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Background: Class I myosins contribute to membrane-associated events.
Results: A short segment of basic/hydrophobic amino acids in the tail which binds acidic phospholipids and the actin binding
site in the head is required for relocalization of Dictyosteliummyosin IB.
Conclusion: Dynamic relocalization results from competition between membrane acidic phospholipids and cytoplasmic
F-actin.
Significance: The molecular basis of myosin I relocation is fundamental to understanding cell motility.

Class I myosins have a single heavy chain comprising an
N-terminal motor domain with actin-activated ATPase activity
and a C-terminal globular tail with a basic region that binds to
acidic phospholipids. These myosins contribute to the forma-
tion of actin-rich protrusions such as pseudopodia, but regula-
tion of the dynamic localization to these structures is not under-
stood. Previously, we found that Acanthamoeba myosin IC
binds to acidic phospholipids in vitro through a short sequence
of basic and hydrophobic amino acids, BH site, based on the
charge density of the phospholipids. The tail of Dictyostelium
myosin IB (DMIB) also contains a BH site. We now report that
the BH site is essential for DMIB binding to the plasma mem-
brane and describe the molecular basis of the dynamic relocal-
ization ofDMIB in live cells. EndogenousDMIB is localized uni-
formly on the plasma membrane of resting cells, at active
protrusions and cell-cell contacts of randomlymoving cells, and
at the front of motile polarized cells. The BH site is required for
association of DMIB with the plasma membrane at all stages
where it colocalizes with phosphoinositide bisphosphate/phos-
phoinositide trisphosphate (PIP2/PIP3). The charge-based spec-
ificity of the BH site allows for in vivo specificity of DMIB for
PIP2/PIP3 similar to the PH domain-based specificity of other
class Imyosins. However, DMIB-head is required for relocaliza-
tion ofDMIB to the front ofmigrating cells.Motor activity is not
essential, but the actin binding site in the head is important.
Thus, dynamic relocalization ofDMIB is determinedprincipally
by the local PIP2/PIP3 concentration in the plasma membrane
and cytoplasmic F-actin.

All class I myosins have a single heavy chain consisting of an
N-terminal globular motor domain that binds actin and has

actin-activatedATPase activity, an IQdomain that binds one or
more light chains, and a C-terminal nonhelical tail with a basic
region adjacent to the motor domain. In addition, long-tail
Acanthamoeba and Dictyostelium class I myosins have a gly-
cine/proline/alanine-rich (GPA, Acanthamoeba) or glycine/
proline/glutamine-rich (GPQ, Dictyostelium) region and a Src
homology 3 (SH3)2 region following the basic region (1–4).
Mammalian myosin IC (Myo1C) (5) and Myo1G (6, 7) bind to
acidic phospholipids in vitro and in vivo through a putative
pleckstrin homology (PH) domain within the basic region that
may bind specifically to PIP2. AlthoughAcanthamoebamyosin
IC contains a putative PH domain within the basic region (8),
AMIC shows no specificity for binding to PIP2 in vitro. AMIC
binds to phospholipid vesicles containing either PS, PIP2, or
both in proportion to their net negative charge irrespective of
their phospholipid composition (9). Moreover, presumably
because of the high negative charge of PIP2 and PIP3, endoge-
nous AMIC colocalizes with PIP2/PIP3 in the Acanthamoeba
plasma membrane (9).
The basis of the affinity of AMIC for acidic phospholipid in

vitro is a short sequence (13 residues) enriched with basic and
hydrophobic amino acids (the BH site) that lies within the puta-
tive PH domain (9). In vitro studies with synthetic peptides and
sequence analysis by a novel computer program (10) identified
BH sites in many class I myosins, includingDictyosteliummyo-
sin IB, and also nonmyosin proteins, suggesting that plasma
membrane-association of proteins through nonspecific BH
sites may be widespread. Recently, lipid/membrane binding of
mammalian Myo1E was shown to be more similar to the bind-
ing of AMIC than the binding of mammalian Myo1C (11).
The colocalization of endogenous AMIC and PIP2/PIP3 in

the plasmamembrane ofAcanthamoeba is consistent with, but
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does not prove, an important role for the BH site. To determine
the importance of the BH site and whether other factors might
also be involved in membrane localization in live cells, one
needs to be able to express and analyze labeled wild-type and
mutant constructs. Therefore, we chose to work with Dictyo-
stelium for which all of the necessary tools are available. When
placed in nonnutrient medium, Dictyostelium amoebae che-
motax toward aggregation centers initiated by cells secreting
cAMP. Chemotaxing cells elongate and polarize, with some
proteins moving to the front and others to the rear, and secrete
cAMPwhich attracts neighboring cells thus forming streams of
chemotaxing amoebae (12–14). DMIBhas been shown to play a
role in regulating pseudopod formation and is necessary for
persistent chemotactic motility (15, 16). DMIB concentrates at
the plasma membrane in axenic cells (17), in the cytoplasm at
the front of motile amoebae (17, 18), and at cell-cell contacts
(19). We asked whether the BH site is required for the associa-
tion of DMIB with the plasma membrane, if DMIB shows pref-
erence for PIP2/PIP3-enriched regions of the plasma mem-
brane, and what factors, in addition to the BH site, might be
required for the dynamic relocalization of DMIB inmotile, che-
motaxing amoebae.

EXPERIMENTAL PROCEDURES

DNA Constructs—All DMIB expression plasmids were gen-
erated using PCR and PCR-based mutagenesis. Regions of the
myoB gene were amplified using a full-length clone of themyoB
gene (pDTb2) (20) as a template. The 5� and 3� oligonucleotides
included restriction enzyme sites to enable subsequent cloning
to generate GFP fusion proteins (supplemental Table S1). All
PCR products were TA-cloned using the Strataclone system
(Stratagene), and the full sequence for every clone was verified
(BioMedical Genomics Center). The full-length or altered
myoB genes were then cloned into a low copy number extra-
chromosomal plasmid, pTX-GFP (21) except for wild-type
GFP-MyoB (DMIB) which was cloned into the related low copy
number expression plasmid pLittle (22).
Constructs encoding PH domains of CRAC and PLC� with

C-terminal enhanced GFP were a gift from Dr. C. A. Parent
(23). They were transfected into in AX2 myoB� cells (20) and
then grown in the samemediumasAX2myoB� cells expressing
DMIB.
Cell Culture—AX2 and AX3 cells were grown in HL5

medium (24). DMIB-null cells (myoB� cells) (20) and
PI3K1�,5�PTEN� cells (25)were grown inHL5mediumwith a
final concentration of 7 �g/ml blasticidin S HCl (Invitrogen).
myoB� cells and PI3K1–5�,PTEN� cells expressing wild-type
or mutant DMIB with N-terminal GFP were grown in HL5
medium with 7 �g/ml blasticidin S HCl and 12 �g/ml G418
sulfate (Mediatech). AX3 cells coexpressing DMIB and ABD-
120 (26), a gift fromDr. Goeh Jung, were grown inHL5medium
with 10 �g/ml blasticidin S HCl and 10 �g/ml G418 sulfate.
Dictyostelium amoebae were grown on 10-cm Petri dishes in

