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Abstract

F-actin structures and their distribution are important determinants of the dynamic shapes and functions of eukaryotic cells.
Actin waves are F-actin formations that move along the ventral cell membrane driven by actin polymerization. Dictyostelium
myosin IB is associated with actin waves but its role in the wave is unknown. Myosin IB is a monomeric, non-filamentous
myosin with a globular head that binds to F-actin and has motor activity, and a non-helical tail comprising a basic region, a
glycine-proline-glutamine-rich region and an SH3-domain. The basic region binds to acidic phospholipids in the plasma
membrane through a short basic-hydrophobic site and the Gly-Pro-GIn region binds F-actin. In the current work we found
that both the basic-hydrophobic site in the basic region and the Gly-Pro-GIn region of the tail are required for the
association of myosin IB with actin waves. This is the first evidence that the Gly-Pro-GIn region is required for localization of
myosin IB to a specific actin structure in situ. The head is not required for myosin IB association with actin waves but binding
of the head to F-actin strengthens the association of myosin IB with waves and stabilizes waves. Neither the SH3-domain
nor motor activity is required for association of myosin IB with actin waves. We conclude that myosin IB contributes to
anchoring actin waves to the plasma membranes by binding of the basic-hydrophobic site to acidic phospholipids in the
plasma membrane and binding of the Gly-Pro-GIn region to F-actin in the wave.
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Introduction involved in the morphogenesis of motile neutrophils, such as
protrusions at the leading edge. In primary mouse fibroblasts,
melanoma B16-F10 cells and bone osteosarcoma U20S cells,
actin waves are formed in conjunction with unique integrin-
dependent adhesive structures [5]. The “adhesive F-actin waves”
contain paxillin, vinculin and talin in addition to integrin, actin
and the proteins that regulate actin polymerization [5]. Although
it is not clearly established which characteristics of actin waves are
shared by Dictyostelium and mammalian cells, it is generally agreed
that, in both cell types, waves form and move randomly driven by
actin polymerization.

Remodeling of the actin cytoskeleton plays an essential role in
determining cell shape and movement [1]. Motile eukaryotic cells
generate three-dimensional, self-organizing waves of F-actin which
propagate along the ventral plasma membrane of cells adhering to
a substrate. Identified initially in Dictyostelium by Vicker [2], actin
waves were subsequently observed in BHK21 fibroblasts and
mouse melanoma cells [3], neutrophils [4] and human osteosar-
coma cells [5]. Actin waves in Dictyostelium have been described in
considerable detail, principally by the Gerisch laboratory [6-12].

In Dictyostelium, actin waves propagate by polymerization of
actin filaments at the front and depolymerization of filaments at
the rear [7,8]. When a wave reaches a cell border it may push out
a protrusion in the form of a broad lamellipodium and when a
wave moves away from the cell border this region often retracts
[6,8]. Because of the similarity in their composition (see below), it
has been proposed that actin waves may also function as planar
potential phagocytic cup structures that scan a substrate surface in
the search of particles to be phagocytosed [10,11].

Actin waves are more complex in mammalian cells. In
neutrophils, actin waves are accompanied by waves of Hem-1
(hematopoietic protein 1) that interacts with the WAVE/SCAR
complex that mediates Rac-induced actin polymerization [4].
Reciprocal interactions of the Hem-1 and actin waves appear to be

Multiple mathematical models describing the formation and
propagation of actin waves have been developed, e.g. [13-17] and
reviewed in [18], but there is little experimental data on the
molecular interactions between the several wave components.
Understanding the interactions of each component is essential for
a full understanding of the structure and function of actin waves.
Because of the relatively simple composition of Dictyostelium waves
compared to mammalian cell waves and the numerous experi-
mental advantages of Dictyostelium as a model system for cell
motility, in the current study we focused on the interactions
between Dictyostelium actin waves and myosin 1B (MIB), the only
myosin that has been shown to be associated with waves.
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Dictyostelium actin waves contain at least four other cytoskeletal
proteins: non-filamentous myosin IB (MIB), Arp2/3, CARMIL
and coronin [8,11]. Myosin II has been shown not to be in waves
[9] but the possible presence of other myosins, including other
class-I myosins, has not been investigated.

According to a model proposed by Bretschneider et al. [8], the
wave consists of a meshwork of branched actin filaments whose
barbed ends point to the plasma membrane. MIB occurs
throughout the wave but is enriched along the plasma membrane
and at the front of the wave. The Arp2/3 complex, which initiates
branching of polymerizing actin filaments, occurs throughout the
wave but, in contrast to MIB, is more concentrated away from the
plasma membrane. CARMIL, a scaffolding protein that binds
MIB, Arp2/3 and G-actin, is distributed throughout the wave.
Coronin, which inhibits the interaction of Arp2/3 with F-actin
and actin polymerization, is enriched at the top of the wave and at
the back of the wave where the actin filaments are very short. The
actin waves separate two zones on the ventral cell surface [8-10]: a
zone on one side of the wave that is enriched in Arp2/3, Ras and
PIP; and a zone on the other side of the wave that is enriched in
myosin II, cortexillin I and PIP, [12].

