
INTRODUCTION

The myosins are a very rapidly expanding protein family
subdivided into at least 15 structural and phylogenetic classes
(Mermall et al., 1998; Probst et al., 1998; Wang et al., 1998).
Accordingly, the traditional definition of a myosin as a motor
protein that translocates along actin filaments in an ATP-
dependent manner is likely to be too restrictive to account for
the wide spectrum of tasks that myosins support within the cell.
Myosins function in a multitude of cellular processes such as
motility, cytokinesis, phagocytosis, endocytosis, polarized
secretion and exocytosis, organelle movement and mRNA
transport (Mermall et al., 1998). Aside from the ubiquitous
myosin IIs, myosins of class I are the most heterogenous class
and are among the most abundant in the cell. Some class I
myosins have been extensively characterized biochemically
over the last 20 years (Hammer et al., 1983, 1984; Pollard and
Korn, 1973), but relatively little is known about their precise
cellular and molecular functions.

The mechanisms of motor activity are well understood for
the classical myosin II (Sellers and Goodson, 1995), and for
some myosins of class I (Hayden et al., 1990; Ostap and
Pollard, 1996a). As a consequence, the structure/function
analysis of myosins is based on the general principles arising
from the study of the paradigm myosin II. Myosins consist of
three domains, and the crystal structure of the motor domain

of myosin II has been solved (Rayment et al., 1993). Within
this highly conserved domain, two flexible surface loops have
been observed that vary both in length and sequence. Loop1 is
localized near the ATP-binding pocket (Spudich, 1994) and
was recently shown to tune the rate of ADP release (Murphy
and Spudich, 1998; Rosenfeld et al., 1998), thereby controlling
velocity. Loop2 is positioned at the actin binding site and
interacts with the negatively charged amino-terminal part of
actin (Furch et al., 1998) and appears to modulate the actin-
activated ATPase activity.

Structurally, the second domain, called the neck, is an α-
helix thought to act as a lever arm (Uyeda et al., 1996). It is
stabilized by the binding of light chains, proteins of the
calmodulin/EF-hand family (Sellers and Goodson, 1995), to a
consensus binding peptide containing the IQ motif (Rhoads
and Friedberg, 1997).

The third domain or tail is the most variable part of the
molecule and has classically been defined restrictively as the
cargo-binding domain. It has been suggested to reflect the
adaptation of myosins to extremely diverse and class-specific
functions (Mermall et al., 1998). In most class I myosins, the
tail is composed of three subdomains: a basic phospholipid
binding domain (Adams and Pollard, 1989; Miyata et al.,
1989); a second domain called GPA or GPQ for its high content
in Gly, Pro and either Ala or Gln, shown in vitro to contain a
secondary ATP-independent actin-binding site (Jung and
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Dictyostelium discoideum myosin Ik (MyoK) is a novel type
of myosin distinguished by a remarkable architecture.
MyoK is related to class I myosins but lacks a cargo-
binding tail domain and carries an insertion in a surface
loop suggested to modulate motor velocity. This insertion
shows similarity to a secondary actin-binding site present
in the tail of some class I myosins, and indeed a GST-loop
construct binds actin. Probably as a consequence, binding
of MyoK to actin was not only ATP- but also salt-
dependent. Moreover, as both binding sites reside within its
motor domain and carry potential sites of regulation,
MyoK might represent a new form of actin crosslinker.
MyoK was distributed in the cytoplasm with a significant
enrichment in dynamic regions of the cortex. Absence of

MyoK resulted in a drop of cortical tension whereas
overexpression led to significantly increased tension.
Absence and overexpression of MyoK dramatically
affected the cortical actin cytoskeleton and resulted in
reduced initial rates of phagocytosis. Cells lacking MyoK
showed excessive ruffling, mostly in the form of large
lamellipodia, accompanied by a thicker basal actin cortex.
At early stages of development, aggregation of myoK null
cells was slowed due to reduced motility. Altogether, the
data indicate a distinctive role for MyoK in the
maintenance and dynamics of the cell cortex.
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Hammer, 1994; Rosenfeld and Rener, 1994); and finally an
SH3 (Src homology 3) domain (Mayer, 1997).

We study actin and myosin function in the biochemically
and genetically tractable eukaryotic model organism
Dictyostelium discoideum, which is an intermediate in
complexity between S. cerevisiae and H. sapiens. D.
discoideum expresses seven class I myosins (Uyeda and Titus,
1997; Schwarz et al., 1999). As the deletion of single myosin I
genes resulted in only subtle phenotypes, most functional data
were derived from myosin double or triple knock-out mutants.
Mutant strains oversecrete lysosomal enzymes and show
defects in pseudopod extensions, fluid phase endocytosis,
streaming and terminal development (Jung and Hammer, 1990;
Temesvari et al., 1996; Wessels et al., 1996).

In the present study, we report the characterization of a novel
type of myosin related to class I myosins but containing unique
structural features, including an oversized loop1 and the virtual
absence of neck/tail domain. We present evidence that MyoK
may act as an actin cross-linker that can be regulated. Loop1
was shown in vitro to contain a salt-sensitive secondary actin-
binding site. Despite these unusual features, D. discoideum
MyoK binds actin in an ATP-dependent fashion. In order
to study the function of MyoK in vivo, we analysed the
phenotypic alterations in myoK null cells (myoK–) and
MyoK overexpressing cells (MyoK+). We observed severe
morphological changes of the cortical actin cytoskeleton
accompanied by impairments in the rate of phagocytosis and in
chemotactic motility. In addition, we directly monitored the
influence of MyoK expression on the maintenance of resting
cortical tension. Altogether, the results underline a link between
the potential molecular function of MyoK as actin-crosslinker
and its distinctive involvement in cortical management.

MATERIALS AND METHODS

Cell culture
Dictyostelium discoideum AX2 cells were grown in HL5c nutrient
medium (Sussman, 1987) supplemented with 100 i.u./ml Penicillin-
Streptomycin (GibcoBRL), myoK– cells were maintained with 5
µg/ml Blasticidin S (Calbiochem) and the MyoK+ cells with 5 µg/ml
Geneticin (GibcoBRL). 

Dictyostelium discoideum transformation
Transformation was carried out according to Howard et al. (1988) and
Kuspa and Loomis (1992) with slight modifications. After
electroporation, selection was applied for 24 hours with Blasticidin S
at 10 µg/ml or Geneticin at 10 µg/ml, and continued with 5 µg/ml.
Colonies were picked with a pipet tip and cells cloned by limiting
dilution on Klebsiella plates (Sussman, 1987).

