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Abstract

Class I myosins are widely expressed with roles in endocytosis and cell migration in a variety of 

cell types. Dictyostelium express multiple myosin Is, including three short-tailed (Myo1A, 

Myo1E, Myo1F) and three long-tailed (Myo1B, Myo1C, Myo1D). Here we report the molecular 

basis of the specific localizations of short-tailed Myo1A, Myo1E and Myo1F compared to our 

previously determined localization of long-tailed Myo1B. Myo1A and Myo1B have common and 

unique localizations consistent with the various features of their tail region; specifically the BH 

sites in their tails are required for their association with the plasma membrane and heads are 

sufficient for relocalization to the front of polarized cells. Myo1A does not localize to actin waves 

and macropinocytic protrusions, in agreement with the absence of a tail region which is required 

for these localizations of Myo1B. However, in spite of the overall similarity of their domain 

structures, the cellular distributions of Myo1E and Myo1F are quite different from Myo1A. 

Myo1E and Myo1F, but not Myo1A, are associated with macropinocytic cups and actin waves. 

The localizations of Myo1E and Myo1F in macropinocytic structures and actin waves differ from 

the localization of Myo1B. Myo1B colocalizes with F-actin in the actin waves and at the tips of 

mature macropinocytic cups whereas Myo1E and Myo1F are in the interior of actin waves and 

along the entire surface of macropinocytic cups. Our results point to different mechanisms of 

targeting of short- and long-tailed myosin Is, and are consistent with these myosins having both 

shared and divergent cellular functions.
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Introduction

Class I myosins are among the most conserved and wide spread members of the myosin 

superfamily [Berg et al., 2001; Odronitz and Kollmar, 2006, 2007; Sebe-Pedros et al., 2014]. 
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They are found in almost all eukaryotic species where they are involved in diverse cellular 

processes including, among others, cell motility, endocytosis, vesicle shedding, channel 

gating and cell signaling [Bond et al., 2013; Kim and Flavell, 2008; McConnell and Tyska, 

2010]. However, studying the detailed functions of these myosins is often complicated by 

the fact that most organisms have multiple myosin I isoforms, e.g. eight in humans and 

seven in Dictyostelium [Berg et al., 2001; Kollmar, 2006], with at least partially redundant 

functions [Falk et al., 2003; Jung et al., 1996; Novak et al., 1995]. An understanding of the 

biological roles of the myosins would be facilitated by a detailed characterization and 

comparison of their different localizations in cells, the structural basis of those localizations 

and how these may correlate with unique and shared functions of the myosins. Dictyostelium 

amoebae are extremely motile and undergo dramatic changes in cell morphology 

accompanied by relocation of numerous proteins [Bagorda et al., 2006], including myosin Is 

(for examples see [Brzeska et al., 2012; Brzeska et al., 2014], and Fig. S1). This dynamic 

morphology makes Dictyostelium an excellent model for studying the molecular basis for 

the targeting of individual myosin I family members to different compartments in a single 

cell.

Almost all class I myosins have a single heavy chain consisting of a motor, neck and tail 

[Berg et al., 2001; Odronitz and Kollmar, 2007]. The motor contains actin-dependent motor 

activity with an ATP-sensitive actin-binding site and an actin-activated ATPase site; the 

neck region binds light chains [Greenberg and Ostap, 2013; McConnell and Tyska, 2010]; 

the tail provides sites of interactions with other cellular components. All of the myosin I tails 

have an N-terminal basic region, also called a tail homology region 1 (TH1), that binds 

acidic phospholipids [McConnell and Tyska, 2010; Odronitz and Kollmar, 2007] (Fig. 1). 

Binding of acidic lipids through the basic region of the tail is a unique property of myosin Is 

and it is essential for most of their functions [McConnell and Tyska, 2010]. Lipid binding 

can be by PIP2-, or PIP3-specific PH domains [Hokanson et al., 2006; Komaba and 

Coluccio, 2010; Lu et al., 2015] or by less specific interactions proportional to the net 

negative charge of phospholipids [Brzeska et al., 2012; Brzeska et al., 2010; Brzeska et al., 

2008; Feeser et al., 2010; Mazerik and Tyska, 2012]. The seven Dictyostelium myosin Is 

include three long-tailed myosins (Myo1B, Myo1C, Myo1D), three short-tailed myosins 

(Myo1A, Myo1E, Myo1F), and one myosin without a tail (Myo1K) that has an additional 

actin-binding site within its motor domain and binds membranes through a C-terminal 

farnesylated site [Dieckmann et al., 2010; Kollmar, 2006; Schwarz et al., 2000]. In some 

older papers these myosins were named MIA, MIB, MIC, MID, MIE, MIF and MIK.

We have shown previously that non-specific binding to acidic lipids of Dictyostelium 

Myo1B requires a short basic-hydrophobic region, the BH site, located within the TH-1 

domain of tails [Brzeska et al., 2012; Brzeska et al., 2010; Brzeska et al., 2008]. In long-

tailed myosins (Myo1B in Fig. 1) the basic region is followed by a Gly, Pro, Gln (GPQ)-rich 

region that is an ATP-insensitive actin-binding site [Rosenfeld and Rener, 1994] and an SH3 

domain that interacts with Acan125/CARMIL [Jung et al., 2001; Xu et al., 1995] and 

perhaps other proteins [Cheng et al., 2012; Krendel et al., 2007; Maxeiner et al., 2015]. The 

short-tailed myosins (Myo1A, Myo1E and Myo1F in Fig. 1) have neither the GPQ region 

nor the SH3 domain; their tails contain only the TH1 domain.
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The cellular localization of Dictyostelium Myo1B is highly dynamic, paralleling the rapidly 

changing cell morphology [Brzeska et al., 2012; Brzeska et al., 2014]. Myo1B localizes 

uniformly to the plasma membrane of non-motile or slowly moving cells. In actively 

moving cells, Myo1B relocates to other structures such as pseudopods, actin waves 

(dynamic structures associated with the basal plasma membrane), endocytic protrusions, 

cell-cell contacts, and to the front of polarized, chemotaxing cells. The BH site [Brzeska et 

al., 2010; Brzeska et al., 2008] is required for Myo1B localization to the plasma membrane 

[Brzeska et al., 2012] whereas both the BH site and the GPQ region are required for Myo1B 

localization to actin waves and macropinocytic protrusions [Brzeska et al., 2014]. The head 

is required and sufficient for localization at the front of polarized cells [Brzeska et al., 2012]. 