MIB is a non-filamentous class-I myosin consisting of a single
heavy chain and a single light chain [19]. The heavy chain
comprises a globular motor-domain (head) that binds F-actin in an
A'TP-sensitive manner and has actin-activated ATPase activity,
followed by a neck (IQ-region) that binds the light chain, and a
non-helical tail [20-22]. The MIB tail is subdivided into three
regions: an N-terminal basic region followed by a Gly-Pro-Gln
(GPQ)-rich region and a C-terminal SH3-domain. The basic
region of all myosin Is binds acidic phospholipids [20-22]. We
have recently shown that a short sequence of basic and
hydrophobic amino acids (BH-site) within the basic region of
Ductyostelium  MIB  is required for MIB to bind to acidic
phospholipids i vitro [23,24] and to the plasma membrane in vivo
[25]. The GPQ-region of MIB binds F-actin in an ATP-insensitive
manner [26] which, together with the actin-binding site in the
head, allows MIB to crosslink actin filaments [27]. The SH3-
domain of MIB binds CARMIL, a scaffolding protein that also
binds to Arp2/3, actin capping protein and G-actin [28].

Recently, we reported [25] that the BH site is necessary for
binding of MIB to the plasma membrane (where it colocalizes with
PIP;/PIP;) in resting cells, in cell-cell contacts of randomly
moving cells, and at the front of motile polarized cells. In addition,
the actin-binding site in the head contributes to the re-localization
of MIB from uniform distribution on the plasma membrane of
resting cells to the plasma membrane at the front of migrating
cells. Most likely, the release of MIB from the plasma membrane is
facilitated by binding of the head domain to cytoplasmic actin
which then concentrates at the front of the motile cell. In that
study [25], we found no role for either the GPQ-region or the
SH3-domain in the localization of MIB.

To determine the molecular basis of the association of MIB with
Dictyostelium actin waves, we have now co-expressed GIP-labeled
wild-type (WT) MIB and a number of GFP-MIB mutants with
mRFP-labeled lifeact, which binds to F-actin, in MIB-null AX?2
cells (mpoB ™). We find that both the plasma membrane-binding
BH-site and the actin-binding GPQ-region in the tail are essential
for MIB association with actin waves. Neither the SH3-domain in
the tail nor the MIB head are required for binding of MIB to actin
waves but a mutation that increases the affinity of the head for F-
actin increases MIB association with waves and stabilizes waves.
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Figure 1. Expression of lifeact does not affect localization of
MIB in myoB -cells. myoB™ -cells were co-transfected with mRFP-
lifeact and GFP-MIB, and the localization of F-actin and MIB were
monitored in live cells. MIB co-localized with F-actin: (A) at the plasma
membrane of freshly plated cells; (B) in protrusions of cells starved for
1-2 h; (C) at cell-cell contacts of cells starved for 1-2 h; and (D) at the
front of elongated cells moving directionally. The arrows point to the
sites enriched in MIB. Bar is 10 um.
doi:10.1371/journal.pone.0094306.9001

Materials and Methods

DNA constructs

MIB and all its mutant plasmids carried G418 resistance and
the expressed myosins had GFP fused at the N-terminus. All but
one of the expression plasmids were generated using PCR and
PCR-based mutagenesis as described earlier [25]. The plasmid
encoding the N154A/BH-Ala mutant was created as follows. A
small region of the myoB gene carrying the BH-Ala mutation was
exchanged into the plasmid carrying the full-length N154A myoB
gene. The new N154A/BH-Ala myoB gene was then ligated into
pIX-GFP, alow copy number extrachromosomal GFP expression
plasmid [29].

The DNA encoding lifeact [30] with mRFPmars [31] at the C-
terminus in the pPDM926 plasmid [32] was a generous gift of Dr.
D. Veltman (Beatson Institute for Cancer Research, Glasgow,
United Kingdom) and was subsequently subcloned between the
Xhol and Hind III sites of the pDM358 plasmid [32] that carries

hygromycin resistance.
Cell lines, cell culturing and cell treatment

A blasticidin-resistant strain of mpoB™ -cells was made by
transforming AX2 cells with a linearized disruption plasmid,
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Figure 2. MIB colocalizes with F-actin in waves in cells treated in different ways. GFP-MIB and mRFP-lifeact were expressed in myoB™ -cells
in: (A) cells in nutrient media; (B) cells starved for 1 h; (C) cells recovering from treatment with 7.5 uM latrunculin that was washed out, cells were
starved before latrunculin treatment; (D) cells in starvation buffer in the presence of 1 uM latrunculin. See Materials and Methods for details of cell

treatment. Bar is 10 um.
doi:10.1371/journal.pone.0094306.9002

pDTB35R, that was generated by inserting the Bsr cassette [33]
into the pDTb2 plasmid [34] missing the internal 2.2 kb Bcl
fragment. Single colonies were screened for loss of MIB expression
by western blotting [34].

AX2 cells were grown in HL5 media [35] and DMIB null cells
(mpoB~ -cells) were grown in HL5 media with a final concentration
of 7 pg/ml blasticidin S HCI (Invitrogen). myoB  -cells co-
expressing lifeact and wild type or mutant MIB were grown in
HL5 media with 7 pg/ml blasticidin S HCI, 50 pg/ml hygro-
mycin B (Invitrogen) and 12 pg/ml G418 sulfate (Mediatech).
Dictyostelium amoebae were grown, as described earlier [25], on 10-
cm Petri dishes in HL5 media with appropriate antibiotic
additions (see above), harvested in 10 ml of media and placed
on ice in 15-ml tubes for 20-30 min. Cells were then plated on
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chambered cover glass (Nalge Nunc International, 155383) and
allowed to attach for 30 min at room temperature.