Preparation of genomic DNA and total RNA from
Dictyostelium discoideum
Preparation of genomic DNA and total RNA was performed as
described previously (Schwarz et al., 1999).

Southern and northern blotting
Southern and northern blotting were performed as described by
Sambrook et al. (1989). DNA was transferred to nylon membranes
(Hybond-N+, Amersham). Probes were labelled non-radioactively
with digoxigenin-11-dUTP (DIG). The hybridization procedure was
carried out as described by Roche Molecular Biochemicals, using
high-SDS buffer for prehybridization and hybridization at 42°C, and

CDP-Star as detection substrate. RNA gels were transferred to
Biodyne B membranes (PALL), and equal loading was checked by
Methylene Blue staining. Probes were radioactively labelled with [γ-
32P]dATP by using the Random Primed DNA Labeling Kit (Roche
Molecular Biochemicals). Membranes were crosslinked by UV (UV
crosslinker, Amersham Life Science). Signals were either detected by
X-ray films and subsequently scanned with Color OneScanner
(Macintosh) or recorded and quantified by a Luminescent Image
Analyzer LAS-1000 (FujiFilm).

Generation of myoK– cells
A myoK 5′ genomic clone starts 1362 bp upstream of the AUG start
codon and ends at a single ClaI site (nt 1734 within the cDNA). A
central 801 bp EcoRI fragment was replaced by a Blasticidin
resistance (bsr) cassette that had been excised by EcoRI digestion
from the vector PBsR 503 (Puta and Zeng, 1998). 20 µg of the
construct (digested with XbaI and ClaI to release the vector backbone
and dephosphorylated) were used for transfomation. Resulting
Blasticidin-resistant clones were screened by PCR with the following
primer pair combinations (schematic position indicated in Fig. 3A).
Either the K57.forw (5′ TGCTGGTAAAACAGTCTCTGC 3′; nt 434-
454 in the genomic sequence) or the blast (5′ GTAAGTCCTT-
GTGGTATGTGTAGG 3′; nt 653-676 in the bsr cassette) sense
primers were used in combination with the primer MG5.rev (3′
GATGGTGAAGTTCAAAGTT 5′, nt 3009-2191, lying downstream
from the construct used for transformation) in the antisense
orientation. Genomic DNA from myoK– clones gave rise to products
of 2377 bp (K57.forw/MG5.rev) and 1610 bp (blast/MG5.rev) and
that of non-homologous transformants to a product of 1776 bp
(K57.forw/MG5.rev) and no product (blast/MG5.rev), respectively.
Genomic DNA for PCR was purified using DNAzol (Molecular
Research Center). Positive candidates were confirmed by Southern
and western blotting.

Generation of MyoK+ cells
A full-length myoK cDNA was assembled by restriction and ligation
of overlapping fragments from three cDNA clones. The coding
sequence was then amplified by PCR using Pfu polymerase, 5′
TGAGGTACCTTTCGTTTATTTTCATCAGGTG 3′ as forward
primer (omitting the start methionine and introducing a KpnI
site, underlined) and 3′ GTTCCATTTGTGAGTTACTTTGTTTTTA-
CAGAATAAGTTAGAGCTCTGA 5′ as reverse primer (omitting the
stop codon and introducing a XhoI site, underlined). The PCR product
was purified, cloned into the pCR-Script vector (Stratagene) and
checked by sequencing. After digestion with KpnI and XhoI the myoK
coding sequence was subcloned into the D. discoideum expression
vectors carrying an N-terminal heptaHis-tag, pDXA-HC (Manstein et
al., 1995) and an additional C-terminal Ty1 tag (Bastin et al., 1996),
pDXA-HVTS. Positive clones were identified, linearized with PvuI,
dephosphorylated and electroporated in AX2 cells. Transformants
were cloned on Klebsiella plates and tested for expression by western
blotting.

Construction of the glutathione-S-transferase (GST)-GPR-
loop fusion protein
The domain corresponding to ‘loop1’ of MyoK, the so called GPR-
loop, located within nt 340-816 of the cDNA (TTA... TTT), was
amplified by PCR using Pfu and 5′ TATCCCGGGGGATCCTT-
ACAATATGTTACATCAGTATCAC 3′ as sense primer and 3′
GTCAACTACAACTTGTATAATTTATTGAGCTCGGGCCCTAT 5′
as antisense primer. The 498 bp PCR product was digested with XmaI,
ligated in the corresponding site of pGEX-3X (Pharmacia) and
controlled for orientation and sequence correctness.

Expression of the GST fusion protein in E. coli and
purification
Expression of the 43 kD GST fusion protein in BL-21 (DE3)
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(Luderer-Gmach et al., 1996) was carried out according to Ausubel et
al. (1997) with the following modifications. An overnight culture was
grown at 37°C with 1% glucose and used to inoculate the main culture
(1:20), which was then grown at 30°C to an OD600 of 0.7. Expression
was induced with 0.5 mM IPTG for 3 hours. Purification was carried
out on a Glutathione-Sepharose 4B (Pharmacia) column following the
manufacturer’s instructions. During all purification steps, the protease
inhibitor cocktail Complete (EDTA-free) was used (Roche Molecular
Biochemicals).

Antibodies
For immunofluoresence (IF) and western blotting experiments, the
following antibodies were used: (1) anti-D. discoideum coronin (mAb
176-306-3; gift from Dr G. Gerisch, MPI for Biochemistry,
Martinsried); (2) anti-D. discoideum plasma membrane glycoprotein
(mAb V4C4F3, unpublished; gift from Dr J. Garin, CEA Grenoble);
(3) a monoclonal antibody to the Ty1 tag (Bastin et al., 1996); (4) a
rabbit polyclonal anti-GST antibody (Sigma). F-actin was visualized
using 2 U of Texas Red- or Oregon Green-conjugated phalloidin
(Molecular Probes) per coverslip. The antibody against MyoK was
raised against the head fragment (Schwarz et al., 1999) expressed in
E. coli. For western blotting, the anti-MyoK serum, diluted 1:4000 in
3% non-fat dry milk in TBS (150 mM NaCl, 50 mM Tris/Cl, pH 7.4)
was cross-adsorbed to 1.75 mg protein from myoK– cells on a blotting
membrane. For IF, the anti-MyoK serum, diluted 1:500 in PBS/0.2%
gelatine, was cross-adsorbed to three coverslips of fixed myoK– cells.
The secondary antibodies were goat-anti-mouse or goat-anti-rabbit
IgGs conjugated to Cyanine 3.29-OSu (Cy3, Rockland) or to Alexa
488 (Molecular Probes) used at 1:500, or goat-anti-rabbit IgGs
conjugated to HRP (BioRad), used at 1:2000.