HL5mediumwith appropriate additions (see above), harvested
in 10 ml of medium and placed on ice in 15-ml tubes for 20–30
min. Cells were then plated on chambered coverglass (Nalge
Nunc International, 155383) in the desired density resulting in
about 80% confluence for cells meant to go through starvation

cycle and about 50% confluence for cells meant to be observed
immediately. Cells were allowed to attach and washed three
times for 5minwith starvation buffer (10mMphosphate buffer,
pH 6.2, 2 mM MgSO4, 0.2 mM CaCl2) and left overlaid with
starvation buffer for varied periods of time. Freshly plated cells
were observed immediately live or were fixed directly in cham-
bered coverglass (10-min fixation with 1% formaldehyde, 0.1%
glutaraldehyde, and 0.01% Triton X-100 in 20 mM phosphate
buffer, pH 6.2) followed by three washes with 20mM phosphate
buffer, pH 6.2. In other experiments cells were kept at 20 °C in
starvation buffer in the dark, to initiate polarization, and were
observed at the desired times. Alternatively, plated cells were
kept in starvation buffer at 4 °C in the dark overnight and
moved to 20 °C the following morning. These cells usually
formed streams within 3 h after moving them to 20 °C.
Imaging Live Cells—The absence of DMIB delays develop-

ment, and overexpression of DMIB significantly slows growth,
motility, and development (16, 20, 27–29). Therefore, the
developmental time course depends not only on the properties
of the expressed mutants but also on the level of their expres-
sion and culturing time. For this reason, we did not attempt to
phenotype the effects of expressed mutants on properties such
as delay in forming streams. Rather, we compared cells that
were in a similar stage of development and showed similarmor-
phology, i.e. cells that were freshly plated, randomly moving,
elongated, moving directionally or streaming, and had similar
levels of overall GFP fluorescence intensity.
The intensity of GFP fluorescence varied depending on the

level of protein expression, the protein expressed, the state of
cells (vegetative versus starved) and culturing time. For these
reasons, as a control, we always monitored expression of DMIB
or a previously characterizedmutant that was transfected at the
same time and treated the same way. This allowed us to com-
pare localization of two ormoreDMIBmutants in the cells with
similar levels of protein expression and make sure that differ-
ences between expressed mutants were not caused by differ-
ences in their intracellular concentrations.
Each of the developmental stages was monitored for each

mutant in at least two independent transfections and during at
least two independent starvation cycles, always accompanied
by monitoring in parallel at least one control mutant. For
freshly plated cells we observed at least 100 cells showing local-
ization at the plasma membrane or its lack for each mutant
studied. At this stage fluorescence was stable in time and space,
and we quantified it in more detail (see below). In starved cells,
localization of DMIB and some of its mutants was transient; it
occurred only in cells showing a particular morphology, and
even then it happened in a few minutes-long cycles (for exam-
ple sharp localization at the plasmamembrane of the engulfing
mouth of streaming cells or diffused localization at the front of
elongated cells migrating individually). In a typical experiment,
we followed starved cells for 4–6 h starting when cells began to
elongate and ending when they formed streams and/or
mounds. In these cases we report particular localization for a
mutant after registering it for at least 20 cells (and inmost cases
closer to 100 cells).
Antibodies and Imaging Fixed Cells—For visualization of

endogenous DMIB in fixed Dictyostelium cells we used poly-
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clonal rabbit anti-DMIB antibody (18, 19) in 1:100 dilution. For
visualization of PIP2 and PIP3 we used commercially available
anti-PI(4,5)P2 IgG antibody from Abcam (ab2335) in 1:100
dilution. F-actin was visualized by phalloidin Alexa Fluor 633
(Molecular Probes) in 1:250 dilution or by rhodamine-phalloi-
din (Sigma) in 1:500 dilution.
For images of fixed cells,Dictyostelium amoebae were grown

on coverslips in 6-well chambers or on a chambered coverglass
in regularmedia or in starvation buffer. Cells were washed once
with starvation buffer, then fixed with 1% formaldehyde, 0.1%
glutaraldehyde, and 0.01% Triton X-100 in 20 mM phosphate
buffer, pH 6.2, for 10 min. Cells were than washed and incu-
bated with antibodies as described (30).
Testing Specificity of Anti-PI(4,5)P2 Antibody with Lipid

Strips—The specificity of PIP2 antibody was tested with lipid
strips from Echelon (P-6002 and P-6001; supplemental Fig.
S1). Lipid strips were incubated for 1 h at room temperature
in TBS (25 mM Tris, pH 7.5, 150 mM NaCl containing 2%
BSA) and then for another hour with TBS buffer containing
2% BSA, 0.1% Tween 20, and PIP2 antibody (1:2,500 dilu-
tion). The strips were washed 3 times for 5 min each with
TBS containing 0.1%Tween-20. The strips were then incu-
bated for 1 h with secondary antibody (IRDye 700) diluted
10,000 times in TBS with 2% BSA and 0.1% Tween 20,
washed three times for 5 min with TBS with 0.1% Tween 20,
and rinsed with TBS and stored in TBS. Secondary antibody
detection was done using the Odyssey infrared imager
(Li-Cor).
We found that PI(4,5)P2 antibody was not highly specific for

PI(4,5)P2. The antibody bound to PI(3,4)P2 about 3 times stron-
ger and to PI(3,4,5)P3 only approximately 50% weaker than to
PI(4,5)P2. Antibody reaction was negligible with phosphati-
dylinositol, phosphatidylinositol 3-phosphate, phosphatidyl-
inositol 4-phosphate, phosphatidylinositol 5-phosphate, PS,
phosphatidylethanolamine, phosphatidylcholine, sphingo-
sine 1-phosphate, PI(3,5)P2, phosphatidic acid, diacylglycerol,
phosphatidylglycerol, cardiolipin, cholesterol, sphingomyelin,
and 3-sulfogalactosylceramide.
Other Reagents and Procedures—Dictyostelium cells were

transfected with 15 �g of plasmid DNA by electroporation (2
times, 0.9 kV) as described (31). After electroporation PI3K1–
5�,PTEN� cells were grown in the presence of heat-killed bac-
teria until colonies developed. Single colonies were picked and
monitored for the presence of GFP fluorescence. Alternatively,
and with similar final results, entire transformation plates with
multiple fluorescent colonies were cultured. Cells were viewed
with a Zeiss LSM 5 LIVE confocal microscope with a 63� lens
or with a Zeiss LSM 510 confocal microscope using a 63� lens.
The slice thickness was 1 �m, unless stated otherwise. For final
illustrations, images were processed in an LSM image browser
and Photoshop. Profile scanning of original cell microscopic
images was done using Metamorph software. A line scan of
each cell wasmade across two separate regions, and the average
maximum fluorescence intensities at the plasma membrane
were divided by the average fluorescence intensities in the
cytoplasm.