Thus, the combination of the specific properties of the individual tail domains and the head 

determine the localization of Myo1B.

Long-tailed Myo1B and short-tailed Myo1A have overlapping functions. Mutants lacking 

either of these myosin Is are defective in migration and pseudopod formation [Jung and 

Hammer, 1990; Titus et al., 1993], and they work cooperatively during macropinocytic 

uptake of fluids [Jung et al., 1996; Novak et al., 1995]. These observations suggested that 

these two myosins would have some similar localizations. On the other hand, the similar 

overall domain organization of the short-tailed Dictyostelium Myo1A, Myo1E and Myo1F 

suggested that the localizations of the short-tailed myosins would be similar to each other, 

but different from several of the localizations of long-tailed Myo1B, because the short-tailed 

myosins lack the GPQ and SH3 regions (Fig. 1). We found that the dynamic localizations of 

Myo1A were as predicted from the structural differences between Myo1A and Myo1B. 

Unexpectedly, however, the localizations of Myo1E and Myo1F differed from the 

localizations of Myo1A; most strikingly Myo1E and Myo1F, but not Myo1A, localized to 

the center of the actin waves and to macropinocytic cups but in a manner different than 

Myo1B.

Results

Localization of Myo1A

In the experiments described below cells were cotransfected with two separate plasmids, 

each carrying different antibiotic resistance and each encoding a different protein with GFP 

or RFP fused to its N-terminus. Expressed GFP-Myo1A localized uniformly to the plasma 

membrane of non-motile and slowly moving Myo1A-null cells (Fig. 2A), at positions of 

cell-cell contacts in randomly moving cells (Fig. 2B), in the regions of close cell-cell 

contacts of chemotaxing cells (Fig. 2C), diffusely in pseudopods (Fig. 2D) and the front of 

elongated chemotaxing cells (Fig. 2E). Myo1B has also been found to localize to these 

regions of the cell [Brzeska et al., 2012; Brzeska et al., 2014]. However, in contrast to 

Myo1B, Myo1A did not localize to actin waves (Fig. 3A) or macropinocytic protrusions 

(Fig. 4A), which is consistent with Myo1A lacking a GPQ domain (Fig. 1) that is required 

for these localizations of Myo1B [Brzeska et al., 2012; Brzeska et al., 2014]. In fact, the 

Myo1A localization is strikingly similar to the localization of truncated Myo1B that has only 

the motor, neck and TH1 domains [Brzeska et al., 2012; Brzeska et al., 2014].
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The differences in Myo1A and Myo1B localization are well illustrated in Figs. 4D and E 

which show single cells simultaneously forming pseudopods and macropinocytic cups. Both 

Myo1A (Fig. 4D) and Myo1B (Fig. 4E) are present in the pseudopod but only Myo1B is 

present in the macropinocytic cup. The formation of macropinocytic protrusions and cups, 

and the accompanying relocalization of Myo1B to these protrusions, is highly dynamic (Fig. 

4G and Fig. S1). Myo1B localized uniformly in newly forming cups (Fig. 4G, 0 s) and 

relocated to cup edges during cup closure (Fig. 4G, 8 s). Myo1B was enriched at the site of 

vesicle internalization (Fig. 4G 12 s) and, for a short time, remained associated with the 

ingested vesicle (Fig. 4G, 28 s). Myo1A was absent from macropinocytic cups during the 

entire process (Fig. 4F) with only occasional very slight enrichment at the site of vesicle 

closure (Fig. 4F, 8 s).

The potential for redistribution of Myo1A in the absence of Myo1B, and vice versa, was 

tested by expressing GFP-Myo1B in Myo1A-null cells and GFP-Myo1A in Myo1B-null 

cells. Myo1A did not localize either to actin waves or to macropinocytic protrusions when 

expressed in Myo1B-null cells (Figs. 3C and 4C), and Myo1B localized to actin waves (Fig. 

3B) and macropinocytic protrusions (Fig. 4B), and underwent the same dynamic changes in 

Myo1A-null cells as it did when expressed in Myo1B-null cells (Fig. S1). Also, Myo1A 

clearly localized to the same compartments in wild type AX2 cells as in Myo1A-null cells, 

and Myo1B localized to macropinocytic protrusions and actin waves in AX2 cells in a 

manner similar to that in Myo1B-null cells (Fig. S2). These results show that the 

localizations of expressed Myo1A and Myo1B are not dramatically affected by the presence 

or absence of their equivalent endogenous isoforms and point to the targeting specificity of 

individual myosin Is.

Localization of Myo1A Mutants

The role of the tail in Myo1A localization was examined by expressing GFP-Myo1 tail 

alone, residues 772–994 (Fig. 1), in Myo1A null cells. The Myo1A tail localized uniformly 

to the plasma membrane of non-motile Myo1A-null cells (Fig. 5A) and Myo1B-null cells 

(Fig. 5B), and remained associated all along the plasma membrane in randomly moving and 

chemotaxing cells (Figs. 5C and 5D). Again, this is quite similar to what has been observed 

for the localization of the Myo1B tail region, consistent with the presence of a basic TH1 

region in both myosins (Fig. 1) that was shown to be required for Myo1B localization to the 

plasma membrane [Brzeska et al., 2012]. However, the localization of Myo1A tail to the 

plasma membrane appeared to be less striking than for Myo1B tail [Brzeska et al., 2012], 

especially in live starved cells; the background fluorescence of Myo1A tail in the cytosol 

was higher than that of Myo1B tail. We also observed nuclear localization of Myo1A tail 

(Figs. 5A, C, D) that was presumably artificial since full-length Myo1A did not localize to 

the nucleus.