Microscopy techniques
Immunofluorescence were performed as described (Neuhaus et al.,
1998) using an ultracold methanol fixation/permeabilisation.
Alternatively, in order to visualize F-actin with phalloidin, cells were
fixed with picric acid/paraformaldehyde (Humbel and Biegelmann,
1992) without the ethanol post-fixation. The antibodies were diluted
in PBS/0.2% gelatine. Mounted samples were analyzed with an
Axiophot 2 microscope (Zeiss) or a Leica confocal microscope
DM/IRB using a 63× Plan-Apo objective with NA 1.40. Confocal
optical sections were recorded at 200 nm per vertical step and eight
times averaging. Image reconstruction and processing were carried
out using the Huygens/Selima/Imaris software package from Bitplane
AG (Zurich, Switzerland). For transmission EM, cells on sapphire
coverslips were plunged in an ethane slush at −170°C, freeze-
substituted and embedded in either Lowicryl or Epon (Neuhaus et al.,
1998). Sections were observed in a Philips 400 T TEM.

Quantitative analysis of morphological phenotypes
The plasma membrane staining with the 4C4 antibody was best suited
to count the proportion of cells exhibiting exaggerated lamellipodia,
whereas staining for the actin-associated protein coronin was best
suited to score cells harboring excessive crown-like projections.
Because they are both mouse monoclonal antibodies, we had to
perform the staining on separate slides. In each case, a total of about
250-360 cells from at least two independent experiments were
counted by two observers and compiled as presented in Table 1. The
scoring of cells with exaggerated lamellipodia having accumulation
of actin pads close to their ventral face (visualized by Oregon Green-
phalloidin staining) required confocal scanning microscopy.

Protein extracts and western blotting
After centrifugation cells were immediately lysed in sample buffer.
Protein content was determined according to Bradford (1976) (Bio-
Rad). For western blotting, gels were transferred to nitrocellulose
membranes (Protran, Schleicher & Schuell) and equal loading
checked by Ponceau S staining. Primary and HRP-conjugated

secondary antibodies were diluted in 3% non-fat dry milk/TBS and
incubated at room temperature. Use of ECL-Plus (Amersham)
substrate and direct recording and densitometry by the Luminescent
Image Analyser LAS-1000 (FujiFilm) allowed for quantification of
signal intensities within a broad linear range.

Triton-insoluble ‘rigor’ cytoskeletons 
Triton-insoluble cytoskeletons were obtained according to Manstein
and Hunt (1995), with the following modifications. 2×108 AX2 or
MyoK+ cells were used for each reaction. Cells were washed in
Soerensen buffer (14.7 mM KH2PO4 and 2 mM Na2HPO4, pH 6.0)
and centrifuged at 500 g for 10 minutes at 2°C. Pellets were washed
in 4 ml buffer (50 mM Tris/Cl, pH 8.1, 2.5 mM EDTA, 1 mM DTT,
5 mM benzamidine and Complete protease inhibitor cocktail
containing 0.04% NaN3, and recentrifuged. Cells were then
resuspended in 1.5 ml of buffer containing 5 U alkaline phosphatase
(Roche Molecular Biochemicals), lysed by adding the same volume
of buffer containing 1% Triton X-100 and by incubating for 10
minutes at room temperature and 1 hour on ice. The lysate was
centrifuged for 15 minutes at 280,000 g and the pellet washed in buffer
without NaN3. As control for the ATP-dependence, the same
procedure was carried out in absence of NaN3 and alkaline
phosphatase but in presence of 10 mM Mg-ATP, 25 U/ml creatine
phosphokinase (Sigma) and 20 mM creatine phosphate. The ATP-
release was performed on the Triton-insoluble rigor cytoskeleton by
resuspending the pellets under different salt conditions, using 200 µl
release buffer (same buffer as above without NaN3) including 10 mM
ATP and either 0, 100, 250 or 500 mM NaCl. After 5 minutes of
incubation, the suspensions were centrifuged at 435,000 g for 10
minutes at 2°C. The ATP-release was repeated and the resulting
supernatants pooled for analysis by western blotting with anti-MyoK
antibodies.

F-actin cosedimentation assay of the GST-GPR-loop
construct
F-actin from rabbit skeletal muscle was purified according to Pardee
and Spudich (1982). The sedimentation assay was performed as
described by Jung and Hammer (1994) with minor modifications.
Various amounts of the purified GST fusion protein were co-
sedimented with 4 µM F-actin in the absence of ATP. For the
determination of the salt-dependency, 2 µM of the GST fusion protein
was used and the final concentration of KCl was varied from 10 to
140 mM. Pellets and supernatants were analyzed by western blotting
using anti-GST antibody at 1:10,000 and quantified as described
above.

Motility assay
The velocity of AX2, myoK– and MyoK+ cells during chemotaxis was
determined according to a standard procedure (Browning et al., 1995).
The cyclic AMP (cAMP) gradients are established by the cells and
their secreted phosphodiesterase activity, from different starting
concentrations of cAMP.

Streaming and development
The streaming assay was carried out according to Peterson et al.
(1995). 1.5×107 cells were plated on a 6 cm Petri dish. Monitoring
and documentation was carried out with a Zeiss Axiophot 2
microscope with a 20× Achrostigmat objective.

Phagocytosis of fluorescent yeasts
The phagocytosis assay was performed as described by Maniak et al.
(1995) except that cells were assayed on substratum. D. discoideum
cells were allowed to settle on coverslips. The protein content of each
cell type was assessed at the start of the experiment and was found
not to vary by more than 10% (data not shown). The experiment was
started by addition of 100 µl medium containing the labeled yeasts at
a 10:1 excess over the cells. At different time points, the coverslips
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were shortly washed in 1× Soerensen, fixed in picric acid and
embedded in Mowiol. At least 200 cells were analyzed on each
coverslip with a Zeiss Axiophot 2 microscope, and ingested yeasts
counted. The tetramethylrhodamine B isothiocyanate (TRITC)
labeled yeasts were kindly provided by Dr M. Maniak (Kassel
University). 