RESULTS

Colocalization of Endogenous DMIB and PIP2/PIP3—Recent
studies have suggested that interactions of somemyosins I with
phosphoinositides are a major determinant of their in vivo
localization (5–7, 9). We visualized the localization of DMIB
and PIP2/PIP3 in fixed cells with a polyclonal DMIB-specific
antibody and a commercial PIP2 antibody (see “Experimental
Procedures”), which we found recognized PI(3,4)P2, PI(4,5)P2,
and PI(3,4,5)P3, but no other lipids tested (supplemental Fig.
S1). In nonpolarized, randomly moving cells, DMIB and PIP2/
PIP3 colocalized in cell protrusions (Fig. 1A). DMIB and PIP2/
PIP3 also colocalized at the front of polarized, chemotaxing
cells (Fig. 1B) and, in cell streams, at the front of the leading cell
and the engulfing mouth of the following cell (Fig. 1C). Both
DMIB and PIP2/PIP3 were also occasionally present at the back
of the cells but in concentrations much lower than at the front
(Fig. 1, B and C). In most cases, F-actin also localized with
DMIB andPIP2/PIP3 (Fig. 1,D andE). The localization ofDMIB
at the front of motile cells was expected, but the dominant
localization of PIP2/PIP3 at the front, and only occasional weak
staining at the rear (Fig. 1C), seems to be inconsistent with the
known localization of PI(4,5)P2 at the rear and PI(3,4,5)P3 at the
front of chemotaxing cells (13, 14, 32). This inconsistency
might be explained by the possible presence of PI(3,4)P2, which
the antibody recognizes strongly (supplemental Fig. S1) and
which is a product of PI(3,4,5)P3 dephosphorylation, at the cell
front.
Localization of Expressed DMIB—DMIB and ABD-120 (to

monitor F-actin localization) (26) fused to GFP and mRFP,
respectively, were coexpressed in wild-type AX3 cells and their
localizations followed during the morphological changes
induced by starvation. Cells freshly plated in nonnutrient
medium (see “Experimental Procedures”) have low motility,
and DMIB initially localized uniformly to the plasma mem-
brane in these cells (Fig. 2A). After about 0.5–2 h, when random
cell movement increased, DMIB became enriched in pseudo-
pods (Fig. 2B), cups (Fig. 2C), and random cell-cell contacts
(Fig. 2D and supplemental Movie S1). The protruding myosin-
enriched regions were usually also enriched in F-actin (Fig. 2,
B–D). Upon longer starvation (4–5 h), when the cell cortex was
not very active and cells form fewer pseudopods and cups,
DMIB became diffused predominantly in the cytoplasm (Fig.
2E) whereas F-actin remained mostly cortical (Fig. 2E). Finally,
after 6–8 h starvation, when cells became highly polarized and
elongated (Fig. 2F), DMIB was localized at the cell front. The
localization of expressed DMIB on the plasma membrane, in
cell protrusions, at cell-cell contacts, and at the front of elon-
gated polarized live cells agrees with the localization of endog-
enous DMIB in fixed cells, as shown in Fig. 1 and reported by
others (17–19).
DMIB Mutants—The roles of the major regions of DMIB

(Fig. 3) in determining the localization of DMIB at different
stages of cell motility were investigated. Previous studies have
established that the SH3 region (S in Fig. 3) binds CARMIL, a
scaffolding protein that also binds G-actin, actin-capping pro-
tein, and Arp2/3 (33). The GPQ region contains an ATP-insen-
sitive actin binding site (34); the basic region contains the BH
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site (801KKKVLVHTLIRR812), which binds acidic phospholip-
ids in vitro (10); the IQ region provides the light chain binding
site and, like the heads of all myosins, Head (the motor domain
in Fig. 3) has an ATP-sensitive actin binding site and actin-
activated ATPase and motor activities (4).
The following DMIB large deletion mutants were studied:

mutant dSH3 had the C-terminal SH3 domain deleted, dGPQ
had the GPQ region deleted, dGPQSH3 lacked both GPQ and

SH3 retaining only the basic region of the tail, mutant
Head�IQ had the entire tail deleted, Tail had the head and IQ
domains deleted, Tail�IQ lacked the head domain, and Tail
lacked the head domain and IQ region (Fig. 3).
The role of the recently described BH site in DMIB localiza-

tion in vivowas investigated by expressingmutants inwhich the
BH site was deleted (dBH) or its five basic residues were
replaced by Ala (BH-Ala) in DMIB, dGPQSH3, and Tail. From

FIGURE 1. Colocalization of endogenous DMIB and PIP2/PIP3 in fixed AX3 cells. AX3 cells were fixed and endogenous DMIB, and PIP2/PIP3 were visualized
with antibodies against DMIB (red) and PIP2/PIP3 (green). F-actin was stained with phalloidin Alexa Fluor 633 (blue). In nonpolarized cells, DMIB colocalizes with
PIP2/PIP3 in random cell protrusions (A). In polarized cells, DMIB and PIP2/PIP3 colocalize at the cell front (B). In chemotaxing cells, DMIB and PIP2/PIP3 colocalize
at the front of the leading cell and in the engulfing mouth of the following cell (C). Actin colocalizes with DMIB and PIP2/PIP3 at random cell protrusions (D) and
at the front of polarized cells (E). Arrows mark the sites of colocalization of DMIB with PIP2/PIP3 (A–C) and with F-actin (D and E). Scale bars, 10 �m. DIC, differential
interference control microscopy.
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our earlier data on the binding of peptides to phospholipid ves-
icles (9, 10) and from BH-plots (supplemental Fig. S2A), all of
these mutations in the BH site would be expected to reduce
binding to acidic lipids drastically. In addition, and to test fur-
ther the relevance of BH-search and properties of the BH site,
the hydrophobic residue Ile-810 within the BH site of DMIB
was replaced with acidic Asp. This mutation was not tested
previously with synthetic peptides, but, according to the pre-
diction of theBH-plot (supplemental Fig. S2A), it should greatly
reduce lipid binding by DMIB.
Also, three point mutations were made in the DMIB head:

one to inactivate its actin-activated ATPase activity (S322A)

and two others to perturb its binding to F-actin (E407K and
N154A). Actin-activated ATPase activity of ameboid myosins
requires phosphorylation of a serine or threonine residue in the
middle part of the head domain, the TEDS site (35–37); the
S332Amutation of DMIB results in essentially complete loss of
its actin-activated ATPase activity (38).
The E407K mutation of DMIB is homologous to the E476K

mutation of Dictyosteliummyosin II, which was shown to bind
but not hydrolyze ATP, thus substantially reducing binding of
Dictyosteliummyosin II to F-actin in the presence of ATP (39,
40). The homologous mutations of mammalian myosin X
(E456K) (41), Aspergillus myosin I (E444K) (42), and mamma-
lian MIB (E409K) (43) have similar effects.
The DMIB N154A mutation is homologous to the (N233A)

mutation of Dictyosteliummyosin II, which makes the myosin
unable to bind nucleotides, and, therefore, the myosin forms a
stable, rigor complex with F-actin (44). The homologousmuta-
tion of mammalian MIB (N160A) has a similar effect on its
interaction with F-actin (43).
Based on the homology of the ATP binding site of all myo-

sins, and the results with other myosin Is, we expect the E407K
mutation to severely weaken and the N154A mutation to
greatly strengthen binding of DMIB to F-actin. All of the con-
structs, with GFP added to their N termini, were expressed in
DictyosteliumAX2myoB� cells (20) to avoid competition with
endogenous DMIB.
Tail BHSite IsNecessary forUniformLocalization ofDMIB to