Analysis of the full length Myo1A sequence by BH search [Brzeska et al., 2010] reveals the 

presence of a BH peak (856PKKDGSWFAIKRKVP870) at a position within the TH1 domain 

similar to the BH site of Myo1B (Fig. 6A). To determine if the localization of Myo1A to the 

plasma membrane depends on the BH site, the four Lys residues of the BH site of full-length 

Myo1A were mutated to Ala (856PAADGSWFAIARAVP870). These mutations eliminated 
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the BH peak (Myo1A-BH-Ala mutant in Fig. 6A) and drastically reduced Myo1A 

association with the plasma membrane (Fig. 6B) and sites of cell-cell contacts (Fig. 6C). 

Thus, similarly to Myo1B, the BH site is required for plasma membrane association of 

Myo1A. The Myo1A-BH-Ala mutant, like wild-type Myo1A, did localize to pseudopods 

(Fig. 6D) and at the front of elongated cells (Fig. 6E), for which only the motor domain of 

Myo1B was required [Brzeska et al., 2012]. As expected, the Myo1A-BH-Ala mutant, like 

wild-type Myo1A, did not associate with actin waves (Fig. 6F) or with macropinocytic cups 

(Fig. 6G).

The neck regions of some class I myosins have been shown to bind lipids in vitro in addition 

to binding calmodulin [Benesh et al., 2010; Brzeska et al., 2010; Chen et al., 2012; 

Swanljung-Collins and Collins, 1992; Tang et al., 2002] and the neck region of at least one 

myosin I has been implicated in its binding to intracellular receptors [Cyr et al., 2002]. The 

Myo1A neck is longer than the neck of Myo1B, with two IQ motifs that bind calmodulins, 

whereas the neck of Myo1B has a single IQ motif that binds a smaller Myo1B-specific light 

chain [Crawley et al., 2011]. For these reasons, the possible role of the Myo1A neck, which 

also has a candidate BH site (Fig. 2A), in membrane binding was tested by expressing the 

Myo1A motor domain with and without the neck region (residues 1–771 and 1–727, 

respectively) in Myo1A-null cells. Neither construct associated with the plasma membrane 

of non-motile cells (Figs. 7A and B) or with the membrane at sites of cell-cell contacts 

(Figs. 7C and D). Thus, the neck region of Myo1A is insufficient for binding Myo1A to the 

plasma membrane. On the other hand, the motor domain, both with and without the neck 

region, localized to pseudopods (Figs. 7E and F), and to the front of elongated cells (Figs. 

7G and H) in agreement with the previous finding for Myo1B that the head is sufficient for 

these localizations. As expected, from the localization of Myo1A and the lack of a BH site 

and a GPQ-region, neither construct localized to macropinocytic cups (Figs. 7I, J) or to actin 

waves (Figs. 7K and L). Hence, the localizations of both the Myo1A motor domain and 

Myo1A motor+neck were the same as the previously determined localization of the Myo1B 

motor+neck [Brzeska et al., 2012; Brzeska et al., 2014].

Summarizing, short-tailed Myo1A localizes to the plasma membrane and the actin-rich front 

of polarized, migrating cells. Membrane targeting requires the BH site in the tail, and 

localization to the pseudopod is dictated by the motor region. These findings are similar to 

what we had found for the roles of the head and BH site in the localization of long-tailed 

Myo1B [Brzeska et al., 2012; Brzeska et al., 2014], and are consistent with the common 

roles of Myo1A and Myo1B in cell migration [Jung and Hammer, 1990; Titus et al., 1993]. 

Myo1A does not localize to the regions where localization of long-tailed Myo1B requires 

the GPQ region, which short-tailed Myo1A does not have.

Localization of Myo1E and Myo1F

The overall similarity in sequence and domain organization of Myo1E and Myo1F to each 

other and to Myo1A (Fig. 1) suggested that the three Dictyostelium short-tailed myosin Is 

would have the same intracellular localizations. While some aspects of Myo1E localization 

have previously been reported [Chen et al., 2012; Durrwang et al., 2006] the localization of 

Myo1F has not been studied and the dynamics of the localization of these two myosins have 
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not been described. Therefore, we coexpressed GFP-Myo1F with RFP-lifeact and 

coexpressed RFP-Myo1E with GFP-Myo1B. Myo1E and Myo1F both localized sharply to 

the plasma membrane of non-motile and slowly moving cells (Figs. 8A and B). Myo1F and 

Myo1E were also found at the membrane of cell-cell contacts of randomly moving (Figs. 8C 

and D) and chemotaxing cells (Figs. 8E, F and J). Both Myo1F and Myo1E localized 

diffusely to pseudopods (Figs. 8G and H), and to the front of chemotaxing cells (Figs. 8I and 

J). Thus, as anticipated, Myo1E and Myo1F were found in the same locations as Myo1A.

Unexpectedly, however, both Myo1F and Myo1E were also found to localize to 

macropinocytic structures (Figs. 9 and 10) from which Myo1A was almost completely 

absent (Figs. 4A and F). The cortex of Dictyostelium amoebae is highly dynamic and cells 

routinely form curved macropinocytic cups and flat protrusions/ruffles. The flat protrusions 

may turn into macropinocytic cups that can become internalized media-filled vesicles (Fig. 

9A, column a) or disappear without forming cups (Fig. 9A, column b), and partially formed 

cups may convert into flat protrusions (Fig. 9A, column c; Fig. S3).

Although both Myo1F and Myo1B localized to pinocytic structures their specific 

localizations differed. At the final stages of cup formation, Myo1F was present along the 

entire cup surface but fading toward the leading edges (Figs. 9A column c, 0 s and 9B, 0 s) 

whereas Myo1B was strongly enriched at the edges of the cups (Fig. 9C, 0 s). Upon cup 

closure, Myo1B was enriched at the site of closure (Fig 9C, 8 s) whereas Myo1F remained 

uniformly distributed on the membrane of the internalized vesicle (Figs. 9B, 4 s and 16 s). 

Myo1F associated with internalized vesicles more strongly than Myo1B (Fig. 9B 16 s, and 

Fig. 9C, 12 s), often remaining associated with internalized vesicles longer than F-actin (Fig. 

9B, 36 s) whereas Myo1B usually disappeared from the internalized vesicles earlier than F-

actin (Fig. 9C, 20 s).