Cells that were not starved were left in full media and observed
for 0.5-3 h after attachment. In all other cases cells were washed 3
times with starvation buffer (10 mM phosphate buffer, pH 6.2,
2 mM MgS0,, 0.2 mM CaCly) and observed live at various
starvation times in the presence or absence of latrunculin
(Latrunculin A, Sigma). Starvation time =0 corresponds to the
time of the first wash. Cells observed in the presence of 1 uM
latrunculin were starved 30 min before addition of latrunculin and
observed 20 min to 2 h after latrunculin addition.

To induce polarization and streaming, 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. The absence of MIB delays
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Figure 3. Time-course of the appearance of actin waves in cells
starved for short times. The percentages of cells with waves are
shown at the starvation times (min) indicated in the figure. Short
movies (10 frames every 10 s) of randomly chosen fields were recorded.
Cells in each field were scored for the presence of waves visualized with
mRFP-lifeact. (A) Comparison of myoB -cells (filled circles) and the
parent WT-AX2 cells (open circles). Both cell lines were expressing
mRFP-lifeact. (B) Comparison of myoB™ -cells expressing either mRFP-
lifeact alone (filled circles) or mRFP-lifeact and GFP-MIB (open circles).
The two cell lines compared in A and B were grown and treated
identically and recorded in the same experiment so the two cell lines
within each panel can be directly compared with each other. The results
are representative of two independent experiments. Error bars were
calculated using the binomial probability confidence interval calculator
developed by Daniel S. Soper (http://www.danielsoper.com/statcalc)
and correspond to the 95% confidence interval.
doi:10.1371/journal.pone.0094306.9003

development and over-expression of MIB and expression of some
of MIB mutants significantly affects cell behavior [25,36-39].
Therefore, for identifying regions of MIB responsible for its
association with actin waves we observed cells in the presence of
1 pM latrunculin at times when they showed similar morphology.
We compared cells with similar fluorescence levels and always
observed at least two mutants in parallel as controls for each other.
Results for each mutant were confirmed in at least two
independent transfections and observation of at least 100 cells.

Other reagents and procedures

Dictyostelium cells were transfected with a total of 15 pg of
plasmid DNA (7.5 pg of each plasmid for double transfectants) by
electroporation (2 times, 0.9 kV) as described [40]. Transforma-
tion plates were cultured in the presence of appropriate selecting
antibiotics. Cells were viewed with a Zeiss 780 confocal
microscope with a 63x lens. The optical-slice thickness was
I wm unless stated otherwise. Profile scanning of the original cell
microscopic images was done using Zeiss Zen software. For final
illustrations, images were processed in a Zeiss Zen image browser
and Photoshop.

PLOS ONE | www.plosone.org
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Results

Establishing experimental conditions for monitoring MIB
association with actin waves

We used mRFP-lifeact for monitoring actin waves in all cell
lines studied. This allowed us to monitor actin waves indepen-
dently of MIB associating with them and to compare the
association of MIB mutants with waves of similar strength. Before
investigating the domain requirements for localization of MIB with
actin waves it was important to show that the localization of GFP-
MIB co-expressed with mRFP-lifeact in myoB ™ -cells was the same
as the previously determined localization of endogenous MIB and
GIP-MIB expressed in WT-cells. We found that expressed GFP-
MIB localized to the plasma membrane of freshly plated cells, to
random protrusions and cell-cell contacts in cells starved for a
short time, and to the front of elongated cells (Fig. 1), the same as
the localization of expressed GFP-MIB in the absence of lifeact
and the localization of endogenous MIB [25].

It was also necessary to determine the optimal conditions for
monitoring the association of MIB with actin waves. As in WT-
cells, the myoB™ -cells expressing WT-MIB formed waves under a
variety of experimental conditions: cells growing in full media
(Fig, 2A) and cells starved for up to 3 h (Fig. 2B); cells treated with
=5 uM latrunculin [6], which completely depolymerizes actin
filaments, after the latrunculin 1s washed out and actin begins to
re-polymerize (Fig. 2C); and cells treated with 1-3 pM latrunculin
which induces formation of waves that can be followed for at least
2 h in the presence of latrunculin (Fig. 2D).

The time course of starvation-induced wave formation is
quantified in Fig. 3. Only ~10% of freshly plated WT-AX2 and
myoB ™ -cells had waves (Fig. 3A) and the percentage of cells with
actin waves increased rapidly with starvation reaching 60-80% by
40 min. In this simple assay, there was no difference between the
WT and mpoB™ -cells (Fig. 3A) or between myoB™ -cells expressing
lifeact alone or expressing both lifeact and MIB (Fig. 3B). Either
myosin I is not required for wave formation or, perhaps more
likely, long-tail myosin IC and/or myosin ID can substitute for
MIB (see Discussion).

After prolonged starvation, cells elongate and start moving
directionally and eventually form streams. In cells starting to
elongate, actin waves were often found at both ends of the cell (Fig.
S1, 200 s). The last wave observed in elongating cells was often at
the cell front (Fig. S1, 260 s). However, we did not observe actin
waves in streaming cells.

Based on the above data, our standard procedure to follow wave
formation was to add 1 uM latrunculin to cells that had been
starved for 30 min. Under these conditions, a high percentage of
cells had waves and the general appearance of the entire cell
population remained stable for at least 2 h. Although actin waves
have been monitored by both TIRF and confocal microscopy [2—
4,6,8,9], we used confocal microscopy in our experiments because
of its greater flexibility. Also, the high light sensitivity of the Zeiss
780 confocal microscope allowed very low exposure of cells to
light, to which Dictyostelium 1s very sensitive; Dictyostelium amoebae
round up after brief exposure to light, especially after starvation.
Since cell fixation partially destroys actin waves and the
association of several MIB mutants with waves (not shown), we
performed all our studies with live cells.