Micropipet aspiration assay
The theory and experimental basis for the micropipet aspiration assay
to measure resting cortical tension was described by Yeung and Evans
(1989) and applied to D. discoideum by Dai et al. (1999). Micropipets
(borosilicate glass capillaries, R-series, World Precision Instruments)
were pulled with a pipet puller P-97 (Sutter instruments) to a diameter
of 2.6±0.1 µm. Experiments were performed on an inverted Nikon
microscope with a 40× Achromate objective, recorded with a CCD
camera (Sony) and followed on a Panasonic monitor. Pictures were
digitalized by NIH Image 1.57. Measurements on about 40 cells each
of wild type, myoK– and MyoK+, were carried out in HL5c medium
under gentle stirring to prevent cells from settling. Fresh cells were
pipetted in the chamber every 10 to 20 minutes. Cells were held by
the pipet and their diameter measured on a scale placed directly on
the monitor. Then an increasing negative pressure was applied at a
rate of 1.8 mbar/second (Air-Regulator, Sigmann) until the cells
started to build a hemispherical deformation, at which point the
pressure was dropped and the procedure repeated. The critical
pressure values were validated when they could be measured at least
twice for the same cell. Signals were recorded by ‘Capacitance
Recorder’ and analyzed by ‘WinPCA’ software (A. W. H.,
unpublished). The cortical tension Tc can be derived from the critical
pressure ∆P as follows: ∆P=2Tc(1/Rp–1/Rc), where Rp and Rc are the
radii of the pipet opening and the cell, respectively.

RESULTS

Evidence for a second actin binding site in MyoK, a
novel type of myosin I
MyoK was first identified by a PCR screening strategy
(Schwarz et al., 1999) and subsequently full-length cDNAs
were obtained (AF090534). This gene was recently
independently cloned by Sutoh and collaborators (Yazu et al.,
1999). In order both to verify the unique features of the
predicted primary structure of MyoK and to obtain enough
sequence for gene targeting, the whole locus was cloned
directly from unamplified, size-selected genomic sublibraries.
In addition, the rapidly advancing genome project (Loomis,
1998) has produced shotgun sequences covering most of the
myoK locus, confirming our data. MyoK has 858 amino acids
and a predicted size of 94 kDa, making it one of the smallest
myosins identified so far, except for some class XIV myosins
(Heintzelmann and Schwartzmann, 1997; C. Hettmann, A.
Herm, A. Geiter, B. Frank, E. C. S., T. S. and D. Soldati,
unpublished). It has only a very short neck region (Fig. 1A)
without a classical IQ motif (IQxxxRGxxxR; Rhoads and
Friedberg, 1997) and, strikingly, virtually lacks a tail domain.
Instead, MyoK has a 146 aa long insertion (GPR) within the
head domain. Nevertheless, MyoK shows high homology to
other class I myosins and carries a potential phosphorylation
site in its actin-binding surface (Fig. 1A) obeying the TEDS
rule (Bement and Mooseker, 1995).

In order to assess whether the unique features of the MyoK
head domain influence the characteristics of binding to
filamentous actin, we first performed crude cosedimentation
assays of MyoK (endogenous and overexpressed) with Triton-

insoluble cytoskeletons. Fig. 1A, left shows a representative
result of such a sedimentation assay carried out in the presence
and absence of ATP. More than 95% of the protein stayed in
the supernatant when ATP was added. In absence of ATP, 30-
40% of MyoK sedimented with the actin cytoskeleton. In order
to ensure that the binding of MyoK to actin was reversible and
correspondingly ATP-dependent, the rigor cytoskeleton was
subsequently incubated in the presence of ATP and increasing
salt concentrations up to 0.5 M (Fig. 1A, right). About 35% of
MyoK was released from the pellet with ATP alone, and the
amount was progressively increased up to 70% by the addition
of salt. Detergents had no effect on the release efficiency (not
shown). In contrast to myosin II, ATP alone does not release
MyoK quantitatively from F-actin. An additional electrostatic
interaction had to be disrupted by higher salt concentrations,
which may reflect the presence of a second ATP-independent
actin-binding site.

Sequence analysis also revealed that the MyoK loop1 (GPR-
loop), rich in Gly (32%), Pro (21%) and Arg (10%), shows high
similarity to the GPA and GPQ tail domains of other class I
myosins, shown to bind actin in an ATP-independent manner.

E. C. Schwarz and others

Fig. 1. Cosedimentation of MyoK and recombinant GST-GPR-loop
with actin. (A) Model of MyoK protein highlighting the 146-amino-
acid insertion (GPR-loop) and the TEDS phosphorylation site (P).
Precipitation of MyoK with the Triton-insoluble cytoskeleton and
ATP release. Cells were lysed in 0.5% Triton X-100 in the presence
(+ATP) or in the absence (−ATP) of ATP and centrifuged. The pellet
from the precipitation experiment (last lane, P in absence of ATP)
was subsequently incubated in presence of 10 mM ATP to release
myosins. The release was performed with ATP only (−) or with
addition of ATP and increasing concentrations of salt (NaCl). Pellets
(P) and supernatants (S) were analyzed by western blotting with the
anti-MyoK antibody. The lane marked ‘cells’ is loaded with the same
relative amount of lysate before centrifugation. (B) In vitro
cosedimentation of the GST-GPR-loop with purified F-actin. (Left) A
quantification of cosedimentation assays performed with different
concentrations of GST-GPR-loop (0.5-10 µM) and 4 µM F-actin at
10 mM KCl. After centrifugation, pellets and supernatants were
analyzed by western blot. The percentage of maximal binding was
plotted against the concentration of the GST-GPR-loop. 100%
corresponds to approximately 2 µM of bound GST chimera. (Right)
A quantification of sedimentation assays carried out with 2 µM of
GST-GPR-loop and 4 µM F-actin at different salt concentrations (10-
140 mM KCl), quantified and plotted as in left panel.
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Therefore, we tested whether this loop also contains an actin-
binding site. The GPR-loop was expressed in E. coli as a GST
fusion protein and purified to homogeneity. Fig. 1B, left,
presents the results of sedimentation assays with the GST-
GPR-loop carried out in the presence of 4 µM purified rabbit
skeletal F-actin. The GPR-loop construct was found almost
entirely in the pellet when used at low concentration. Binding
was saturable and roughly corresponded to a 1:2 stoichiometry
of GST-GPR-loop to actin, as at 4 µM about half of the GPR-
loop was found in the pellet. In addition, binding of the GPR-
loop was salt-dependent (Fig. 1B, right). It decreased steadily
from 40 mM to 80 mM KCl, and was completely abolished at
higher salt concentrations. Negligible amounts of GPR-loop
sedimented in absence of F-actin (not shown). Together, these
results suggest that the head domain of MyoK possesses two
actin-binding sites, a classical ATP-dependent one (Fig. 1A)
and a secondary salt-dependent one (Fig. 1B). 