As illustrated in cells coexpressing Myo1E and Myo1B (Fig. 10), the localization of Myo1E 

in pinocytic structures was the same as observed for Myo1F and different from that of 

Myo1B. Myo1E, like Myo1F, was observed along most of the cup surface, but more weakly 

or absent at the leading edges where Myo1B was greatly enriched (Fig. 10A, 0 s; Fig. 10B, 0 

s; Fig. 10C, 15 s). After vesicle internalization, Myo1E was absent from the site of vesicle 

closure where Myo1B was enriched (Fig. 10B 10 s and 20 s), and Myo1E remained 

associated with internalized vesicles longer than Myo1B (Fig. 10A, 40 s; Fig. 10B, 20 s and 

30 s). In situations in which the pinocytic cup failed to close and reverted into a flat 

protrusion (Fig 10C), Myo1E and Myo1B colocalized in flat protrusions/ruffles before the 

cup started to form (Fig. 10C, 0s) and after the cup reverted to a flat protrusion (Fig. 10C, 35 

s). It was only when the cup started to close (Fig. 10C, 15 s) that the locations of Myo1E and 

Myo1B differed significantly with Myo1B at the cup edges surrounding Myo1F in the cup 

interior. Additional examples are shown in Fig. S4.

The localizations of Myo1F (Fig. 11 A–C) and Myo1E (Fig. 11D) in actin waves were also 

examined. Again in contrast to what was observed for Myo1A, both Myo1E and Myo1F 

were associated with waves. Their localizations were similar to each other but strikingly 

different from the localization of Myo1B (Fig. 11D). Whereas, Myo1B colocalized with F-

actin (Bretschneider et al., 2009; Brzeska et al., 2014) in a sharp, partially patched pattern 
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(Fig. 11D), Myo1F (Figs. 11 A–C) and Myo1E (Fig. 11D) localized diffusely within the 

region enclosed by Myo1B and actin (see also supplemental movies M1–M5). The 

difference between Myo1B and Myo1E localization in actin waves is illustrated in cells 

coexpressing these two myosins where Myo1B can clearly be seen to be encircling the more 

expansive wave-associated Myo1E (Fig. 11D)). This bull’s-eye distribution of Myo1F and 

Myo1B in actin waves is best illustrated in the merged image in Fig 11D.

Myo1F localized only to the region enclosed by actin waves in Myo1F-null, Myo1B-null, 

and wild type AX2 cells (Figs. 11A, 11B and 11C, respectively) and, in contrast to Myo1B, 

did not associate with the actin; i.e. Myo1F does not locate to the region normally occupied 

by Myo1B even when Myo1B is absent and the localization of expressed Myo1F is not 

affected by the presence of endogenous Myo1F.

Myo1F remained in the region encircled by the F-actin wave during the entire period of 

wave expansion but the fluorescence eventually decayed beginning at the region where 

Myo1F first appeared (Figs. 11 C, 250 s and 300 s). Line scans of Myo1F and F-actin 

fluorescence in circular actin waves clearly show a peak of Myo1F fluorescence in between 

two sharp peaks of actin fluorescence (Fig. 12A, B). The Myo1F fluorescence diminished as 

the wave expanded, the decay starting at the center of the region encircled by the wave 

(compare Figs. 12B 0 s and 12C 20 s).

Discussion

Dictyostelium amoebae actively extend pseudopodia during random and directed motility, 

and the axenic strains are highly endocytic, robustly producing macropinocytic crowns. The 

seven myosin Is of Dictyostelium have roles in both migration and endocytosis, contributing 

to each process to a different extent, and some of their functions often overlap [Falk et al., 

2003; Jung et al., 1996; Novak et al., 1995]. Consistent with their cellular roles, the 

individual myosin Is localize to the leading edge and to endocytic membranes: for Myo1B 

[Bretschneider et al., 2009; Brzeska et al., 2012; Brzeska et al., 2014; Clarke et al., 2010; 

Fukui et al., 1989; Morita et al., 1996; Neuhaus and Soldati, 2000; Novak et al., 1995], for 

Myo1C [Jung et al., 2001; Rump et al., 2011], for Myo1D [Morita et al., 1996], for Myo1E 

[Chen et al., 2012; Durrwang et al., 2006], for Myo1K [Dieckmann et al., 2010; Schwarz et 

al., 2000] and this manuscript for Myo1A, Myo1E and Myo1F. However the localization of 

family members with respect to each other within a single cell had not been investigated. In 

the current work, we explore the localizations of the three Dictyostelium short-tailed myosin 

Is, Myo1A, Myo1E and Myo1F, relative to each other and in comparison to the well-studied 

localization of long-tailed Myo1B. Additionally, the molecular basis of targeting of Myo1A 

has been determined and compared to that of Myo1B to gain a fuller understanding of the 

molecular determinants of intracellular targeting of this family of motors.

The similarities and differences of the localization of Myo1A compared to Myo1B are 

consistent with the various features of their tail regions. Myo1A localizes sharply to the 

plasma membrane of freshly plated cells, at cell-cell contacts and at the sites of close 

contacts between chemotaxing cells, as does Myo1B. The BH site in the TH1 domain of the 

tail is required for these localizations of both myosins. Both Myo1A and Myo1B also 
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localize diffusely at pseudopods and at the front of chemotaxing cells. The head of both 

myosins is required and sufficient for these localizations, and for their dissociation from the 

plasma membrane and subsequent relocation. The tail alone remains associated with the 

plasma membrane during chemotaxis. The principal difference between Myo1A and Myo1B 

localizations is that Myo1B, but not Myo1A, localizes to actin waves and macropinocytic 

structures. The latter localizations of long-tailed Myo1B require both the BH site and the 

GPQ region; short-tailed Myo1A does not have a GPQ region. The common localizations of 

Myo1A and Myo1B to the pseudopod is consistent with each of these myosin Is playing a 

role in controlling pseudopod formation during migration [Titus et al., 1993; Wessels et al., 

1991; Wessels et al., 1996].