Plasma Membrane—We had shown earlier that the BH site of
DMIB is sufficient for binding to vesicles containing acidic
phospholipids in vitro (10).Here, we investigate the importance
of the BH site in vivo by expressing the DMIB BH mutants

FIGURE 2. Localization of expressed GFP-DMIB in live cells. AX3 cells were
cotransfected with DMIB and ABD-120 fused to GFP (green) and RFP (red),
respectively. Live cells images are shown. DMIB is localized uniformly on the
plasma membrane of freshly plated cells (A), in pseudopods (B), cups (C), and
at cell-cell contacts (D) of randomly moving cells. DMIB is mostly diffuse in
cells starved for about 4 h (E) and is localized to the cell front in elongated
polarized cells (F). In all cases except E, DMIB colocalizes with F-actin. Arrows
mark sites of DMIB and F-actin colocalization. Scale bar, 10 �m. See also sup-
plemental Movie S1.

FIGURE 3. Schematic representation of DMIB and its mutants expressed
in Dictyostelium cells. The major regions that were deleted are labeled (S �
SH3). The positions of residues mutated within the head and the position of
BH site are indicated. The point mutations in the head in full-length DMIB
were: S332A (DMIB-S332A), which results in motor-dead myosin, and E407K
(DMIB-E407K), which results in severely reduced binding to F-actin. Mutations
of the BH sites in full-length DMIB, dGPQSH3, and the tail were: deletion of
entire BH site (dBH), substitution of 5 basic residues within the BH site with Ala
(BH-Ala), and point mutation I810D. See supplemental Fig. S2 for more
detailed description of DMIB-I810D.
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described above. In cells freshly plated in nonnutrient buffer,
DMIB, Tail, and dGPQSH3 localized uniformly on the plasma
membrane whereas the Head�IQ, lacking the C-terminal tail,
was exclusively cytoplasmic (Fig. 4A), demonstrating that the
basic region is required and sufficient for plasma membrane
localization at this stage. Consistent with these results,
expressed DMIB-S332A, DMIB-E407K, Tail�IQ, dGPQ, and
dSH3 also localized to the plasmamembrane (data not shown).
In addition to sharp peripheral fluorescence, there was some
diffuse cytoplasmic fluorescence, more in cells expressing
DMIB than in those expressing Tail (Fig. 4A), consistent with
earlier fractionation experiments showing that a significant
amount of DMIB is cytoplasmic (45). The PH domains of PLC�
and CRAC were also uniformly enriched in the plasma mem-
brane of freshly plated cells (Fig. 4A), indicative of uniform dis-
tributions of PI(4,5)P2 and PI(3,4,5)P3 (46), respectively, in the

plasma membrane. Deletion of the BH site (dBH) or replace-
ment of its five hydrophobic amino acids with Ala (BH-Ala)
resulted in the loss of plasma membrane localization and dif-
fuse cytoplasmic staining of DMIB, Tail, and dGPQSH3 (Fig.
4B). A point mutation of DMIB within the BH site, DMIB-
I810D (Fig. 4B), also resulted in cytoplasmic localization as pre-
dicted by the BH-plot (supplemental Fig. S2B).

These data show that binding of DMIB to the plasma mem-
brane of vegetative cells newly plated in nonnutrient buffer
requires the BH site within the basic region of the tail. Neither
the head nor IQ domains, nor theGPQ and SH3 domains in the
tail are significantly involved in binding of DMIB to the plasma
membrane. These conclusions are consistent with earlier in
vitro data for DMIB and AMIC (9, 10) and with the uniform
distribution of PIP2 andPIP3 in the plasmamembrane of cells at
this stage.
Head Is Required for Relocalization of DMIB in Motile Cells—

As shown in Fig. 2 and supplemental Movie S1, in randomly
moving cells (starved about 2 h) expressed DMIB relocalized to
active cell protrusions and sites of random cell-cell contacts. In
the first stage of this process, the cell began to lose its round
shape, and the uniform plasma membrane distribution of
DMIB was lost. In cells undergoing similar shape changes,
DMIB located to protrusions and was not present in other
regions of the plasma membrane whereas Tail remained uni-
formly distributed on the entire plasmamembrane (Fig. 5A and
supplemental Movies S2 and S3). Similarly, in cells forming
random cell-cell contacts, DMIB was enriched at the contact
sites, and Tail was uniformly distributed on the plasma mem-
brane with only moderate enrichment at contact sites (Fig. 5B).
DMIB-BH-Ala andHead�IQ remained exclusively in the cyto-

FIGURE 4. BH site is necessary for localization of DMIB to the plasma mem-
brane. Constructs are identified as described in Fig. 3 and “Results.” A, local-
ization of GFP-labeled DMIB, DMIB deletion constructs, PH-PLC�, and
PH-CRAC in AX2 myoB� cells newly plated in nonnutrient buffer. B, localiza-
tion of mutants with BH site deleted (dBH) or mutated (BH-Ala, I810D). Left
panels in A and B show GFP images, and right panels show differential inter-
ference contrast microscopy images. Scale bar, 10 �m.

