, myosin I has been suggested to facilitate transport of intracellular membrane
vesicles along actin filaments (7). During chemotaxis, Golgi-derived vesicles carrying
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WASP, which stimulates actin polymerization through the Arp2/3 complex, are transported
to the leading edge to reorganize the actin cytoskeleton (32). Myosin I may transport such
vesicles to the leading edge using its motor activity and PIP3-binding as a targeting
mechanism.

Materials and Methods
Plasmids

The PCR primers and plasmids used in this study are listed in Tables S1 and S2,
respectively. Full-length myosins IB, IC, ID, IE, IF, and IK were amplified by PCR from a
cDNA library (a gift from Dr. P. Devreotes, Johns Hopkins University). Myosin IA was
amplified from cDNA (SHL 748) obtained from the Dictyostelium discoideum cDNA
project (http://dictycdb.biol.tsukuba.ac.jp/cDNAproject.html). DNA fragments were cloned
into the BglII and XhoI sites of pIS1, a plasmid carrying GFP (33) Truncated versions of
myosin IE were amplified from pIS1-myosin IE. Human myosin IF was amplified from a
cDNA containing full-length myosin IF (ID 5213035, Invitrogen) and cloned into pEYFP-
C1 (Clontech). Mutations were created by overlap extension PCR as previously described
(6). To produce pDM181-PHcrac-RFP (mCherry), a plasmid expressing the PH domain of
CRAC fused to mCherry, DNA fragments containing PHcrac-RFP was generated by overlap
extension PCR using primers for PHcracRFP1-4 and subcloned into pDM181. Plasmid
pDM181-PHcrac-RFP-myosin IE-GFP was generated by subcloning myosin IE-GFP into
pDM181-PHcrac-RFP. All constructs were confirmed by DNA sequencing.

Dictyostelium cell culture
All D. discoideum cell lines were cultured in HL5 medium at 22°C. Dictyostelium cells
transformed with myosin I-GFP and PHcrac-GFP or PHcrac-RFP plasmids were selected in
HL5 medium containing 20 μg/ml G418. To select transformants carrying the LimEΔcoil-
RFP plasmid, 50 μg/ml hygromycin was used. To inhibit actin polymerization and PI3
kinase, 5 μM latrunculin A and 20 μM LY294002 were used.

Gene knockout
Myosin I-null cells were generated by homologous recombination. Vectors targeting genes
encoding myosins ID, IE, and IF were constructed as follows. DNA fragments containing
the 5' untranslated region (UTR) of each myosin I was amplified from genomic DNA using
primers MyoDd1 and MyoDd2 for myosin ID, primers MyoE2 and MyoE3 for myosin IE,
and primers MyoFd1 and MyoFd2 for myosin IF. A DNA fragment containing the 3' UTR
region was amplified with primers MyoDd3 and MyoDd5 for myosin ID, primers MyoE4
and MyoE5 for myosin IE, and primers MyoFd3 and MyoFd4 for myosin IF. These DNA
fragments and the blasticidin-S-resistance cassette from pLPBLPv2 (Dr. M. Landree, Johns
Hopkins University) were cloned into pBluescript (Stratagene) to generate the targeting
vectors. The targeting vectors were linearized by restriction enzymes and introduced into
growing AX2 cells by electroporation (34). Transformants were selected on HL5 medium
containing 5 μg/ml blasticidin (ICN Biomedicals Inc.). After 5 days, cells were harvested
and plated on SM agar with Klebsiella aerogenes. Randomly selected clones were screened
for gene disruption by PCR using primer L-A15P-1, which recognizes the actin 15 promoter
of the blasticidin-S-resistance cassette, in combination with MyoDd5, MyoE1, or MyoFd5
for myosins ID, IE, or IF, respectively. Southern blot analysis confirmed gene disruption as
follows. DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen). Then, the
DNA was digested with enzymes (fig. S2), resolved by electrophoresis, and transferred to
nitrocellulose membrane (Hybond-N+, Amersham). Hybridization was performed using the
Amersham ECL Direct Nucleic Acid Labelling and Detection System according to the
manufacturer's instructions. The probes were generated by PCR amplification of genomic
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DNA with the primers used to amplify the 3' regions of the targeting vectors. The pi3k-null
cells which lack five PI3 kinases were obtained from the Dicty Stock Center (35).