We had anticipated that the localizations of short-tailed Myo1E and Myo1F would be very 

similar to the localizations of Myo1A as each of their tails contains only a TH1 domain. This 

is indeed the case in migrating cells where all three short-tailed myosins (as well as long-

tailed Myo1B) localize to the plasma membrane, to sites of cell-cell contacts, to pseudopods 

of randomly moving cells, and to the front of chemotaxing cells. However, a major 

difference between the localizations of Myo1A, Myo1E, and Myo1F is that only the latter 

two are found on the membrane surface of macropinocytic cups and within the region 

bordered by actin-rich waves that form on the bottom of the cell in the presence of low 

concentrations of latrunculin. Myo1A is clearly absent from these regions of the cell. It is 

important to note that the localizations of Myo1E and Myo1F in macropinocytic structures 

and in relation to actin waves differ from that of Myo1B. Myo1B colocalizes with F-actin in 

the actin waves and at the tips of mature macropinocytic cups whereas Myo1E and Myo1F 

are in the interior of actin waves, and along the entire surface of macropinocytic cups except 

for the leading edges where Myo1B is most concentrated. Thus, in spite of the overall 

similarity of their domain structure, the cellular distributions of the three short-tailed myosin 

Is, are quite different, consistent with their having both shared and divergent cellular 

functions [Chen et al., 2012; Durrwang et al., 2006; Falk et al., 2003; Titus et al., 1993].

The localizations of Myo1E and Myo1F in macropinocytic cups and inside actin waves 

coincide with the previously described localizations of PI(3,4,5)P3 in these structures 

[Clarke et al., 2010; Dormann et al., 2004; Gerhardt et al., 2014; Gerisch et al., 2009; 

Gerisch et al., 2011; Hoeller et al., 2013; Swanson, 2008; Veltman et al., 2014]. The decay 

of Myo1F fluorescence in the center of expanding waves is also similar to that reported for 

the PI(3,4,5)P3 (compare Fig. 12A in this paper to Figs. 4A and 4B in [Gerhardt et al., 2014] 

and Fig. 12C in this paper to Fig 5C in [Gerhardt et al., 2014]). Together with the 

demonstrated affinity of Myo1E and Myo1F, but not Myo1A and Myo1B, for PI(3,4,5)P3 in 

vitro [Chen et al., 2012; Zhang et al., 2010] it strongly suggests that binding to PI(3,4,5)P3, 

presumably through a PI(3,4,5)P3-specific PH domain, is the main determinant of Myo1E 

and Myo1F targeting to these two structures in vivo.

In contrast to Myo1E and Myo1F the localization of Myo1B in macropinocytic structures 

and in actin waves depends on both its BH site, that binds acidic lipids nonspecifically, and 

its GPQ-domain, that binds F-actin. Actin waves, edges of micropinocytic cups and sites of 

internalization of pinocytic vesicles, where Myo1B localizes, are strongly enriched in F-

actin [Bretschneider et al., 2004; Clarke et al., 2010] and not enriched in PIP3 or PIP2 
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[Clarke et al., 2010; Gerisch et al., 2011; Hoeller et al., 2013]. Thus, Myo1B is targeted to 

actin waves and macropinocytic structures by different mechanisms than Myo1E and 

Myo1F.

We found also that the localization of a myosin I to a particular compartment could be 

highly specific. For example, Myo1A did not relocalize to actin waves nor to 

macropinocytic structures in Myo1B-null cells, and Myo1F remained localized inside actin 

waves in Myo1B-null cells. So, at least in these structures, the short-tailed myosin Is are 

unlikely to compensate for the absence of Myo1B. This is in contrast to what has been 

observed for the two mammalian short-tailed myosin Is where, in the absence of Myo1a, 

Myo1d relocalizes to sites in intestinal brush border microvilli that are specific for Myo1a in 

the wild type animal [Benesh et al., 2010].

Our data on the localizations of Myo1B, Myo1A, Myo1D, and Myo1F are in general 

agreement with their postulated functions. Analyses of myosin I null cell lines missing 

single or multiple myosin Is and of wild type cells overexpressing myosin Is or their mutants 

[Chen et al., 2012; Dai et al., 1999; Durrwang et al., 2006; Jung and Hammer, 1990; Jung et 

al., 1996; Novak et al., 1995; Novak and Titus, 1997, 1998; Rivero, 2008; Schwarz et al., 

2000; Soldati, 2003; Titus et al., 1995] have revealed numerous cellular activities of 

Dictyostelium myosin Is, including cell motility, endocytosis, and cortical tension. Although 

some of the results varied between different laboratories, the data clearly show that more 

than one myosin I is involved in each of the above processes (for reviews see [Ostap and 

Pollard, 1996; Rivero, 2008; Soldati, 2003; Titus, 2000]). It seems likely that myosin Is play 

critical roles in linking the actin network to the plasma membrane, either anchoring the actin 

filaments or providing a contractile force. Alternatively or additionally some myosin Is may 

recruit regulators of actin dynamics [Kim and Flavell, 2008; McConnell and Tyska, 2010].

Different myosin I isoforms may have redundant functions or may play different roles at 

different stages of the same process. As one example, Myo1A, Myo1B and Myo1F 

colocalize at the front of chemotaxing cells and in pseudopods and Myo1A-null, Myo1B-

null and Myo1F-null cells all exhibit motility defects [Falk et al., 2003; Titus et al., 1993; 

Wessels et al., 1991; Wessels et al., 1996]; no information is currently available for the 

motility of Myo1E-null cells. The motility impairments are most likely due to defects in 

pseudopod formation. Quantitative analysis reveals that Myo1A-, Myo1B- and Myo1F-null 

cells extend more pseudopodia and turn more frequently than control cells [Falk et al., 2003; 

Titus et al., 1993; Wessels et al., 1991]. Simultaneous deletion of two myosin Is causes 

progressively decreased rates of motility that likely are the result of increasingly aberrant 

control over pseudopod formation, as has been observed for the Myo1A-/Myo1B- and 

Myo1A-/Myo1F-mutants [Falk et al., 2003]. Thus, multiple myosin Is contribute to 

pseudopod formation and migration working in concert with each other to produce the 

correct number, size and placement of these critical protrusions [Falk et al., 2003; Titus et 

al., 1993; Wessels et al., 1991; Wessels et al., 1996].