FIGURE 5. DMIB head is required for dissociation of DMIB from the plasma
membrane, and BH site is required for DMIB localization to cell-cell con-
tacts in randomly moving cells. A, within about 2 h, DMIB (supplemental
Movie S2) relocates to cell protrusions whereas Tail remains uniformly con-
centrated on the plasma membrane (supplemental Movie S3). B, DMIB,
dGPQSH3 (supplemental Movie S4), DMIB-S332A, and DMIB-E407K are
enriched at random cell-cell contacts, where PIP2 (PH-PLC�) also concen-
trates, and are absent from other regions of the plasma membrane. Tail
remains relatively uniformly associated with the plasma membrane and
DMIB-BH-Ala, and Head�IQ remains diffused in the cytoplasm. Scale bars, 10
�m.
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plasm (Fig. 5B). Contact sites were enriched in PI(4,5)P2 as
monitored by PH-PLC� (Fig. 5B).
Thus, DMIB head is required for release of DMIB from its

uniform distribution on the plasmamembrane, and the BH site
is required for relocalization of DMIB to protrusions and cell-
cell contacts, probably because of the high local charge density
from PIP2 at those sites. Neither motor activity, actin binding
through the head, nor the GPQ and SH3 domains are required
for localization of DMIB to cell-cell contacts because DMIB-
S322A, DMIB-E407K, and dGPQSH3 located to cell-cell con-
tacts similarly to DMIB (Fig. 5B and supplemental Movie S4).
Upon prolonged starvation (about 8 h),Dictyostelium amoe-

bae elongate, polarize, and start moving directionally, eventu-
ally forming head-to-tail cell streams. In elongated, direction-
ally moving cells, expressed DMIBwas transiently and diffusely
localized predominantly at the cell front (Fig. 6), as was endog-
enous DMIB (Fig. 1), with the occasional presence of DMIB at

the rear (Fig. 6). This diffuse localization at the front of individ-
ually migrating cells required only the motor domain,
Head�IQ exhibited this diffuse localization (Fig. 6 and supple-
mental Movie S5), but motor activity was not required as
motor-dead DMIB-S332A also localized diffusely at the front
(Fig. 6). In agreementwith this conclusion, dGPQSH3 (Fig. 6) as
well as a mutants with compromised BH sites (dGPQSH3-dBH
and DMIB-BH-Ala) also localized diffusely at the cell front
(data not shown). On the other hand, Tail remained tightly
associated with the entire plasma membrane of elongated cells
with some transient enrichment at the rear and no detectable
diffuse enrichment at the front (Fig. 6 and supplemental Movie
S6). PI(4,5)P2 was located similarly to Tail along the entire
plasma membrane and transiently enriched at the rear, as
determined by the localization of PH-PLC� (Fig. 6 and supple-
mental Movie S7).
In streaming cells, whose fronts came into contact with the

rears of other cells, DMIB localized much more sharply, but
transiently, at the engulfing mouth (Fig. 7) as did also
PI(3,4,5)P3, as monitored by PH-CRAC (Fig. 7). The transient
localization of PIP3 (47) was probably responsible for the tran-
sient localization ofDMIB.Tail, however, remainedmostly uni-
formly localized on the plasma membrane with some enrich-
ment at the rear but no significant enrichment at the front (Fig.
7 and supplementalMovie S8), as did PIP2 (PH-PLC�, Fig. 7 and
supplemental Movie S9). Thus, proper localization to the front
of the cell at this stage requires the presence of themyosin head.
Myosin lacking theGPQand SH3 domains (dGPQSH3, supple-
mental Movie S10) and myosin with greatly reduced actin-ac-
tivated Mg-ATPase activity (DMIB-S332A) also localized
sharply to the engulfing mouth (although DMIB-S332A more
weakly), indicating that the GPQ and SH3 domains and motor
activity are not essential for this localization (Fig. 7). However,
the BH site is essential because neither Head�IQ nor
dGPQSH3dBH localized sharply to the engulfing mouth (Fig. 7
and supplemental Movie S11).
Binding of Head to Cytoplasmic F-actin Is Important for

Localization of DMIB—Although both expressed DMIB and
expressedTail weremostly uniformly distributed on the plasma
membrane of freshly plated, nonmotile cells (Fig. 4A), there
seemed to bemoreDMIB thanTail in the cytoplasm.We quan-
tified this difference by line-scanning fluorescent images of
cells transfected with either DMIB or Tail and processed in
parallel (Fig. 8, A and B). The ratio of the peak fluorescence
intensity on the plasma membrane to the average fluorescence
intensity in the cytoplasm was consistently lower for DMIB
than for Tail (Fig. 8C) with an overall average of 1.7 for DMIB
and 3.4 for Tail (Fig. 8D). The ratio value for DMIB-E407K
(weak actin binding mutant) was in between the values for
DMIB and Tail and was 2.5. The ratio for dGPQSH3was essen-
tially the same as for DMIB and equal to 1.6 (Fig. 8D).
These results suggest that the head reduces DMIB associa-

tion with the plasma membrane, presumably by binding to
some cytoplasmic protein, and the fluorescence ratio for
DMIB-E407K suggests that this protein may be actin. Actin is
the most abundant cytoplasmic protein known to bind to the
myosin head. In addition to highly concentrated cortical actin,
which is easily visualized by fluorescence microscopy of cells

FIGURE 6. DMIB head is required for relocation of DMIB to front of polar-
ized cells. Images of live starved elongated cells expressing proteins as
marked at the top of the panels are shown. DMIB and Head�IQ show the same
diffuse localization at the front as does motor-dead DMIB mutant (DMIB-
S332A) and DMIB minus GPQ and SH3 domains (dGPQSH3). Tail and PIP2 (as
monitored with PH-PLC�) localize mostly uniformly on the plasma membrane
with enrichment at the rear. DMIB point mutant with weakened actin binding
(DMIB-E407K) localizes on plasma membrane with strong enrichment at the
rear but shows stronger cytoplasmic presence than does Tail. Arrows mark the
direction of cell movement. Scale bar, 10 �m. See also supplemental Movies
S5–S7.

Myosin IB Localization and Lipid and Actin Binding Sites

APRIL 27, 2012 • VOLUME 287 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 14929

http://www.jbc.org/cgi/content/full/M111.318667/DC1
http://www.jbc.org/cgi/content/full/M111.318667/DC1
http://www.jbc.org/cgi/content/full/M111.318667/DC1
http://www.jbc.org/cgi/content/full/M111.318667/DC1
http://www.jbc.org/cgi/content/full/M111.318667/DC1
http://www.jbc.org/cgi/content/full/M111.318667/DC1
http://www.jbc.org/cgi/content/full/M111.318667/DC1
http://www.jbc.org/cgi/content/full/M111.318667/DC1
http://www.jbc.org/cgi/content/full/M111.318667/DC1
http://www.jbc.org/cgi/content/full/M111.318667/DC1
http://www.jbc.org/cgi/content/full/M111.318667/DC1
http://www.jbc.org/cgi/content/full/M111.318667/DC1
http://www.jbc.org/cgi/content/full/M111.318667/DC1
http://www.jbc.org/cgi/content/full/M111.318667/DC1


stained with rhodamine phalloidin or other probes, Dictyoste-
lium has a pool of cytoplasmic F-actin (48) that is only diffusely
stained (individual actin filaments are below the resolution of
fluorescence microscopy, and Dictyostelium does not have
stress fibers).
The localization of DMIB with reduced affinity for F-actin,