Lipid-binding assays
A lipid dot blot assay was performed as described (6). Cells were cultured in HL5 medium
to 3-5 ×106 cells/ml and starved for 2 hours in development buffer (DB; 10 mM phosphate
buffer, 2 mM MgSO4, 0.2 mM CaCl2). Cells were then collected by centrifugation at 500 ×
g for 5 min at 4°C and washed twice in 20 ml ice-cold 10 mM sodium phosphate (pH 7.0).
Then, cells were resuspended to 5×107 cells/ml in 10 mM sodium phosphate (pH 7.0)
containing 1% protein inhibitor cocktail (P8340, Sigma), and filter-lysed by passing through
polycarbonate membranes with 5-μm pores (110613, Whatman) three times on ice. Cell
lysates were centrifuged at 10,000 × g for 10 min at 4°C, then at 110,000×g for 20 min at
4°C. The supernatants were mixed with equal volumes of 2× binding buffer (10 mM sodium
phosphate [pH 7.0], 0.5% NP40, 300 mM NaCl). Membranes spotted with different
phospholipids (PIP membrane P-6001; Echelon) were incubated in phosphate buffered
saline with Tween 20 containing 3% fatty acid-free bovine serum albumin (Sigma A-7030)
to block nonspecific binding and then mixed with the lysates for at least 3 hr. After
extensive washing, the membranes were probed with anti-GFP antibodies followed by Cy5-
labeled anti-rabbit IgG antibodies (816116, Invitrogen) as described (Zhang et al., 2010).
The membranes were scanned with a PharosFX Plus molecular imager and analyzed with
Quantity One software (Bio-Rad).

For liposome binding assays, Dictyostelium cell lysates produced by filter-lysis and clarified
as described above. Cell lysates (400 μl) were mixed with liposomes (10 μl) containing PIP3
(5%) (PIP3 PolyPIPosomes Y-P039; Echelon) for 2 hours at 4°C. Liposomes were washed
with PBS by centrifugation at 45,000 rpm (TLA55, Beckman) for 20 min at 4°C and
resuspended in 20 μl of SDS-PAGE sample buffer. To examine interactions with a different
PIP2, liposomes containing PI(3,4)P2 (Y-P034), PI(3,5)P2 (Y-P035), and PI(4,5)P2 (Y-P045)
were also used. Liposomes containing no phosphoinositol (Y-000) were used as a control.
For human myosin IF, HEK293T cells were transfected with plasmids containing YFP-
myosin IF and YFP-PHAKT or YFP and sonicated for 10 s. Cell lysate were clarified and
used for liposome binding assays as described for Dictyostelium cell lysate.

Cell growth and development
To examine cell growth, 4×105 cells/ml were cultured in 25 ml of HL5 in a 250-ml flask on
a rotary shaker at 180 rpm at 22°C and cells were counted daily with a hemocytometer. To
assess developmental phenotypes, cells growing exponentially were washed twice in DB (10
mM phosphate buffer, 2 mM MgSO4, 0.2 mM CaCl2) and plated on 1% non-nutrient DB
agar (5×105 cells/cm2).

Dictyostelium chemotaxis
A chemotaxis assay using Dictyostelium cells was performed as described (6, 33, 36).
Briefly, cells were cultured in HL5 medium to approximately 2×106 cells/ml, washed twice
with DB, resuspended to 2×107 cells/ml, and shaken for 1 hour before being induced to
differentiate with 100 nM cAMP pulses at 6-min intervals for 4 hours. Differentiated cells
were plated on a chambered coverslip (Lab-Tek, Nalge Nunc) and allowed to adhere to the
surface. A cAMP gradient was generated by a micropipette (Femtotips; Eppendorf)
containing 1 μM cAMP and a microinjector with a compensation pressure of 100 hPa
(FemtoJet; Eppendorf). Images of moving cells were recorded at 30-sec intervals for 30 min
using an Olympus CKX41 inverted microscope equipped with a 10×/0.25 objective
connected to a gray scale digital camera (CFW-1308M). ImageJ software was used to
collect and process data. Chemotaxis speed was calculated as the distance towards the
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micropipette divided by the elapsed time (20 min). The chemotaxis index was defined as the
distance moved in the direction of the gradient divided by the total distance moved for 30-
sec intervals averaged over 20 min. Localization of myosin IE-GFP in chemotaxing cells
was observed with a microscope consisting of a fully automated DMI6000 (Leica) and a
Yokogawa CSU10 spinning disc confocal.