A number of Dictyostelium myosin Is had been shown to be present in endocytic structures. 

These include Myo1B [Bretschneider et al., 2009; Brzeska et al., 2012; Clarke et al., 2010; 

Fukui et al., 1989; Neuhaus and Soldati, 2000], Myo1C [Jung et al., 2001; Rump et al., 
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2011], Myo1E [Chen et al., 2012; Durrwang et al., 2006] and Myo1K [Dieckmann et al., 

2010; Schwarz et al., 2000], and we have now shown that Myo1F also localizes to 

macropinocytic structures while Myo1A does not. It is unlikely that the functions of all of 

these myosin Is are redundant because they include both, short- and long-tailed members, 

their specific localizations differ, and null mutations have different effects. Myo1A-null, 

Myo1B-null, Myo1C-null, and Myo1D-null cells show only moderate inhibition of 

pinocytosis (0–20%) but a much stronger inhibition (about 60%) was observed for Myo1A/

Myo1B-null, Myo1B/Myo1C-null and Myo1B/Myo1C/Myo1D-null cells [Jung et al., 1996; 

Novak et al., 1995; Ostap and Pollard, 1996], i.e. the double mutant phenotypes are not 

simply a predictable combination of the single mutant phenotypes. Our finding that the 

location of Myo1B within macropinocytic structures differs from the localization of Myo1E 

and Myo1F is consistent with non-redundancy of their functions. However, since we did not 

observe Myo1A in macropinocytic structures, it is not clear why the absence of Myo1A 

impairs pinocytosis. It could be that a Myo1A function affects pinocytosis indirectly; a good 

candidate being the maintenance of cortical tension [Dai et al., 1999].

Myo1A-/Myo1B- and Myo1B-/Myo1C-double mutants exhibit notable decreases in cortical 

tension that are not observed for Myo1A-, Myo1B- or Myo1C-single mutants, and an excess 

of either Myo1B or Myo1C results in increased cortical tension [Dai et al., 1999]. These 

results suggest that there must be a precise balance of myosin I activities to maintain the 

necessary cortical dynamics. The observation that endocytic defects correlate with changes 

in cortical tension indicates that control of the cortical actin cytoskeleton tension by Myo1A, 

Myo1B and Myo1C (and likely other myosin Is) has an important role in determining rates 

of macropinocytic uptake. The localization of both Myo1B and Myo1A on the plasma 

membrane agrees with such interpretation. However, it is possible that the two phenotypes 

are only indirectly related [Dai et al., 1999; Novak and Titus, 1997] and that the myosin Is 

have different roles in regulating macropinocytic cup dynamics or structure.

Analyses of mutant cell lines revealed that the short-tailed myosin Is that bind to PIP3, 

Myo1E and Myo1F, cooperate with each other, and with long-tailed Myo1D which also 

binds to PIP3, in phagocytosis [Chen et al., 2012; Durrwang et al., 2006]. Defects in 

phagocytosis are often paralleled by defects in pinocytosis [Ostap and Pollard, 1996], but 

not always. For example, overexpression of Myo1B caused 80% inhibition of pinocytosis 

and 70% inhibition of phagocytosis [Novak and Titus, 1997], but overexpression of Myo1E 

caused 30% reduction of pinocytosis and 40% increase of phagocytosis [Durrwang et al., 

2006]. Also, a Myo1B null mutant did not have a fluid uptake defect [Jung et al., 1996; 

Novak et al., 1995] yet exhibited decreased particle uptake and slow growth on bacteria 

[Jung and Hammer, 1990] whereas wild type, non-axenic strains of Dictyostelium do not 

internalize fluids, although they are highly phagocytic [Bloomfield et al., 2015].

Myosin Is have been implicated in endocytosis in several different organisms including 

yeast [Giblin et al., 2011] and Entamoeba [Voigt et al., 1999]. The yeast myosin Is have 

long tails and they target to the plasma membrane where they work in concert with each 

other to drive membrane invagination and vesicle scission in an actin-dependent manner 

[Giblin et al., 2011]. Vertebrate long-tailed Myo1e [Cheng et al., 2012; Krendel et al., 2007; 

Maxeiner et al., 2015] and short-tailed Myo1g [Dart et al., 2012] each play a crucial role in 
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endocytosis, including Fc-γ receptor-driven phagocytosis [Dart et al., 2012; Maxeiner et al., 

2015]. Myosin I was also found to support cortical tension of mammalian cells [Nambiar et 

al., 2009] consistent with myosin I functions being conserved throughout evolution.

Summarizing our results, Myo1A, Myo1B, Myo1E and Myo1F share a common sharp 

localization at the plasma membrane of freshly plated cells, at cell-cell contacts and in the 

front of streaming cells, and a common diffused localization in pseudopods and at the front 

of chemotaxing cells. Therefore, it is likely that all four myosins contribute to the processes 

occurring in these cell compartments, perhaps with overlapping functions. On the other 

hand, Myo1A is absent from actin waves with which Myo1B, Myo1E and Myo1F associate 

(but Myo1E and Myo1F differently than Myo1B). Therefore, Myo1A is unlikely to 

contribute to the formation or propagation of actin waves, and the functions of Myo1E and 

Myo1F in actin waves may be similar to each other but different than the role of Myo1B. 

Finally, Myo1A is most likely not directly involved in the formation or function of 

macropinocytic structures, and the roles of Myo1E and Myo1F in macropinocytosis may be 

similar to each other, but different than the role of Myo1B, especially during cup closure. 

The different localizations of myosin Is in micropinosomes seems to be of special 

importance, especially in light of the recent discovery that many Rac-activated cancers use 

micropinocytosis for feeding [Commisso et al. 2013; Kamphorst et al., 2015] and because 

the involvement of myosin Is in endocytosis seems to be conserved during evolution.