DMIB-E407K, was intermediate between the localization of
DMIB and Tail. In freshly plated cells, DMIB-E407K localized
uniformly to the plasma membrane from which it mostly dis-
sociated in time (data not shown), which was more like DMIB
than like Tail. In randomly moving cells, DMIB-E407K local-
ized to cell-cell contacts (Fig. 5B), again more like DMIB than
like Tail. However, in elongated cells, a substantial fraction of
DMIB-E407K was associated with the plasma membrane, like
Tail, with only weak, transient diffuse presence in the cyto-
plasm at the front of the cell (Fig. 6) where DMIB strongly
localized with F-actin (Figs. 2 and 6). Some of the cells that did
not show uniform localization of DMIB-E407K on the plasma

membrane showed strong accumulation in the cytoplasm at the
rear of the cell (Fig. 6). In streaming cells, DMIB-E407K local-
ized mostly uniformly on the plasma membrane with some
enrichment at the rear and front (Fig. 7). Thus, DMIB-E407K
behavedmore like Tail than like DMIB, remainingmostly asso-
ciated with the plasma membrane, but with a higher fraction
than Tail in the cytoplasm. These results are consistent with
binding of DMIB to cytoplasmic F-actin via its motor domain
being an important, but not the only, factor responsible for the
cytoplasmic localization of DMIB.
The localization of DMIB-N154A (the strong actin-binding

mutant) was also different from the localization ofDMIB.How-
ever, cells expressing DMIB-N154A could not be compared
directly with cells expressing other DMIB constructs because
expression ofDMIB-N154A changed the cellmorphology, even
in freshly plated cells (Fig. 9). The most striking feature of cells
expressing DMIB-N154A was the strong presence of wave-like
structures at the cell periphery and within the cell body. These
waves often had a patched appearance and moved through the
cell (Fig. 9, Ab and B and supplemental Movies S12 and S13) in
a manner reminiscent of actin waves described previously
under different circumstances (49–51). The waves contained
DMIB-N154A, which was present only at the bottom of the
wave, and F-actin, whichwas also present in higher focal planes.
The region inside thewavewas depleted of F-actin (supplemen-
tal Fig. S3). These features are also characteristics of actinwaves
described by others (49, 52). Note that actin waves sequester a
large portion of cytoplasmic F-actin.
Cells with waves were present in freshly plated cells and

increased after 4–6 h of starvation (the time when DMIB was
mostly diffuse). Thewaveswere transient and not uniform even
in freshly plated cells, most likely representing a mixture of
prewave, wave, and postwave stages. In cells with strong waves,
DMIB-N154A was associated with the waves and not with the
plasma membrane. The cortical staining of the cell shown in
Fig. 9Ab is diffuse staining associated with an actin wave that
reached the cell periphery (supplemental Movie S13) and not
plasma membrane-associated staining.
In freshly plated cells that did not show waves or had only

weak waves, DMIB-N154A was located on the plasma mem-
brane (Fig. 9Aa), as would be expected for a DMIBmutant with
an intact BH site region, and the borders of these cells often
contained multiple small protrusions. In elongated, migrating
cells, DMIB-N154A was present at both the front and back,
moving between these two locations (Fig. 9C). DMIB-N154A
cells differed from DMIB-transfected cells. The former tended
to have long, sideways protrusions (Fig. 9Ac) and a forked lead-
ing edge (Fig. 9C, 0�’ and 600”) with DMIB-N154A in the pro-
trusions and the forked extensions.
Thus, both the E407K and N154A mutations change the

localization of DMIB but in different ways, as expected because
the E407K mutation should greatly reduce and the N154K
mutation greatly increase binding of DMIB to F-actin. These
results are consistent with the interaction of the DMIB head
with F-actin being crucial for the proper localization of DMIB.
Competition between Binding of DMIB to PlasmaMembrane

and Cytoplasmic F-actin—We investigated further the proba-
bility of DMIB localization being affected by its binding to cyto-

FIGURE 7. Localization of DMIB in streaming cells. Images of live streaming
cells expressing proteins as marked at the top of the panels are shown.
Expressed DMIB colocalizes with PIP3 (PH-CRAC) at the engulfing mouth of
cells in chemotaxing streams as does motor-dead DMIB-S332A and DMIB
missing the GPQ and SH3 domains (dGPQSH3). Head�IQ and mutant missing
BH site (dGPQSHdBH) are fully cytoplasmic. Expressed Tail and PIP2 (PH-PLC�)
remain mostly uniformly distributed on the plasma membrane. DMIB point
mutant with weakened actin binding (DMIB-E470K) also localizes primarily to
the plasma membrane but has a higher cytoplasmic component than does
Tail. See also supplemental Movies S8 –S11.
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plasmic F-actin by treating cells with latrunculin A (LatA). To
monitor F-actin and DMIB simultaneously we used AX3 cells
cotransfected with ABD-120 and DMIB. We chose cells at the
stagewhen plasmamembrane association of DMIBwas low, i.e.
cells that were starved for 4 h but had not yet elongated. At this
stage, cortical actin was easily detectable but DMIB is mostly
diffuse in the cytoplasm (Figs. 2E and 10A).
LatA treatment causes rapid disappearance of cortical F-ac-

tin; by 5 min all cortical F-actin was essentially gone (data not
shown and Ref. 53). At that time, DMIB began to appear slowly
at the plasma membrane, peaking at about 20 min (Fig. 10, B
and C). Images of randomly chosen nontreated, control cells
(324 cells) and cells treated with LatA (440 cells) were visually
scored for the presence of DMIB at the plasmamembrane. The
percentage of cells with DMIB on the plasma membrane
increased from 7% for nontreated cells to 54% for LatA-treated
cells.
However, by 20min F-actin reappeared on the plasmamem-

brane in the form of patches. The appearance of actin patches,
despite the presence of LatA, is not well understood but has
been routinely observed by us and others (e.g. Fig. 4 in Ref. 53).
Approximately 33% of the LatA-treated cells that had DMIB
localized on the plasma membrane did not have any actin
patches (Fig. 9B) and, in the 66% of cells with F-actin patches,
DMIB localized with the F-actin (Fig. 10C).

We do not know why DMIB did not associate with cortical
F-actin prior to LatA treatment but seemed to associate with

F-actin patches after cells were exposed to LatA. Nevertheless,
the appearance of DMIB on the plasma membrane after LatA
treatment, especially in the absence of actin patches, agrees
with the assumption that depolymerization of cytoplasmic
F-actin should allow F-actin-associated DMIB to bind to acidic
phospholipids, most likely PS, in the plasma membrane.
To explore further the roles that F-actin and PI(3,4,5)P3 play

in relocalization of DMIB to the front of migrating cells, we
expressed dGPQSH3 in PI3K1–5�,PTEN� cells (25) (Fig. 11).
Our previous resultswere consistentwith diffuse localization of
DMIB at the front of individually migrating cells being due to
association with F-actin whereas sharp localization at the
mouth of cells in front-back contact reflects DMIB association
with PIP3 (Figs. 6 and 7). PI3K1–5�,PTEN� cells lack the five
phosphoinositide 3-kinases responsible for conversion of
PIP(4,5)P2 to PIP(3,4,5)P3, and PTEN, which catalyzes the con-
version of PIP(3,4,5)P3 to PIP(4,5)P2. These cells are not
depleted of PI(4,5)P2 but cannot form a PI(3,4,5)P3 gradient in
response to cAMP (25). However PI3K1–5�,PTEN� cells can
still elongate and chemotax, and F-actin becomes polarized in
response to cAMP (25). If DMIB relocates to the front of these
cells it cannot be PIP3-driven.Weused dGPQSH3 in this exper-
iment to eliminate any possible contribution of the ATP-inde-
pendent actin binding site in the GPQ domain and the
CARMIL binding site in the SH3 domain to the localization of
DMIB.