Actin polymerization assay
After cells were developed for 5 hours and pretreated with 3 mM caffeine for 20 min, cells
were stimulated with 1 μM cAMP (33). At various time points after stimulation, 5×106 cells
were harvested and lysed in Triton X-100 buffer (1% Triton X-100, 10 mM KCl, 10 mM
imidazole, 10 mM EGTA, 50 μg/ml NaN3) (36). Samples were vortexed, held on ice for 10
min, and then incubated at room temperature for 10 min. The samples were spun at 8000 × g
for 4 min. The pellet fractions were washed once with Triton X-100 buffer and resuspended
in 2× sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer. Proteins were resolved by SDS-PAGE and visualized by Coomassie Brilliant Blue
staining. Actin was quantified by densitometric analysis using ImageJ software (National
Institutes of Health).

Phagocytosis
A quantitative phagocytosis assay was performed as described with some modifications
(20). Exponentially growing cells were collected, washed, and resuspended at 2×106 cells/
ml in Sorenson's buffer (17 mM KH2PO4, 2 mM Na2HPO4, pH 6.0) and tetramethyl
rhodamine isothiocyanate-labeled yeast cells were added (1.2×107 cells/ml). Samples (1 ml)
were transferred to a 1.5-ml tube containing 0.1 ml 0.4% Trypan blue to quench background
fluorescence from yeast cells that were not phagocytosed. Samples were vortexed and
centrifuged at 800 × g for 2 min, and the pellets were washed and resuspended in 1 ml
Sorenson's buffer. Fluorescence was measured at 544 nm (excitation) and 574 nm
(emission). Fluorescence intensity was normalized to total protein. Uptake by wild-type cells
at 120 min was set at 100%.

For microscopic observation of phagocytosis, exponentially growing Dictyostelium cells
were transferred to an 8-well chambered-coverslip (Lab-Tek, Nalge Nunc) and allowed to
adhere to the surface. HL5 was replaced with phosphate buffer (17 mM KH2PO4/Na2HPO4,
5 mM CaCl2, and 10 mM MgCl2, pH 6.0). After 30 min, yeast cells (YSC2, Sigma) that
were hydrated by incubation in phosphate buffer at room temperature for 30 min were added
to the chamber; excess yeast cells were removed within 10 min. Before observation, the
chamber was covered with a coverslip and sealed with silicone grease. Confocal time-lapse
images were captured using a microscope consisting of an automated AxioObserver Z1
(Zeiss), a Yokogawa CSU22 spinning disc confocal, and a Roper Cascade II 512b camera.

Mammalian cell culture and transfection
HL-60 cells were cultured in RPMI-1640 medium (Invitrogen) supplemented with 15% fetal
bovine serum in an incubator with 5% CO2 at 37°C. Granulocytic differentiation was
induced by treating 5×104 cells/ml with 1.3% dimethyl sulfoxide in RPMI-1640 medium for
5 days (37). For transient transfection, 5×106 cells in 100 μl nucleofector solution
containing 1 μg DNA were electroporated using Amaxa program T-19, according to the
manufacturer's instructions (Amaxa Nucleofection, Lonza). Cells were then transferred to a
single-well chambered coverslip (Lab-Tek, Nalge Nunc) with 2 ml RPMI-1640 medium and
incubated for 5 hr before observation. 4 μM fMLP was used to stimulate HL-60 cells.

COS-7 cells were maintained in Dulbecco's modified Eagle medium (Gibco, 11965)
supplemented with 10% fetal bovine serum in an incubator with 5% CO2 at 37°C. Cells
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were plated in an 8-well chambered coverslip (Lab-Tek, Nalge Nunc) for 24 hours at low
confluency to minimize cell–cell interactions. Cells were transiently transfected with
Lipofectamine 2000 (Invitrogen) for 5 hours. After the culture medium was changed, cells
were cultured for an additional 8 hours before observation. 100 ng/ml of EGF was used to
stimulate cells. 20 μM LY294002 were used to block PI3 kinase.