Importantly, our images of propagating actin waves are similar
to those published by others [2,6,8,9]. Fig. 4 shows waves of
different shapes formed in the same myoB -cells co-transfected
with GFP-MIB and mRFP-lifeact. More images of waves of
different shapes are shown in Figs. S2 and S3 and in Movies Sl
and S2. As reported by Bretschneider et al. [8], MIB was usually
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Figure 4. Co-localization of MIB and F-actin in waves; example of different shapes of actin waves formed in the same cells. myoB™ -
cells expressing mRFP-lifeact and GFP-MIB were starved for 30 min after which 1 uM latrunculin was added and cell images were recorded at the
indicated times (seconds). 0 s corresponds to the beginning of the recording. Bar is 10 um.

doi:10.1371/journal.pone.0094306.9g004

more concentrated at the wave front (Iig. 5) and present at the
bottom of the wave (see later in Results section). Moreover, the F-
actin signal was usually stronger on one side of the wave (Fig. 2), as
described by Gerisch et al. [12]. This difference, which
corresponds to different modes of F-actin organization [11], was
much more pronounced in cells not treated with latrunculin

(Fig. 2A).

MIB mutants

Having documented that the actin-rich structures that we
monitor in the myoB -cells and the localization of MIB within
them are the same as the actin waves described by others, we could
proceed to determine the molecular basis of MIB association with
actin waves by expressing a variety of head and tail mutants. The
MIB mutants used in this study and their properties are listed in

PLOS ONE | www.plosone.org

Fig. 6. Most of these mutants and their localizations i vivo were
described earlier [25]. The GPQ- and SH3-domains in the tail
were deleted either separately (dGPQ and dSH3) or together
(dGPQ/SH3). The GPQ-domain contains the ATP-insensitive F-
actin-binding site [26] which, together with the ATP-sensitive
actin-binding site in the head, would allow MIB to crosslink actin
filaments [27], as shown previously for Acanthamoeba myosin I [41].
The SH3-domain contains the CARMIL-binding site [28]. These
three mutants, dGPQ, dSH3 and dGPQ/SH3, bind acidic
phospholipids and plasma membrane regions enriched in acidic
phospholipids through the BH-site in the basic region of the tail
[25]. Mutants in which the BH-site is deleted (dBH) or have a
single mutation in the BH-site (I810D) or the five basic residues in
the BH-site replaced with Ala (BH-Ala) bind neither acidic
phospholipids nor the plasma membrane [24,25].
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Figure 5. MIB localizes at the front of a moving actin wave in myoB ™ -cells expressing GFP-MIB and mRFP-lifeact. The left panel shows
the line scans of the fluorescence intensity of GFP-MIB and mRFP-lifeact of the cell shown in the right panel. The line scans correspond to the boxed
area within the cell and the red arrow in the box indicates the direction of scanning. 0 nm in the line scan corresponds to the beginning of the box.
The direction of wave movement is indicated in the left panel. Cells were starved for 30 min after which 1 uM latrunculin was added and cell images

were recorded. Bar is 10 um.
doi:10.1371/journal.pone.0094306.9g005

Deletion of the head and neck regions (Tail) removes the ATP-
sensitive F-actin-binding site and actin-activated ATPase and
motor activities. The point mutations in the head-domain are
expected to weaken (E407K) or enhance (N154A) binding of MIB
to F-actin, by analogy to homologous mutations in Dictyostelium
myosin II [42-44], Aspergillus myosin I [45], mammalian MIB [46]
and mammalian myosin X [47]. The actin-activated ATPase and
motor activities of amoeboid myosin Is require phosphorylation of
a Ser or Thr in the head [20,48-50] and mutation of this
phosphorylation site in Dictyostelium MIB (S322A) substantially
reduces both activities and destabilizes the actomyosin complex
[51]. The combined BH-Ala and N154A mutant (N154A/BH-

Ala) would bind F-actin strongly through its head domain but
would not bind to acidic phospholipids or plasma membranes.

BH-site and GPQ-region in the tail are essential for MIB
localization to actin waves

As shown in Fig. 7, two MIB mutants that do not bind acidic
phospholipids, dBH and I810D, did not associate with actin
waves. This is consistent with the proposal that MIB may serve as
an anchor between the plasma membrane and F-actin in the
waves [8]. However, the BH-site, although necessary, is not
sufficient for binding of MIB to waves. The MIB mutant that
contains a wild-type BH-site and binds acidic phospholipids, but

BH
!
Head Basic GPQ SH3
! oo
, Lipid Actin  CARMIL
Actin
Mutant Properties References

MIB Wild Type.
dGPQ Tail does not bind F-actin. 26
dSH3 Tail does not bind CARMIL. 28
dGPQ/SH3 Tail does not bind F-actin and CARMIL. 26,28
Tail Missing head F-actin-binding and motor activity
E407K Head binds F-actin weakly. 42,43, 45-47
N154A Head binds F-actin strongly. 44, 46
S322A Greatly reduced ATPase and motor activity. Sl
ABH Tail does not bind phospholipids. 25
18101D Tail does not bind phospholipids. 24.25
BH-Ala Tail does not bind phospholipids. 24,25
N154A/BH-Ala | Head binds F-actin strongly; Tail does not bind phospholipids. | 24, 23, 44, 46