Subcellular localization of MyoK
Immunofluorescence analysis indicated that MyoK was
distributed throughout the cytoplasm, with significant
enrichment in dynamic regions of the actin cortex (Fig. 2). Due
to the low expression level of endogenous MyoK in vegetative
cells, cells expressing a tagged recombinant construct had to
be used for unequivocal localization (Fig. 2b-e). However, the
slightly higher expression level found naturally in developing
cells (see also Fig. 6 and accompanying text) allowed detection
of endogenous MyoK (Fig. 2a), and revealed that the
localization of the overexpressed protein was indistinguishable
from the endogenous one (compare Fig. 2a,b). MyoK
colocalized with coronin, an actin-associated protein (de
Hostos et al., 1991) at the periphery of both vegetative cells
(Fig. 2c), as well as cells undergoing chemotactic streaming
(Fig. 2a, arrowheads). In addition, in these developing cells
MyoK was enriched at cell-cell contacts (Fig. 2b, arrowhead)
or in rare peripheral regions devoid of coronin (Fig. 2b, arrow).

MyoK localized mostly to ruffles extending either to build
macropinocytic cups called crowns (Fig. 2c, arrowheads) or to
generate phagosomes during ingestion of yeast particles (Fig.
2d,e, arrowheads). Note that the colocalization with actin in
these regions was manifest but not complete (Fig. 2d,e).
Localization of MyoK at the actin cortex corroborates its
potential actin-crosslinking function, but the significant
cytosolic pool suggests that the localization (and activity) is
probably strictly regulated.

Construction of MyoK mutant strains
In order to investigate the impact of different MyoK expression
levels, we generated myoK– and MyoK+ strains (Fig. 3). Three
independent myoK– clones were subsequently confirmed by
Southern blotting to have resulted from single homologous
recombination events (Fig. 3B,C shows the analysis for one
clone). Finally, absence of MyoK expression was confirmed by
immunoblotting (Fig. 3D, upper panel). MyoK+ strains were
generated by stable integration of an expression vector with the
entire MyoK cDNA under the control of a constitutive actin 15
promoter. Expression of MyoK in overexpressing strains was
variable, reaching up to about 15 times the wild-type level (Fig.
3D, lower panel). The phenotypic analyses were initially
performed on three independent myoK–, which behaved
identically. The MyoK+ clones showed more phenotypic
heterogeneity, which seemed to correlate with the degree of
MyoK expression. Subsequent analysis concentrated on
high expressers. Note that individual MyoK+ cells were
heterogeneous even when derived from a single clone. The data
presented here come from one representative clone of each: the
myoK– clone 1 and MyoK+ clone 27. The parent AX2 wild-
type strain served as control.

The morphology of the cortex is profoundly altered
in MyoK mutant strains
Overall cell morphology was visualized by

Fig. 2. Intracellular localization of
MyoK. MyoK was first visualized in
wild-type developing cells (a). A similar
distribution was also found in
developing (b) and vegetative cells (c-e)
of a line expressing low levels of a
tagged-MyoK. MyoK was visualized
either by anti-MyoK (a-c) or anti-Ty1-
tag (d,e) antibodies. The localization of
endogenous and tagged-MyoK is
indistinguishable (compare a,b). In cells
at the streaming stage of development
(around 9 hours), MyoK and coronin, an
actin-associated protein, were enriched
with actin-rich protrusions (a,
arrowheads) as well as at the leading
edge (b, arrows). In addition, MyoK
was found at cell-cell contacts (b,
arrowhead). As already shown for other
proteins expressed under the actin 15
promoter, a significant heterogeneity in
the expression level is observed even in
a clonal population of MyoK+ cells (see
the cell indicated by an arrow in c). In vegetative cells, coronin and MyoK localized to ruffles building macropinocytic cups (c, arrowheads). In
cells fed with labeled yeast particles (y, in d,e), MyoK was enriched in phagocytic cups and partially colocalized with actin, as visualized by
phalloidin staining (d,e, arrowheads). Bars, 5 µm.
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immunofluorescence staining against a plasma membrane
glycoprotein, and representative examples of cells from each
strain are shown in Fig. 4a-g. Extended focus projections of
confocal stacks illustrated that wild-type cells were relatively
smooth (Fig. 4a), except for the presence of few bowl-shaped
structures called crowns (arrows) and the polarized extension
of pseudopods. In sharp contrast, most myoK– cells displayed
excessive ruffling, sometime in the form of crowns (Fig. 4b,
arrows) or more characteristically as large, thin lamellipodia in
their foot region (Fig. 4c, arrowheads). Many MyoK+ cells
displayed irregular shapes and a ‘rougher’ surface appearance
(Fig. 4d). The extent of the disorders can be better appreciated
after quantitative analysis of two morphological parameters,
the number of crowns and the presence of lamellipodia (Table
1). Over 80% of wild-type cells exhibited between none and
two crowns, whereas only 4.4% had more than 3. The myoK–

cells showed over a fivefold increase in cells with more than
three crowns, whereas MyoK+ cells had a high proportion
(12.3%) of cells with coronin-filled surface structures that were
not classifiable as circular crowns. Concerning the appearance
of lamellipodia, about two thirds of wild-type cells showed no
such structure, and only 6.1% had prominent lamellipodia.
Compared to this, myoK– cells showed a high, almost fivefold,
increase in the proportion of cells exhibiting exaggerated flat
ruffles. It is crucial to realize that the 58.3% of myoK– cells
with the lowest number of crowns include the 27.3% of cells
with excessive lamellipodia. The proportions of MyoK+ cells
with different degrees of lamellipodia were not distinguishable

from wild type. Therefore, over half of the myoK– cells exhibit
a dramatic phenotype, whereas the morphological disturbances
of MyoK+ cells were evident but more difficult to capture in
these numbers.