Statistical analysis
All values are means ± SEM. Results were statistically analyzed using the t-test (*, p < 0.05;
**, p < 0.01). Fisher's exact test was used for the phenotype of triple knockout cells losing
yeast cells from the phagocytic cups.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PIP3-binding class I myosins are required for normal cell growth and development
(A) The domain structure of seven class I myosins in the Dictyostelium genome. (B)
Immunoblotting of whole cell lysates prepared from Dictyostelium cells expressing myosin
I-GFP fusions using anti-GFP antibodies. (C) Lipid dot blot assays show interactions of
myosins ID, IE, and IF with PIP3. Images are representative of more than three independent
experiments. (D) Localization of myosin IE-GFP and PHcrac-RFP in wild-type, pi3k-null,
and pten-null cells (n ≧ 3, more than 10 cells analyzed in each experiment). Fluorescence
intensity was quantified along the lines shown in Fig. S3. (E) Cells expressing myosin IE-
GFP and PHcrac-RFP, a biomarker for PIP3, were observed before and after cAMP
stimulation, in the presence or absence of latrunculin A or LY294002 (n ≧ 2, more than 25
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cells analyzed in each experiment). (F) Cellular localization of myosin IE-GFP and
LimEΔcoil-RFP, a biomarker for F-actin, in a cAMP gradient (n ≧ 6, more than 5 cells
analyzed in each experiment). Arrow indicates the direction of cell migration. (G) Cell
growth in wild-type and myosin I-null cells. Cells were counted daily. Values represent the
mean ± SEM from more than four independent experiments. (H) Cells were plated on non-
nutrient (DB) agar and examined for development. Images are representative of more than
three independent experiments.
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Figure 2. The IQ and TH1 domains are required for PIP3-myosin IE interactions
(A) Truncated and mutated forms of myosin IE used in the present study are shown. (B)
Immunoblotting of whole cell lysates confirms expression of myosin I constructs in
Dictyostelium cells. (C) Results of lipid dot blot assays show that the IQ and TH1 domains
are necessary and sufficient for PIP3 interactions. Images are representative of more than
two independent experiments. (D) Mutations in the TH1 domain (A4), but not in the motor
domain (E391A), block myosin IE localization in undifferentiated triple knockout cells (n =
3, more than 50 cells analyzed in each experiment). (E) Wild-type and triple knockout cells
expressing the indicated myosin IE constructs were examined for cell growth. Cells were
counted daily with a hemocytometer. Values represent the mean ± SEM from more than four
independent experiments. (F) cAMP-stimulated membrane recruitment in differentiated
triple knockout cells expressing different myosin IE-GFP constructs (n ≧ 2 experiments,
more than 50 cells analyzed in each experiment).
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Figure 3. Myosins ID, IE, and IF function in chemotaxis and phagocytosis
(A) The movement of wild-type cells and triple knockout cells expressing the indicated
myosin IE constructs toward a micropipette containing cAMP was tracked. (B) Chemotaxis
speed was calculated as the distance travelled towards the micropipette divided by the
elapsed time (20 min) (n ≥ 3 experiments). (C) Chemotaxis index was defined as the
distance traveled in the direction of the gradient divided by the total distance traveled in 20
min (n ≥ 3 experiments). At least 15 cells were analyzed in each experiment in (B) and (C).
(D) cAMP-stimulated actin polymerization was determined in wild-type and triple knockout
cells expressing the indicated myosin IE constructs. At the indicated time points after
stimulation, 5×106 cells were harvested and lysed, and amounts of F-actin were determined
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(36). Values represent the mean ± SEM from more than six independent experiments. (E)
Localization of myosin IE-GFP and PHcrac-RFP was examined during phagocytosis.
Circles indicate yeast cells in the first three time points. (F) Quantification of yeast uptake
during phagocytosis. At the indicated time points, samples were collected and phagocytosed
yeast cells were quantified. Values represent the mean ± SEM from more than four
independent experiments. (G) Wild-type and triple knockout cells expressing LimEΔcoil-
RFP were observed during phagocytosis of yeast cells. Arrows indicate yeast cells released
from phagocytic cups.
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Figure 4. PIP3 regulates the intracellular localization of human myosin IF
(A) The domain structure of human myosin IF. An asterisk indicates the location of the
mutations introduced in the TH1 domain (K770A, R780A). (B) Immunoblotting of whole
cell lysates prepared from COS-7 cells expressing YFP-human myosin IF using anti-GFP
antibodies. (C) Lipid dot blot assays show that interactions between YFP-human myosin IF
and PIP3 depend on the TH1 domain. YFP was used as a negative control and PHAKT-YFP
was used as a positive control. Images are representative of >3 independent experiments. (D)
Localization of YFP-human myosin IF, YFP-human myosin IF (K770A, R780A), and
PHAKT-YFP was examined in COS-7 cells before and after EGF treatment (n = 3
experiments, more than 10 cells analyzed in each experiment). In the presence of
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LY294002, EGF-stimulated membrane recruitment of YFP-myosin IF and PHAKT-YFP was
blocked (+LY). (E) Localization of YFP-human myosin IF, YFP-human myosin IF (K770A,
R780A), PHAKT-YFP, and YFP was evaluated in HL-60 cells stimulated by fMLP (n = 3
experiments). Arrows indicate the direction of cell migration.
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