Figure 6. MIB mutants used in the current study.
doi:10.1371/journal.pone.0094306.9006
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Figure 7. The BH-site is essential for the association of MIB with actin waves. myoB™ -cells were co-transfected with mRFP-lifeact and either
GFP-MIB, GFP-dBH or GFP-1810D as indicated in the figure. Neither GFP-dBH nor GFP-1810D binds acidic phospholipids. Cells were starved for 30 min
after which 1 uM latrunculin was added and cell images were recorded. MIB associated with the actin wave but dBH and 1810D did not. Bar is 10 um.

doi:10.1371/journal.pone.0094306.9007

does not have the GPQ- and SH3-domains (dGPQ/SH3) also did
not associate with actin waves (Fig. 8). In previous experiments
[25], this mutant was found to locate to the plasma membrane and
cell-cell contacts and relocate to the cell front in chemotaxing cells,
but the present results show that binding of MIB to actin waves
requires either or both the SH3-domain and/or GPQ-domain.

We found that the mutant missing only the SH3-domain (dSH3)
associated with waves whereas the mutant missing only the GPQ-
domain (dGPQ) did not associate with waves (Fig. 8). These results
demonstrate that the GPQ-domain, which binds to F-actin in the
presence or absence of ATP [26], is essential for localization of
MIB to the wave and the SH3-domain is not. This the first
evidence that the GPQ-domain is required for localization of MIB
to a specific actin structure in situ.

Tail alone, which contains the BH-site (plasma membrane-
binding) and GPQ-domain (F-actin-binding) but not the head or
neck regions of MIB, associated with waves (Fig. 8), but association
seemed weaker than for full-length MIB. This might have been
because the MIB head contributes to the association of MIB with
waves. Therefore, the binding of MIB head mutants to actin waves
was assessed.

Role of head in MIB association with actin waves

The strong actin-binding mutant, N154A, bound to actin waves
more strongly than WT-MIB (Fig. 9). Moreover, introducing the
N154A mutation into BH-Ala rescued the ability to associate with
waves, i.e. N154A/BH-Ala bound to actin waves (Fig. 9) although
not as strongly as N154A. Therefore, the enhanced actin binding
of N154A targets it to actin waves despite the absence of the
membrane binding site. The E407K mutation, which weakens
actin-binding by the head, did not abolish association of MIB with

PLOS ONE | www.plosone.org

waves (Fig. 9) but did weaken association (Fig. 10A). The S322A
mutant, which has reduced actin-activated ATPase and motor
activities, also associated with actin waves (Fig. 9).

Quantification of association of MIB mutants with actin
waves

We quantified the association of MIB and its mutants with actin
waves by line-scanning images of cells coexpressing mRFP-lifeact
and GFP-MIB or its mutants (Fig. 10). We calculated the ratio of
the maximum fluorescence intensity of the myosin in the wave to
its average intensity in the cytoplasm (Fig. 10A) and calculated the
same ratio for lifeact fluorescence in the same wave. For our
analysis, we chose cells with similar wave strength, i.e. with similar
ratios of lifeact fluorescence (Fig. 10B). Note that the experiments
shown in Figs. 10 and 11 were not designed to monitor a potential
effect of MIB mutants on the strength of actin waves but only to
monitor differences in MIB mutants associations with waves of
similar strength. In agreement with our visual assessments, the
fluorescence ratio of N154A was substantially higher than the ratio
for WT-MIB, and the fluorescence ratios for all of the other MIB
mutants were lower than the ratio for WI-MIB (Fig. 10A).

We also recorded Z-stack images of actin waves, starting from
the bottom of the cell, and counted the number of optical slices
(each 0.25 um) in which RFP-lifeact and GFP-myosin fluorescence
could be detected (Fig. 11). F-actin was detected in 7-8 slices
(Fig. 11B), i.e. up to ~2 pm from the bottom of the cell, whereas
MIB was detected only in the lower 5 focal planes (Fig. 11A).
These results are consistent with MIB localizing to the lower
region of the wave. N154A reached a slightly higher focal plane
than WT-MIB, and all the other mutants terminated at slightly
lower focal planes than MIB (Fig. 11B).
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Figure 8. The GPQ-region is essential for MIB association with actin waves. myoB™ -cells were co-transfected with mRFP-lifeact and with
either GFP-MIB or GFP-tagged dGPQ/SH3, dGPQ, dSH3 or Tail as indicated in the figure. Cells were starved for 30 min after which 1 pM latrunculin
was added and cell images were recorded. Mutants missing the GPQ region (dGPQ and dGPQ/SH3) did not associate with waves whereas dSH3 and

Tail did. Bar is 10 um.
doi:10.1371/journal.pone.0094306.9008

Resistance of waves to latrunculin

The data in Figs. 9-11 show that the association with actin
waves is stronger for N154A than for WT-MIB. Although we were
unable to show a consistent difference in the percentage of cell
forming waves in cells expressing N154A or WT-MIB, we did find
that waves in cells expressing N154A were more resistant to
latrunculin than waves in cells expressing WT-MIB (Fig. 12A). We
observed no difference in resistance of waves to latrunculin
between myoB -cells, myoB ™ -cells expressing MIB and the parent
AX2-cells (Fig. 12B), and no difference in the resistance of waves
to latrunculin between myoB ™ -cells expressing Tail, N154A/BH-
Ala, dGPQ/SHS3 or lifeact alone (Fig. 12C).