FIGURE 8. Comparison of cytoplasmic and membrane-associated fractions of DMIB, Tail, DMIB-N154A, and dGPQSH3. A and B, fluorescence images of
freshly plated Dictyostelium cells expressing DMIB or Tail were scanned. Examples of individual linear cross-scans for DMIB (A) and Tail (B) are shown. Each cell
was scanned twice across two different lines. Scans were normalized for each cell taking the average maximum fluorescence intensity of membrane peaks as
100%. The ratios of the maximum fluorescence intensity on the plasma membrane to the average fluorescence intensity in the cytoplasm for single cells shown
in A and B were 1.7 and 3.6, respectively, as indicated at the sides of the panels. C, ratio of the maximum fluorescence intensity on the plasma membrane to the
average fluorescence intensity in the cytoplasm in five experiments. Each pair of bars represents a separate experiment, and the number of cells scanned in
each experiment is indicated on the top of bars. D, average of fluorescence ratios for DMIB, dGPQSH3, DMIB-E407K, and Tail. The average fluorescence ratios are
indicated at the tops of the bars. The number of scanned cells and independent experiments were as follow: 35 cells from 5 experiments for DMIB, 22 cells from
3 experiments for dGPQSH3, 30 cells from 3 experiments for DMIB-E407K, and 40 cells from 5 experiments for Tail. Error bars, S.E.
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Under our conditions, PI3K1–5�,PTEN� cells did not form
streams but were capable of some elongation and directional
movement for short periods of time. dGPQSH3 localized dif-
fusely at the front ofmigrating cells (Fig. 11B). This observation
agrees with the proposal that F-actin, not PI(3,4,5)P3, is primar-
ily responsible for the diffuse localization of DMIB at the front
of elongated cells. In freshly plated PI3K1–5�,PTEN� cells,
dGPQSH3 localized at the plasma membrane (Fig. 11A), most
likely bound to PIP2.

DISCUSSION

Myosins I are required for the proper formation and function
of both pseudopodia and endocytic structures in amoeboid
cells (15, 16, 27–29). These functions require precise control of
the recruitment of myosin I to the plasma membrane (54). We
have demonstrated that the dynamic localization of DMIB
requires both plasmamembrane targeting by its tail and F-actin
targeting by its head domain.
Furthermore, we have shown unequivocally that the BH site

is required in vivo for association of DMIB with the plasma
membrane in resting, randomly motile, and chemotaxing Dic-
tyostelium amoebae. This includes uniform localization at the
plasmamembrane in freshly plated cells, localization at the sites
of cell-cell contacts of randomlymoving cells, and at the engulf-

ing mouths of chemotaxing cells. Endogenous and expressed
wild type-DMIB localized to these regions, but mutants with a
deleted or nonfunctional BH site did not. The regions enriched
in DMIB were also enriched in either or both PI(4,5)P2 and
PI(3,4,5)P3, as determined by the localization of the PH
domains of PLC� and CRAC, respectively. Both PIP2 and PIP3
were dispersed uniformly on the plasma membrane of freshly
plated cells, cell-cell contacts were enriched in PIP2, and PIP3
was present at the engulfing mouths of streaming cells. These

FIGURE 9. Localization of DMIB-N154A. Aa, freshly plated cells. Ab, cells
starved for 2 h. Ac, cells starved for 8 h. B, more detail of DMIB N154A distri-
bution in cells represented by cell in Ab. C, more detail of DMIB N154A distri-
bution in cells represented by cell in Ac. Arrows point to the sites of DMIB
N154A location. Scale bars, 10 �m.

FIGURE 10. Relocation of DMIB to plasma membrane in cells treated with
LatA. AX3 cells cotransfected with DMIB and F-actin probe ABD-120 were
starved for 4 h and treated with 7.5 �M LatA. A, in cells before treatment DMIB
is mostly diffused and cortical actin is present. B and C, after 20-min exposure
to LatA, cortical F-actin is absent, and DMIB reappears on the plasma mem-
brane, alone (arrowheads) or accompanied by F-actin patches (arrows). Scale
bar, 10 �m.

FIGURE 11. Localization of dGPQSH3 in PI3K1–5�,PTEN� cells. Freshly
plated cells (A) and cells starved for 6 h (B) are shown. Arrows indicate the
direction of cell movement. Scale bars, 10 �m.

Myosin IB Localization and Lipid and Actin Binding Sites

14932 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 18 • APRIL 27, 2012



observations agree with those reported by others (23, 46, 47,
55–57; for reviews see Refs. 13, 32).
However, although required for plasma membrane associa-

tion, the BH site alone is not sufficient for proper relocalization
of DMIB during random cell movement and starvation-in-
duced cell polarization because localization of tail alone was
different from the localization of full-length myosin. In freshly
plated cells, both DMIB and Tail localized uniformly to the
plasma membrane, but the fraction of DMIB in the cytoplasm
was higher than for Tail. In randomly moving cells, both DMIB
andTail were enriched in protrusions and cell-cell contacts, but
Tail was also present at the remaining regions of the plasma
membrane from which DMIB was absent. The most striking
difference between DMIB and Tail was that upon starvation
DMIB relocated to the front of elongated cells whereas Tail
remained relatively evenly distributed on the entire plasma
membrane with some enrichment at the rear.
The differences between Tail and DMIB localization could

be explained by the presence of a cytoplasmic factor that inter-
acts with the myosin head, pulling myosin off the membrane
into the cytoplasm. Such a factor was proposed earlier based on
fractionation studies (45, 58) but never identified. Nowwe have
shown that the cytoplasmic factor(s) that keeps full-length
DMIB off the membrane involves F-actin.
We have shown that disturbing DMIB binding to F-actin, by

two differentmutations, changes the localization of DMIB. The
localization of DMIB-E407K, in which binding to F-actin
through the head is greatly weakened, was intermediate
between the localization of DMIB and the localization of Tail.
DMIB-E407K lingered on the plasmamembrane and at the rear
of migrating cells. In freshly plated cells, the cytoplasmic frac-
tion of DMIB-E407K was lower than for DMIB whereas the
cytoplasmic fraction of the dGPQSH3 truncation mutant was
very similar to that of DMIB.
The localization of the strong actin-binding mutant DMIB-