In order to assess whether the cortical cytoskeleton is
correspondingly disturbed, we stained actin filaments with
phalloidin. Fig. 4e-g shows a combination of projections and
sections, parallel to the coverslip at the foot of the cell (Fig.
4xy) or perpendicular to the coverslip (Fig. 4yz and xz). In
wild-type cells, most of the staining was concentrated in
crowns and pseudopod extensions (Fig. 4e, arrows) and the
ventral part of the cell was relatively depleted of F-actin (Fig.
4e, xy). Phalloidin staining of myoK– cells emphasized the
exaggerated surface structures (Fig. 4f, crowns, arrows;
lamellipodia, arrowheads) observed with plasma membrane
staining. After deconvolution of confocal stacks and
observation of perpendicular sections, it also became evident
that most if not all cells with a flattened foot additionally
exhibited F-actin ‘pads’ on their ventral surface (Fig. 4f,
intense speckled staining in xy and black arrowheads in xz).
In comparison, staining of MyoK+ cells (Fig. 4g) showed a
more rounded, contracted overall morphology with an almost
continuous cortical F-actin shell (Fig. 4g). The surface of
most MyoK+ cells appeared very irregular with actin-driven
short projections extending in all directions. As often
observed in D. discoideum for protein expression driven by
the actin 15 promoter, MyoK showed significant cell-to-cell
variation, likely to be responsible for a phenotypic
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Fig. 3. Generation and analysis of myoK
mutant strains. (A) The genomic myoK locus
is presented to scale. Restriction sites
necessary for the interpretation of (B) and
(C) are indicated. The construct for targeted
disruption of the myoK gene is drawn below
the locus (myoK− construct; bsr, blasticidin S
resistance cassette). The positions of the
myoK and the bsr DIG-labeled probe are
indicated, as is the position of primers 1
(K57.forw), 2 (blast) and 3 (MG5.rev) used
for a PCR diagnostic of gene disruption. The
identity of the myoK− cells was confirmed by
genomic Southern blotting. The blot was first
hybridized with the myoK probe (B), and
then with the bsr probe (C). When double
crossover has occurred, the wild-type EcoRI
fragment (801 bp, arrow 1) is replaced by the
bsr resistance cassette and thus is missing in
the myoK− cells. The myok locus including
the bsr cassette was 600 bp longer than in
wild-type cells, resulting in longer PstI and
HpaI fragments (B, arrows 2 and 3). The bsr
probe hybridized only with DNA from
myoK− cells, as for example after restriction
with EcoRI (arrow 4). The very weak signal
in the wild-type lane of the PstI restriction is
due to incomplete stripping of the blot
(compare the very strong signal when
hybridized with the myoK probe in B). C1 and C2: 1 ng each of myoK− construct and myoK cDNA clone, respectively. Absence of expression
of MyoK in myoK− cells was finally assessed by western blotting with anti-MyoK antibodies (D). The MyoK band present in wild-type cells
(WT) is absent from the three independent myoK− clones (myoK− 1, 2 and 3, upper panel), and is increased from about 3- to 15-fold in different
MyoK+ clones (MyoK+ 9, 2, 8 and 27, lower panel). Marker M2 in B and C has bands of the following sizes in kb: 8.0, 7.1, 6.0, 4.8, 3.5, 2.7,
1.9, 1.5, 1.4, 1.15, 1.0, 0.68, 0.49 from top to bottom.
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heterogeneity (see Fig. 9 and
accompanying text).

Finally, electron microscopy
confirmed these morphological
aberrations. In most wild-type
cells, sections taken close to the
cell foot revealed a relatively
round circumference (Fig. 4, WT) with occasional
lamellipodia. The enlarged lamellipodial structures of
myoK– cells were clearly visible, contained no organelles and
were apparently filled with F-actin (Fig. 4, myoK–). In
addition, as already revealed by phalloidin staining, myoK–

cells often exhibited thick actin pads close to the substratum
(Fig. 4 bottom, myoK–, black arrowheads). The type of
protrusion found in MyoK+ cells totally differed from the
enlarged lamellipodia of the knock-out cells because, as
revealed by EM, they were filled with organelles (Fig. 4,
MyoK+).

We conclude from these data that both the absence and
superabundance of MyoK is detrimental to the integrity of the
actin cortex. We then tested whether these alterations have
consequences on cellular processes requiring dynamic
remodeling of the cell periphery.

Phagocytosis is reduced in MyoK mutant strains
We investigated the time-dependent uptake of TRITC-labelled
yeasts. Such assays are usually performed on cells in
suspension, but to maintain consistency with the
morphological study, we examined adherent cells. On average,
at early points, myoK– cells as well as MyoK+ cells
phagocytosed about 30% less yeast cells than the wild-type
(Fig. 5). After 30 minutes, all three cell types reached a similar
steady-state level of ingested yeasts, indicating that the defect
resided mainly in initial uptake rates and not in the downstream
processing of the phagosomes.

MyoK expression is modulated during the
developmental cycle
D. discoideum cells reach highest motility in early stages of
starvation-induced aggregation, then form a multicellular

Fig. 4. Morphology of MyoK
mutant cells. (a-g) Confocal
microscopy after fluorescence
labelling of wild-type (WT, left),
and MyoK mutant cells (myoK−,
centre and MyoK+, right) against a
plasma membrane marker (mAb
4C4, PM marker, a-d) and with
Oregon Green phalloidin (Actin, e-
g). (a-d) and the central panels in (e-
g) present extended focus
projections of the whole cell. The
panels denoted xy, yz and xz show
either single sections or projections
of a few sections cut at the places
marked by small white arrowheads
on the left and right of the central
projections (e-g). xy sections are
taken at the foot of the cells.
Sections yz and xz are taken
perpendicularly to the coverslip.
White arrows indicate some
characteristic crown projections
(a,b,e,f), whereas white arrowheads
indicate thin, enlarged lamellipodia
in myoK− cells (c,f) and continuous
cortical staining in MyoK+ cells (g).
(EM) Electron micrographs of thin
sections taken parallel to the
coverslip (cs) at the foot of the cells
(WT and myoK−) or in the middle of
the cell height (MyoK+) or
alternatively perpendicularly to
substratum (myoK−, bottom). Black
arrowheads indicate exaggerated
lamellipodia and the presence of
actin pads at the foot of the cell
(myoK−). Both correspond to similar
structures seen by confocal
microscopy in c and f. Bars, 5 µm.
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organism with coordinated motility, and finally differentiate
into stalk and spore cells. As MyoK appears to maintain a close
relationship with dynamic regions of the cell cortex, we
investigated the expression of MyoK during the developmental
cycle. Accumulation of myoK mRNA was highest after about
2 hours of starvation, and decreased almost linearly until 14-
16 hours. Only very little transcript was detected in the latest
stages, from 18 to 24 hours (Fig. 6A). It has been reported that
cells growing in axenic cultures correspond to a developmental
stage from about 2 to 4 hours, probably explaining the slight
discrepancy between the lane loaded with RNAs extracted
from axenically growing cells and the one loaded with truly
vegetative cells grown on a bacterial lawn (Fig. 6A, compare
lane axenic with 0 hours). Protein expression showed a
corresponding dependence on the developmental stage. MyoK
expresssion peaked between 6 and 10 hours, when cells
reached their highest motility. Then, the steady state level of
MyoK did not decrease linearly, but instead fell abruptly from
100% to 13% at 12 hours, the final step of aggregation (Fig.
6B). In parallel with the mRNA level, very little protein is
detectable at later stages. 