PLOS ONE | www.plosone.org

Regions required for localization of MIB in ventral waves
are important for MIB localization to protrusions on the
dorsal membrane

Actin waves have been described as planar phagocytic cups
[10,11] because the arrangement of F-actin, PIP;5, Arp2/3,
coronin and MIB are similar in both. We monitored the presence
of MIB in actin-rich protrusions formed on the dorsal membrane
of Dictyostelium cells after 1-3 h of starvation. Since these
protrusions did not come in contact with the substrate they are
not related to cell movement on the substrate but rather reflect
endocytic-related activity of the cells. Although the images were
taken at a higher focal plane than used for monitoring waves, by
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focusing on a lower focal plane we confirmed that, as expected, the
monitored cells had waves (Fig. S4).

Interestingly, the requirements for localization of MIB mutants
to endocytic protrusions were similar to the requirements for their
association with actin waves. The fluorescence of WT-MIB was
sharp on the border of protrusions (identified by lifeact fluores-
cence) and was accompanied by more diffuse fluorescence below
the edge (Fig. 13). As expected, a MIB mutant incapable of
binding acidic phospholipids, dBH, did not localize to protrusions.
Also, the mutants that contained the BH-site but not the GPQ-
region (dGPQ/SH3 and dGPQ) did not localize to protrusions
whereas the mutant missing the SH3-domain (dSH3) did localize
sharply to protrusions. However, the differences in localization of
MIB mutants to protrusions were a little less striking than for their
localization to actin waves; we occasionally observed some diffuse
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. ‘ "
v
: S
- "
e
o
v
) '
.
y

Figure 9. Actin binding through the head contributes to MIB association with waves. myoB™ -cells were co-transfected with mRFP-lifeact
and either GFP-MIB or GFP-tagged N154A, N154A/BH-Ala, E407K or S322A, as indicated in the figure. Cells were starved for 30 min after which 1 uM
latrunculin was added and cell images were recorded. Bar is 10 um.
doi:10.1371/journal.pone.0094306.g009

Association of Myosin IB with Actin Waves

fluorescence beneath protrusion edge for dGPQ and the
localization of dSH3 to protrusions seemed slightly weaker than
for MIB.

Discussion

We asked the question, what is the molecular basis of the
association of myosin IB with the actin waves that self-propagate
along the ventral surface of Dictyostelium? We found that two of the
three known functional domains in the MIB tail are necessary and
sufficient: the GPQ-region, which binds actin, and the BH-site,
which binds to the plasma membrane. MIB mutants missing either
of these two regions did not associate with waves and deletion of
the SH3-domain, the third known functional domain in the MIB
tail, did not abolish the binding of MIB to waves. The MIB head-
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Figure 10. MIB head contributes to wave association; quanti-
fication by line scans. myoB™ -cells co-transfected with mRFP-lifeact
and GFP-MIB or GFP-tagged MIB mutants were starved for 30 min after
which 1 uM latrunculin was added. Cell images were recorded and line
scans of images were done as illustrated in Fig. 5. Panel A shows the
ratio of maximum fluorescence intensity in the wave to the average
fluorescence intensity in the cytoplasm for MIB and its mutants. Panel B
shows the same ratio of fluorescence intensity for F-actin in the same
waves. Between 16 and 29 cells from 2-4 independent experiments
were scanned for each mutant and results were averaged. Standard
errors of means are marked in the figure.
doi:10.1371/journal.pone.0094306.9010

domain, although not required for MIB to bind to actin waves,
does contribute as expressed Tail and the mutant with low head-
affinity for actin (E407K) bound to waves more weakly than WT-
MIB, and the mutant with enhanced head affinity for actin
(N154A) associated more strongly with waves than WT-MIB.
Enhancing actin affinity of the MIB head compensated for the
absence of the BH-site since the N154A/BH-Ala mutant
associated with waves and it is possible that the head could play
a more important role in association of other myosin Is with waves.
Of course, our results do not exclude the possibility that the
regions not required for binding of MIB to actin waves may be
required for MIB functions (which we did not monitor), e.g. the
SH3-domain of MIB may recruit CARMIL to the waves.
Although association with CARMIL is not required for MIB
recruitment to the wave it might have a stabilizing effect.

The requirement of the BH-site for wave association is in
agreement with MIB serving as an anchor between the plasma
membrane and F-actin as proposed by Bretschneider et al. [8].
The BH-site binds to regions of the plasma membrane enriched in
PIPy and PIP; because their negative charge density is higher than
the negative charge of regions containing predominantly phos-
phatidylserine [23-25]. Wave formation starts in the proximity of
the plasma membrane and MIB is the wave component located
closest to the plasma membrane so the BH-site may act as a wave
sensor for local changes in the PIPy and PIP; composition of the
membrane.