N154Awas different from the localization of DMIB andDMIB-
E407K. DMIB-N154A was present at both rear and front of
elongated cells, but the morphology of the cells was also
changed. The most striking difference was the strong presence
of DMIB-N154A in actin waves. DMIB is a known component
of actin waves (49), but it associates with wave by a treadmilling
mechanism, and under our conditions we did not detect
expressed DMIB or any other DMIB mutants in actin waves.
The strong presence ofDMIB-N154A in actinwavesmost likely
reflected its high affinity for F-actin. It is also likely that DMIB-
N154A enhances formation of actin waves.
In summary, localization of all mutants with either a deleted

or mutated BH site in the tail or a deleted or mutated actin
binding site in the head was different from the localization of
DMIB. Therefore, at least in all situations that we have studied,
the two main factors that determine the localization of DMIB
are binding to the plasmamembrane through the BH site in the
tail and binding to cytoplasmic F-actin through the ATP-sensi-
tive actin binding site in the head. Competition between these
two major interactions can explain the dynamic localization of
DMIB.
In freshly plated cells, expressedDMIB andTail both localize

uniformly on the plasmamembrane bound by the BH site in the

tail to acidic phospholipids PI(4,5)P2, PI(3,4,5)P3, and PS in the
plasmamembrane. Brief starvation causes PIP2 and PIP3 to dis-
appear from the plasma membrane, thus weakening binding of
the BH site, and binding of the DMIB head to F-actin relocates
DMIB from the membrane to the cytoplasm. Then, in ran-
domly moving cells, DMIB moves from the cytoplasm to new
PIP2/PIP3-enriched sites in protrusions and cell-cell contacts.
Absent the Head actin binding sites, expressed Tail remains on
the plasmamembrane in the absence of PIP2 and PIP3 bound to
PS and subsequently is only moderately enriched in regions
containing PI(4,5)P2 at cell-cell contacts.
But why would DMIB bind to PIP3 at the front of the cell

preferentially to PIP2 at the rear? Perhaps DMIB is present at
high concentration in the cytoplasm at the front of the cell in
association with highly concentrated F-actin, as shown by the
intense diffuse fluorescence at the front of chemotaxing cells
observed with DMIB and Head but not with Tail (Fig. 6). The
diffuse presence of dGPQSH3 at the front of PI3K1–
5�,PTEN�-cells that lack PI(3,4,5)P3 gradients supports this
explanation (Fig. 11).
And why would expressed Tail be enriched in the plasma

membrane at the rear of chemotaxing cells? In most cells, the
concentration of PI(4,5)P2 is higher than that of PI(3,4,5)P3
(59). Possibly the concentration of PI(4,5)P2 at the rear of the
cell is higher than the concentration of PI(3,4,5)P3 at the front.

Cells that had been starved for 4 h had well defined cortical
F-actin but no associated DMIB (Fig. 2E) whereas chemotaxing
cells had well defined cortical F-actin along their sides (Fig. 2F)
with no enrichment of DMIB in the cortex. On the other hand,
both expressed DMIB and Head colocalized with F-actin at the
front of chemotaxing cells (Fig. 2F).Wedonot knowwhyDMIB
associates differently with different F-actin pools, but cytoplas-
mic F-actin, which is not easily visualized by standard fluores-
cence microscopy (47), may have higher affinity than cortical
F-actin for DMIB. It may be relevant that mammalian Myo1B
doesnotassociatewithstableactinbundlesor stress fibers (60)and
mammalianMyo1Adoesnot localize to stress fibers (61). Interest-
ingly, myosins other than class I have been shown to have prefer-
ences for different regions of the actin cytoskeleton (62).
Localization of expressed dGPQdSH3 andDMIB-S332Awas

very similar to the localization of DMIB, indicating that neither
the GPQ domain, which is required for ATP-independent
binding of the tail to F-actin (34), the SH3 domain, which is
required for binding to CARMIL (33), nor motor activity is
required for the dynamic relocalization of DMIB. This agrees
with earlier work showing that although the SH3 domain and
motor activity are essential for DMIB function neither is
required for its localization to the plasmamembrane of vegeta-
tive cells or to the leading edge of chemotaxing cells (17). Inter-
actions of DMIB with other proteins through its tail (33, 63)
may, however, play a supportive role in DMIB localization
and/or be more important in situations not investigated in our
current work. For example, DMIB is present in early endo-
somes (64) and in eupodias/knobby feet (65) which we did not
study.
Because motor activity seems not to be essential for DMIB

localization what is responsible for its dynamic relocalization?
As we discussed above, plasma membrane-bound DMIB is
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most likely recruited from an adjacent (and at least partially
actin-bound) cytoplasmic pool. Relocalization of DMIB to the
front of polarized cells may be coupled to relocation of F-actin.
For example, DMIB may be translocated in association with
actin waves without need formyosinmotor activity. Themove-
ment of DMIB-N154A with actin waves clearly illustrates such
a possibility. DMIB could then be recruited from highly con-
centratedwave-associated pools by othermyosin receptors that
the wave contacts. Relocation of highly concentrated regions of
DMIB with actin waves has been observed by others, although
under conditions different from ours (49).
Other groups (5–7, 11, 60, 61, 63, 66–76) have investigated

the factors determining the localization of class I myosins I in
various cells with only one consensus requirement. At least part
of the basic region in the tail is necessary for localization to
biological membranes, binding to acidic phospholipids, and
many of the multiple processes involving class I myosins
require their binding to membranes (2, 54, 77–82).
The knownmembrane-association sites in the basic region of

myosin-I tails are the PH domain and the BH site. Mutations of
conserved residues within PH domains affect the in vivo local-
ization of mammalian Myo1C (5) and Myo1B (67). However,
the PH domain is not sufficient for proper localization of mam-
malian Myo1G (7), and mutation of a conserved residue in the
putative PH domain of mammalian Myo1E had no significant
effect on its in vivo localization suggesting, together with other
data, that this myosin I binds to acid phospholipids through less
specific electrostatic interactions (11), as doesDMIB. Interestingly
a BH plot (10) ofMyo1E reveals a well defined BH site in its tail.
In summary, we have shown that the BH site is absolutely

required for association of DMIBwith the plasmamembrane in
vivo but that relocalization of DMIB during a starvation cycle
requires interaction of DMIB with cytoplasmic F-actin. Our
findings on the role of the BH site inDMIB should be applicable
to other proteins because other class I myosins, myosin VI and
several other cytoskeletal proteins (partially listed in Ref. 10)
have similar BH sites. For example a dibasic motif in the tail of
myosinXIV is an essential determinant of its plasmamembrane
localization (83), the basic region of Dictyostelium WASP that
binds PIP3 and PIP2 with similar affinities is responsible for
WASP localization to the leading edge (84), and, similarly, the
basic region of WAVE2 is responsible for its localization to
PIP3-enriched lamellipodia in platelets (85). Binding of proteins
tomembrane lipids by basic-hydrophobic, or just basic, regions
seems to be a common phenomenon, and our results show that
such sites can play a critical role in membrane localization and
relocalization of proteins.
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