Materials and methods

DNA Constructs

Standard PCR-based cloning and mutagenesis methods were used to generate all of the 

expression plasmids used in this study (see Supplemental Table 1). TA cloning of PCR 

products was carried out using the StrataClone system (Agilent) and PCR mutagenesis was 

performed using the Q5 site-directed mutagenesis kit (New England BioLabs). The full 

sequences for each clone were verified (BioMedical Genomics Center). Except where noted, 

all of the expression plasmids were generated using an expression plasmid that contains a 

low copy number origin of replication, the Ddp1-based pLittle and pTX-GFP plasmids [Levi 

et al., 2000; Patterson and Spudich, 1995], a G418 resistance cassette and a gfp gene for 

generating an N-terminal GFP-fusion protein. The wild type GFP-M Myo1 and GFP-

Myo1B Ddp1-based extrachromosomal expression plasmids, pDTa48R and pDTb60, have 

been described previously [Brzeska et al., 2012; Senda et al., 2001]. An RFP-Myo1E 

expression plasmid was generated by cloning the full-length Myo1E gene into pDM449, a 

Ddp1-based expression plasmid that carries a hygromycin resistance cassette [Veltman et 

al., 2009]. Lifeact [Riedl et al., 2008] fused to RFP was cloned between XhoI and Hind III 

sites [Veltman et al., 2009; Brzeska et al 2014] of the pDM358 plasmid, a Ddp1-based 

expression plasmid that carries a hygromycin resistance cassette [Veltman et al., 2009].

Cell Lines, Cell Culturing and Treatment

All cells were grown in HL5 media (Formedium, HLG0101) [Sussman, 1987] supplemented 

with appropriate antibiotics. The previously described Myo1A-null cells and Myo1F-null 

cells in thymidine auxothrop background JH10 [Hadwiger and Firtel, 1992; Peterson et al., 
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1995; Titus et al., 1995] were grown without antibiotic selection while the Myo1B-null 

strain in the wild type AX2 background [Brzeska et al., 2014] was maintained in 7 μg/ml 

blasticidin S HCl (Invitrogen). Expression plasmids were transformed into wild type or null 

mutants by electroporation [Gaudet et al., 2007]. Cells expressing wild type or mutant GFP-

Myo1A, GFP-Myo1B and GFP-Myo1F were selected and maintained in media containing 

12 μg/ml G418 sulfate (Mediatech). Cells expressing RFP-lifeact or RFP-Myo1E were 

selected and maintained in media containing 50 μg/ml hygromycin (Invitrogen). Cells 

coexpressing two proteins were cotransfected with two plasmids, each carrying a single 

protein and different antibiotic resistance. Cell selection was carried out in the presence of 

antibiotics dictated by the transfected plasmids and cell types (for example Myo1B-null cells 

expressing Myo1B and Myo1D were selected and grown in the presence of blasticidin, 

G418 and hygromycin).

Cells were grown, transfected and prepared for microscopy as described earlier [Brzeska et 

al., 2014]. Briefly, cells were grown in 10-cm Petri dishes and transferred to chambered 

cover glass (Nalge Nunc International, 1555383) for microscopy. Starvation was induced by 

exchanging HL5 media for starvation solution that contained 20 mM phosphate buffer pH 

6.2, 0.2 mM CaCl2 and 2 mM MgCl2. Localization of proteins in non-motile or slowly 

moving cells was determined by recording images of fixed freshly plated cells, localization 

of actively moving cells during random cell movement was observed in live cells that were 

starved between 0.5 h and 4 h, and localization in chemotaxing cells was observed in live 

cells after overnight starvation at 4 °C. Actin waves were induced by treating cells that were 

starved for 30 min with 1 μM latrunculin (latrunculin A, Sigma) as described [Brzeska et al., 

2014], and waves were recorded in live cells.

Image Recording and Processing

Cells were viewed with a Zeiss 780 confocal microscope with a 63x plan Apochromat 1.4 

objective. Image recording and profile scanning were done using Zeiss Zen software, and 

final illustrations were prepared using Zeiss Zen software and Photoshop.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Myosin Is used in this study
The boundaries of the motor (blue), TH1 (red), GPQ (green) and SH3 (purple) regions are 

marked according to Cymobase [Kollmar, 2006; Odronitz and Kollmar, 2006, 2007] and 

based on Pfam v.28. The region between the motor domain and TH1 domain contains the 

neck that contains light chain binding site(s). See text for exact boundaries of Myo1A 

mutants.
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Fig. 2. Localizations of Myo1A that are similar to the localization of Myo1B
GFP-Myo1A and the F-actin marker, RFP-lifeact, were coexpressed in Myo1A-null cells. 

Myo1A is present at: (A) the plasma membrane of non-motile cells, (B) the sites of cell-cell 

contacts, (C) regions of cell-cell contact between chemotaxing cells, (D) in the cortex of 

pseudopods of randomly moving cells, and (E) at the front of chemotaxing cells. All the 

above localizations are similar to that for Myo1B. Panel A shows fixed cells, all other panels 

show live cells. Arrows point to the structures of interest. Bars are 10 μm.
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Fig. 3. Myo1A is absent from actin waves
GFP-Myo1A or GFP-Myo1B was coexpressed with RFP-lifeact in Myo1A-null or Myo1B-

null cells. Actin waves were induced by 1 μM latrunculin. (A) Myo1A does not localize to 

actin waves in Myo1A-null cells. (B) Myo1B does localize to actin waves in Myo1A-null 

cells. (C) Myo1A does not localize to actin waves in Myo1B-null cells. Images of live cells 

are shown. Arrows indicate positions of actin waves identified by RFP-lifeact fluorescence. 

Bars are 10 μm.
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Fig. 4. Myo1A is absent from macropinocytic protrusions
GFP-Myo1A or GFP-Myo1B was co-expressed with RFP-lifeact in Myo1A-null and 

Myo1B-null cells, and their distributions observed in live cells undergoing 

macropinocytosis. (A) Myo1A does not localize to macropinocytic protrusions in Myo1A-

null cells. (B) Myo1B does localize to macropinocytic protrusions in Myo1A-cells. (C) 

Myo1A does not localize to macropinocytic protrusions in Myo1B-null cells. (D) Myo1A 

does localize to a pseudopods but not to macropinocytic cups in Myo1A-null cells. (E) 

Myo1B localizes to pseudopod and to a macropinocytic cup in a Myo1A-null cell. (F) 

Formation of a macropinocytic cup in a Myo1B-null cell coexpressing Myo1A and lifeact. 