However, the relation of actin waves to the local concentrations
of PIP; and PIP; is not simple. Actin waves can propagate in
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Figure 11. MIB head contributes to wave association; quanti-
fication by Z-stacks. myoB™ -cells co-transfected with mRFP-lifeact
and GFP-MIB or GFP-tagged MIB mutants were starved for 30 min after
which 1 pM latrunculin was added and cell images were recorded at
0.25-um steps starting at the bottom of the cell. Panel A shows the
number of optical slices in which fluorescence of MIB or its mutants
were detected in the waves. Panel B shows the number of optical slices
in which actin fluorescence was detected in the same waves. Between
25 and 79 images from 2-5 independent experiments were averaged
for each mutant. Standard errors of means are shown. Note that actin
localization continues to higher focal planes than the localization of MIB
and its mutants.

doi:10.1371/journal.pone.0094306.g011

PTEN (which dephosphorylates PIP3)-null cells. i.e. PIPy produc-
tion is not essential for wave propagation [12]. Also, studies of
actin waves and PIP; waves in Dictyostelium performed under
various conditions [12,13,52,53] have shown that the positions of
actin waves do not correspond exactly to the positions of maximal
PIP; concentration [53]. In some cases, PIP3; waves preceded [13]
and, in other cases, followed actin waves [52].

We did not see any obvious effect of deletion of MIB from AX2
cells or of expressing MIB in myoB™ -cells on the ability of cells to
form actin waves. Therefore, although MIB is associated with the
waves, either a class-I myosin is not essential for wave formation
or, perhaps more likely, other class-I myosins compensate for the
absence of MIB. Dictyostelium has 7 class-I myosins, three of which
are “long tailed” and contain potential acidic phospholipid-
binding and actin-binding regions in the tail [22]. The possibility
of isoform redundancy is supported by the earlier findings that cell
lines with multiple deletions of myosin I genes have much stronger
phenotypic defects than cell lines missing a single myosin I gene
[34,37,38,54]. Also, the published images of double myosin I-null
cells show differences in actin distribution at the bottom of the cell
suggestive that double myosin I deletions reduces actin wave
formation [34,55]. It may also be that myosin I association with
waves serves mainly to relocate myosin I within the cells.

The GPQ-region is known to bind to F-actin and, together with
the actin-binding site in the head, may crosslink F-actin filaments.
Since MIB could crosslink actin filaments only when the filament
concentration is sufficiently high, the GPQ-region in the tail and
the actin-binding region in the head may serve as a sensor of local
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Figure 12. Mutation N154A increases the resistance of actin
waves to latrunculin. Cells expressing mRFP-lifeact only or co-
expressing mRFP-lifeact and either GFP-MIB or GFP-tagged MIB mutants
were starved for 1 h at which time 4.2 uM latrunculin was added. Cells
were scored for the presence of actin waves by mRFP-lifeact
fluorescence as in Fig. 3. Short movies (10 frames every 10 s) of the
fields of cells were taken before and after adding latrunculin and the
percent of cells with waves was calculated. (A) myoB~ -cells co-
expressing lifeact and MIB (open circles) or lifeact and N154A (black
circles). Time =0 corresponds to cells before addition of latrunculin. (B)
myoB ™ -cells expressing lifact alone (black circles), parent AX2 cells
expressing lifeact alone (grey circles) and myoB™ -cells co-expressing
lifeact and MIB (open circles). Time=0 corresponds to cells before
addition of latrunculin. (C) myoB™ -cells expressing lifeact only or co-
expressing lifeact and either Tail, N154A-BH-Ala or dGPQSH3 in the
absence (grey bars) and presence (black bars) of latrunculin. Movies
were recorded before addition of latrunculin (No Latr) and between 60
and 80 min after addition of latrunculin (+Latr) at which time the
percentage of cells with waves plateaus. The results are representative
of at least 2 independent experiments. Error bars were calculated using
the binomial probability confidence interval calculator developed by
Daniel S. Soper (http://www.danielsoper.com/statcalc) and correspond
to the 95% confidence interval.
doi:10.1371/journal.pone.0094306.9012

high F-actin concentration. The N154A mutant, that has enhanced
head actin affinity and, therefore, enhanced actin crosslinking
ability, associates more strongly with waves than WT-MIB and
stabilizes waves against disassembly by latrunculin. This most likely
reflects actin crosslinking by WT-MIB. Also, the N154A mutation
rescues wave association of a mutant with a non-functional plasma
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F-actin

MIB

Figure 13. The GPQ-region is required for localization of MIB to
protrusions on the dorsal cell membrane. myoB -cells co-
transfected with mRFP-lifeact and either GFP-MIB or GFP-tagged MIB
mutants, as indicated in the figure, were starved for 2 h and monitored
for the presence of MIB and its mutants in the actin-rich protrusions on
the dorsal cell membrane. These images were taken at a higher focal
plane than images visualizing actin waves on the ventral surface.
Arrows point to actin-rich protrusions. Bar is 10 um.
doi:10.1371/journal.pone.0094306.9013

membrane-binding site (N154A/BH-Ala). However, enhancement
of crosslinking alone is not sufficient for the increased ability of the
N154A mutant to stabilize waves. Enhanced actin crosslinking must
be combined with the ability to bind to plasma membranes since
N154A/BH-Ala, which binds actin strongly through its head but
does not bind acidic phospholipids, did not stabilize waves. This
observation suggests that crosslinking of actin filaments occurs
mostly at the bottom of the waves where MIB can also bind to the
plasma membrane.

Since expressed Tail alone localizes to the actin wave, crosslinking
actin filaments is not essential for targeting of MIB to the waves. Most
probably, the GPQ-region binds directly to F-actin in the waves and,
together with the plasma membrane-binding BH-site, anchors actin
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filaments to the plasma membrane independently of the actin-
binding site in the head. As proposed by others [8], the GPQ-region
could also contribute to clustering of myosin molecules on the
membrane. Also, the GPQ-region may bind some yet unidentified
protein other than actin. Since the GPQ-region is proline rich,
proteins with SH3-domains would be likely binding partners. Of
course, the known and putative functions of the GPQ-region are not
mutually exclusive.