MyoK– cells show a delay in aggregation
The doubling times of different myoK– strains grown in
suspension and on plates were comparable to values obtained
for wild-type cells. Also, myoK– cells completed their
developmental cycle in about 24-26 hours, and the final basal
disk, stalk and fruiting body were morphologically
indistinguishable from wild type (Fig. 7). These results are in
agreement with the findings of Yazu and coworkers (1999).
Nevertheless, closer examination of the early stages of
development corresponding to the chemotactic aggregation
phase revealed a significant difference. On a confluent Petri
dish wild-type cells normally start streaming after 7 hours in
starvation buffer. Interestingly, wild-type and myoK– strains
plated under the same conditions showed no significant
difference during the first hours. But after 10 hours, the wild-
type strain had built long chains of cells, while the null cells

had only elongated and barely started streaming. After about
11 hours, wild-type cells had formed aggregates. In contrast,
the null strain was starting to stream in long chains of cells,
roughly similar to the 9-10 hour stage of the wild-type cells.
Wild-type aggregates reached a compact stage after about 12
hours, while at the same time myoK– cells reached the early
aggregate stage. Taken together, these and similar observations
indicated that cells unable to express MyoK suffered a delay
of 2-3 hours in early development. No developmental defect
was apparent in MyoK+ cells (not shown).

MyoK– cells are reduced in motility
In order to investigate whether the delay in early development
is related to a reduced velocity or to an impairment in signal
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Table 1. Quantitative analysis of morphological
phenotypes

Surface structure Number WT myoK− MyoK+

Crowns 0-2 80.9%* 58.3%§ 75.5%
3 14.7% 18.3% 11.1%
≥4 4.4% 23.4%* 1.1%

Disordered NA NA 12.3%*

Lamellipodia − 63.2%* 33.4% 59.9%
+ 30.6% 39.3% 33.5%

+++ 6.1% 27.3%* 6.6%

Two morphological parameters were examined, the number of crowns and
the presence of lamellipodia. Staining for the actin-associated protein coronin
allowed rapid visual scoring of the number of circular crown projections. A
number of MyoK+ cells exhibited disordered surface projections clearly
distinct from crowns. Plasma membrane staining with the 4C4 antibody best
visualized the lamellipodia, which were classified as (−) non existant, (+)
small, or (+++) extensive. Because both antibodies are mouse monoclonal,
the two structures were scored independently. In each case, 250-360 cells
were counted and compiled as presented. Due to the separate way of scoring,
the 58.3% of myoK– cells with lowest number of crowns (§) include the
27.3% of cells with excessive lamellipodia. Representative cells from the
categories indicated by * are shown in Fig. 4. NA, not applicable.

Fig. 5. Phagocytosis of TRITC-labeled yeast by adherent D.
discoideum cells. Cells were plated on coverslips, fed with yeasts and
fixed. The average number of yeasts ingested per wild-type (WT),
myoK− and MyoK+ cell is plotted against time. At least 200 
D. discoideum cells were analyzed for each time point.

Fig. 6. Expression of MyoK is developmentally regulated. The
developmental cycle of D. discoideum is completed in 24 hours.
(A) A representative result of a northern blot hybridized with the
myoK probe (see Fig. 3A). (B) Expression of MyoK protein at
corresponding time points was analyzed by western blotting with the
anti-MyoK antibody. In addition to the strong MyoK signal, a single
faint cross-reacting band was visible around 120 kDa. Axenic cells
were grown in liquid culture. K−, myoK− cells.
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transduction, we monitored the influence of
artificial alterations of MyoK levels on
chemotactic motility. Using a standard
chemotaxis motility assay, we analyzed the
velocity of myoK– and MyoK+ cells in cAMP
gradients established by the cells themselves
through secretion of phosphodiesterase. First,
the fact that the motility of all three cell lines
peaked at the same cAMP concentration was
strong evidence that signal transduction was
not impaired in MyoK mutant strains (Fig. 8). Reduced
phosphodiesterase activity or lower sensitivity to cAMP
would result in the shift of the curve maximum to higher
concentrations, but cells would finally reach maximal velocity.
In sharp contrast, myoK– cells exhibited only half the velocity
(6 µm/minute) of wild-type cells (13 µm/minute), while the
motility of the MyoK+ cells remained unchanged (Fig. 8),
indicating that reducing the concentration of MyoK induced a
significant motility defect.

The resting cortical tension directly correlates with
the expression of MyoK
The close apposition and linkage of the cortical actin
cytoskeleton to the plasma membrane is thought to be
primarily responsible for the maintenance and regulation of
resting cortical tension. Different setups have been used to
measure the membrane tension, including the micropipet
aspiration technique. The method is based on the mathematical
modeling of cells in suspension as a reversibly deformable
liquid core encapsulated by a cortical shell (Yeung and Evans,
1989), which was recently shown to be applicable to the study
of neutrophils (Zhelev et al., 1994) and D. discoideum (Dai et
al., 1999). We adapted a setup to allow for the measurement
of the minimal critical pressure necessary to induce a
hemispherical deformation of the cell surface (Fig. 9A). The
values obtained for each strain were plotted as histograms and
fitted to Gaussian curves. Whereas the response of wild-type
and myoK– cells was homogeneous and corresponded to mean
critical pressures of 52.54±1.67 mbar and 40.64±1.62 mbar,
respectively (mean ± s.e.m.), MyoK+ cells were
heterogeneous, as visualized by the presence of two maxima.
Therefore, the MyoK+ cells were subdivided into two
populations with a mean critical pressure of 55.46±1.51 mbar
and of 88.26±7.57 mbar, respectively. The first group is not
statistically different from wild-type cells, but the second
reached a value 70% higher than wild type, the opposite of the
24% lower pressure found for myoK– cells. An unpaired t-test
indicated that the differences between these three cell lines are
highly significant at the level of 0.1%. Knowledge of the radii
of the cells and of the micropipet opening (2.6±0.1 µm)
allowed us to calculate values for the cortical tension itself,
according to the liquid-drop model. Wild-type, myoK– and

MyoK+ cells have a mean cortical tension of 4.33, 3.31 and
7.34 dyn/cm, for diameters of 11.5±1.37, 11.9±1.44 and
11.1±1.51 µm, respectively. These values are about 100-fold
higher than those found for neutrophils and other granulocytes
(Evans and Yeung, 1989; Zhelev and Hochmuth, 1995) but in
good agreement with those already reported for a few D.
discoideum strains (Pasternak et al., 1989; Egelhoff et al.,
1996; Dai et al., 1999).