Images were taken at times indicated in the figure. Myo1A does not localize to the cup. (G) 

Formation of a macropinocytic cup in a Myo1B-null cell coexpressing Myo1B and lifeact. 

Myo1B does localize to the cup. Images were taken at times indicated in the figure. Arrows 

point to macropinocytic protrusions. Bars are 10 μm.
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Fig. 5. The Myo1A tail localizes to the plasma membrane
GFP-Myo1A tail and RFP-lifeact were coexpressed in Myo1A-null and Myo1B-null cells. 

(A) Myo1A tail in non-motile Myo1A-null cells. (B) Myo1A tail in a non-motile Myo1B-

null cell. (C) Myo1A tail in a randomly moving Myo1B-null cell. (D) Myo1A tail in a 

chemotaxing Myo1B-null cell. (A) and (B) show fixed cells. (C) and (D) show live cells. 

Bars are 10 μm.
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Fig. 6. Plasma membrane localization of Myo1A requires the BH site
GFP-Myo1A-BH-Ala and RFP-lifeact were coexpressed in Myo1A-null cells. (A) BH plots 

of Myo1A and Myo1A-BH-Ala mutant run with window 19. The position of the BH peak is 

marked with an arrow. The regions with BH values above the horizontal line at 0.6 are 

considered to be positive BH peaks and the mutated BH site in the tail is marked with an 

arrow. (B) Myo1A-BH-Ala does not localize to the plasma membrane of non-motile cells. 

(C) Myo1A-BH-Ala does not localize to the sites of cell-cell contacts of non-motile cells. 

(D) Myo1A-BH-Ala localizes to pseudopods. (E) Myo1A-BH-Ala localizes to the front of 

chemotaxing cells. (F) Myo1A-BH-Ala does not localize to actin waves. (G) Myo1A-BH-

Ala does not localize to macropinocytic cups. Arrows point to the structures of interest. (B) 

shows fixed cells, and (C)–(G) show live cells. Bars are 10 μm.
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Fig. 7. Myo1A motor domain localizes to pseudopods and the cell front
Myo1A GFP-Motor or GFP-Motor+Neck was coexpressed with RFP-lifeact in GFP-A-null 

cells. Both Myo1A truncation mutants are absent from the plasma membrane of non-motile 

cells (A, B) and sites of cell-cell contacts (C, D). Both Myo1A truncation mutants localize to 

pseudopods (E, F) and to the front of chemotaxing cells (G, H). Like full length Myo1A, 

neither Myo1A mutant localizes to either macropinocytic cups (I, J) or to actin waves (K, 

L). (A) and (B) show non-motile fixed cells, the other panels show live cells. Arrows point 

to sites of interest. Bars are 10 μm.
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Fig. 8. Localizations of Myo1F and Myo1E that are similar to the localization of Myo1A
GFP-Myo1F and RFP-Myo1E were coexpressed with RFP-lifeact or RFP-Myo1E, 

respectively, in Myo1B-null cells. Myo1F and Myo1E, as well as Myo1B, localize to: (A, B) 

the plasma membrane, (C, D) sites of cell-cell contacts, (E, F) sites of cell-cell contact 

between chemotaxing cells, (G, H) pseudopods, and (I, J) the front of chemotaxing cells. (A 

and B) show fixed non-motile cells, and (C–J) show live cells. Arrows point to the sites of 

interest. Bars are 10 μm.
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Fig. 9. Localization of Myo1F in macropinocytic structures
GFP-Myo1F or GFP-Myo1B were coexpressed with RFP-lifeact in Myo1B-null cells. 

Images of live cells were taken at the times indicated in the panels. (A) Localization of 

Myo1F during formation of various kinds of extensions. Column (a) flat protrusion turning 

into a macropinocytic cup. Column (b) flat protrusion disappearing without turning into a 

macropinocytic cup. Column (c) macropinocytic cup turning into a flat protrusion. (B) 

Localization of Myo1F and F-actin during internalization of a pinocytic vesicle. (C) 

Localization of Myo1B and F-actin during internalization of a pinocytic vesicle. Arrows 

point to the locations of interest (see text). Bars are 10 μm.
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Fig. 10. Different Localizations of Myo1E and Myo1B during macropinocytosis
RFP-Myo1E and GFP-Myo1B were coexpressed in Myo1B-null cells. Images of live cells 

were taken at times indicated in the panels. Different characterictics of macropinocytic 

structures are shown in panels (A), (B) and (C), see text for description. Arrows point to the 

structures of interest. Bars are 10 μm.
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Fig. 11. Myo1F and Myo1E localize to the interior of actin waves
Cells were cotransfected with GFP-Myo1F and RFP-lifeact (A–C) or with RFP-Myo1E and 

GFP-Myo1B (D). Actin waves were induced with 1 μM latrunculin. (A) Myo1F-null cells 

expressing Myo1F and lifeact. (B) Myo1B-null cells expressing Myo1F and lifeact. (C) 

AX2 cells expressing Myo1F and lifeact, snapshots of wave propagation taken at times 

indicated in the panel. (D) Myo1B-null cells expressing Myo1E and Myo1B. Images of live 

cells are shown. Arrows point to actin waves. Bars are 10 μm.
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Fig. 12. Linescans of Myo1F and F-actin fluorescence in actin waves
GFP-Myo1F and RFP-lifeact were coexpressed in Myo1B-null cells and actin waves were 

induced with 1 μM latrunculin. Merged cell images are shown at the left and line scans of 

GFP-Myo1F and RFP-lifeact fluorescence are shown at the right. (A) Cell with multiple 

waves, the Myo1F fluorescence peak is located in the middle of the region encircled by a 

wave. This image corresponds to supplemental movie M2. (B) and (C) actin wave in the 

same cell at 0 s and 20 s. During wave expansion Myo1F fluorescence decayed in the 

middle of the wave. The white rectangle shows the region scanned, the arrow indicates the 

direction of scanning. Images of live cells are shown. Bars are 10 μm.
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