We had shown previously [25] that the BH-site is required for
localization of expressed MIB to the plasma membrane in freshly
plated cells, in cell-cell contacts and in the engulfing mouth of
streaming cells. However, the head is required for release of MIB
from the plasma membrane and its subsequent relocalization to
other sites; 1.e. expressed Tail remains associated uniformly with
the plasma membrane whereas expressed Head can relocate to the
front of chemotaxing cells where, in the absence of the BH-site, it
remains diffuse [25]. We concluded then that binding of the head
to cytoplasmic F-actin is required for MIB to dissociate from the
plasma membrane and, therefore, that both the BH-site in the tail
and the actin-binding site in the head are required for proper
relocation of MIB during cell movement. Now we show that, in
addition to the BH site, the GPQ-region is required for MIB to
bind to actin waves, i.e. MIB targeting to different locations in the
cell is defined by different regions of the MIB molecule. As F-actin
is a binding partner for both the head and the GPQ-region, it may
be that the GPQ-region and head distinguish between different
arrangements of actin filaments or between different localizations
of actin filaments in relation to the plasma membrane and/or
other cellular structures.

Finally, we found in the current study that the requirements for
localization of MIB to ventral actin waves parallel the require-
ments for localization of MIB to the endocytic protrusions formed
on the dorsal cell membrane after prolonged starvation. In
addition, the organization of F- actin and PIP; within actin waves
and phagocytic cups are closely related [10], suggesting that
targeting of MIB involves specific steric arrangements of actin and
phospholipids, and possibly other components. Because of their
separation in the Z-direction protrusions are most likely not
related directly to waves unless, after reaching the cell border,
waves move up the plasma membrane.

Conclusions

The principal conclusion is that binding of MIB to actin waves
in Dictyostelum requires both the short basic-hydrophobic plasma
membrane-binding site (BH-site) and the actin-binding region
(GPQ-region) in the tail. The MIB head-domain is not required
but does increase the affinity of MIB to the waves. We have also
shown that the two regions that are required for association of
MIB to actin waves are also involved in the association of MIB
with presumptive endocytic protrusions. This is the first demon-
stration of a role for the GPQ-region in situ, as only the BH-site is
required for association of MIB with other regions of the plasma
membrane.

Supporting Information

Figure S1 Formation of actin waves in an elongating
cell. myoB ™ -cells expressing mRIP-lifeact were starved overnight
at 4°C and transferred to room temperature to induce elongation
and streaming. Images of an elongating cell are shown recorded at
the times (seconds) indicated in the figure. The last observed wave
formed at the front of elongating cell. 0 s corresponds to the
beginning of recording. Bar is 10 pum.

(TTF)
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Figure S2 Co-localization of N154A and F-actin waves in
live cells; example of different shapes of waves formed
in the same cells. mypoB -cells expressing mRFP-lifeact and
GFP-N154A (see Fig. 6) were starved for 30 min after which 1 pM
latrunculin was added and cell images were recorded at the
indicated times (seconds). 0 s corresponds to the beginning of
recording. At all stages N154A co-localized with actin waves. This
figure corresponds to Movie S1. Bar is 10 um.

(TIF)

Figure S3 Co-localization of N154A and F-actin in actin
waves in live cells; formation of a circular wave in the
middle of a cell. myoB ™ -cells expressing mRIFP-lifeact and GFP-
N154A (see Fig. 6) were starved for 30 min after which 1 pM
latrunculin was added and cell images were recorded at the
indicated times (seconds). 0 s corresponds to the beginning of
recording. A circular wave formed in the middle of the cell,
merged with a peripheral wave and eventually formed a small
circular wave at the cell periphery. N154A co-localized with the F-
actin wave at all stages. Fluorescence of N154A was weaker at the
early stages of wave formation and gained strength with wave
expansion. This figure corresponds to Movie S2. Bar is 10 um.

(TTF)

Figure S4 Actin waves and cell protrusions are separat-
ed in the Z dimension. myoB cells co-transfected with GFP-
MIB and mRFP-lifeact were starved for 2 h and images were
taken at the bottom and top (separated by 7 um) of a live cell.
Arrows point to the wave at the cell bottom and to a protrusion at
the top of the same cell. Bar is 10 pm.

(TIF)

Movie S1 Co-localization of N154A and F-actin in live
cells; examples of different shapes of waves formed in
the middle of a cell. myoB -cells expressing mRFP-lifeact and
GFP-N154A mutant were starved for 30 min after which 1 uM
latrunculin was added and images were recorded for 200 s (1
frame every 5 s). At all imes N154A mutant colocalized with actin
waves. This video corresponds to Fig. S2.

MOV)

Movie 82 Co-localization of N154A and F-actin in live
cells; example of a circular wave formed in the middle of
a cell. mypoB -cells expressing mRFP-lifeact and GIFP-N154A
mutant were starved for 30 min after which 1 uM latrunculin was
added and images were recorded for 125 s (1 frame every 5 s). A
circular wave formed in the middle of the cell, merged with a
peripheral wave and eventually formed a small circular wave at
the cell periphery. N154A co-localized with the F-actin wave at all
stages. Fluorescence of N154A was weaker at the early stages of
wave formation and gained strength with wave expansion. This
video corresponds to Fig. S3.

(MOV)
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