DISCUSSION

Class I myosins play essential roles in motile cells as
‘caretakers’ or managers of the cortex. Among the seven class I
myosins expressed in D. discoideum, the novel myosin IK is
distinguished by its unusual structure. Motor domains are

Fig. 7. The myoK− cells are delayed about 2 hours
in early development. The streaming assay was
performed in parallel with wild-type (WT) and
myoK− cells. Identical numbers of cells were plated
in starvation buffer and monitored by light
microscopy. Phase-contrast pictures of the
developmental stages were taken at the indicated
time points. Bar, 250 µm.

Fig. 8. Chemotactic motility of wild-type, myoK− and MyoK+ cells.
Aggregation competent cells from each type were deposited in a drop
on agar plates containing different concentrations of cAMP. As a
result of their secreted cyclic AMP-phosphodiesterase activity, D.
discoideum cells hydrolyzed cAMP and thereby generated a gradient
whose steepness depends on the concentration of cAMP in the
surrounding agar. Cells thus spread radially from the original drop.
The resulting average velocity of migration was plotted as a function
of the different starting cAMP concentrations.
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highly conserved and differences in length and sequence are
usually confined to a few loci including the surface loops.
MyoK carries an exceptional insertion in the surface loop1,
which has been shown to modulate nucleotide exchange, the
rate-limiting step controlling myosin velocity. The profound
alteration resulting from the insertion in loop1 does not impair
one of the central properties expected from a myosin, its ATP-
dependent actin binding. MyoK is among the shortest myosin
known to date. Due to the virtual absence of a neck and/or tail
domain MyoK bears superficial resemblance with myosins
of the apicomplexan parasites Toxoplasma gondii and
Plasmodium falciparum (Heintzelman and Schwartzman,
1998). These myosins also lack recognisable light chain
binding sites (IQ motifs) but carry a true tail domain which, in
the case of TgMyoA, carries a di-lysine motif responsible for
plasma membrane association (C. Hettmann, A. Herm, A.
Geiter, B. Frank, E. C. S., T. S. and D. Soldati, unpublished).
Nevertheless, despite its peculiarities, MyoK is definitively a
myosin I, whereas the coccidian myosins are more divergent
and build the class XIV of unconventional myosins. MyoK
may be considered as a natural mutant possessing the minimal
set of domains required for myosin I function in vivo.

Evidence that MyoK may be a novel type of
regulated actin crosslinker
Analysis of the MyoK sequence also indicated that the GPR-
loop resembles actin-binding domains usually found in the tail
of other class I myosins. This GPR-loop was indeed shown to
bind actin in an ATP-independent manner. Binding was
sensitive to salt concentrations which are physiologically
relevant, as the ionic strength of D. discoideum cytosol has
been estimated to range from 40 to 80 mM salt equivalents

(Marin and Rothman, 1980; Steck et al., 1997). In addition, it
is reasonable to assume that the interaction could well be even
stronger in the context and geometry of the MyoK head domain
compared to a GST fusion. In that respect, the fact that ATP-
induced release of MyoK binding to F-actin is only facilitated
but not rendered quantitative by salt concentrations as high as
250-500 mM is an additional indication that the interaction is
relevant at physiological ionic strength. MyoK thus may
possess two actin-binding sites within its motor domain, both
of which are potential sites of regulation. First, MyoK is likely
to be phosphorylated at its TEDS-site Thr residue, generating
a negative charge at a conserved position within the actin
contact region. According to the TEDS-rule (Bement and
Mooseker, 1995), this residue is either an Asp (D) or Glu (E)
or, as in myosins of the class I and VI, a Ser (S) or Thr (T). In
lower eukaryotes, phosphorylation of this residue regulates the
actin-activated ATPase and is crucial for function (Wu et al.,
1996). The modification is carried out by myosin I heavy chain
kinases (MIHCK) of the PAK65/Ste20 family (Brzeska et al.,
1996), regulated by the GTP-bound form of small GTPases of
the Rho/Rac/Cdc42 family (Lee et al., 1996). This signalling
cascade underscores a direct link between myosin of the class I
and the remodeling of the cytoskeleton mediated by these
GTPases (Ridley, 1996). Second, the GPR-loop contains poly-
Pro motifs known to bind profilin and VASP-like proteins, as
well as a classical binding motif for SH3-containing proteins.
In D. discoideum, profilin I and profilin II seem to be the major
G-actin sequestering proteins (Noegel and Luna, 1995).
Expression of both isoforms is developmentally regulated and
the expression pattern of profilin I perfectly corresponds to
MyoK expression profile (Haugwitz et al., 1991). Indeed, we
have preliminary evidence that profilin and/or the profilactin
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Fig. 9. Measurement of resting cortical tension. The resting
cortical tension was measured by the micropipet aspiration
technique. (A) Cells from a suspension were held by a pipet
and their diameter measured. Then an increasing negative
pressure was applied until the cells started to build a
hemispherical deformation (arrows). (B) Representative
pressure traces recorded from wild-type (WT), myoK− and
MyoK+ cells as a function of time. Each measurement began
(start: s) with a zero holding pressure, which was then
increased at a rate of 1.8 mbar/second, until the cells were
deformed as shown in A, at which point the pressure was
dropped and the procedure repeated. The critical pressure
values were validated when they could be measured at least
twice for the same cell before the experiment ended (end: e).
(C) Histograms of the number of cells exhibiting a given
critical pressure (total number was 38, 37 and 36 cells,
repectively). For wild-type and myoK− cells, the histograms
were fitted to single Gaussian curves corresponding to mean
critical pressure of 52.54±1.67 mbar and 40.64±1.62 mbar,
respectively (mean ± s.e.m.). The responses of MyoK+ cells
were heterogeneous, as visualized in the histogram by the
presence of two maxima, and were therefore sorted into two
groups. One group was fitted to a Gaussian curve centered on
a mean critical pressure of 55.46±1.51 mbar. The critical
pressures from the other group were scattered around an
average of 88.26±7.57 mbar (arrow). With the exception of
the population of MyoK+ cells with almost wild-type mean
critical pressure, an unpaired t-test indicated that the
differences between these three cell lines were highly
significant at the level of 0.1%.
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complex bind tightly to the GST-GPR-loop. These aditional
functions of the GPR-loop do not exclude the proposed actin-
binding activity, but add a layer of complexity and regulation,
as well as a potential link to the control of actin dynamics.

Accumulating evidence suggests that various class I myosins
may cross-link actin in different manners. Acanthamoeba
myosin IA and IB were reported to cross-link actin (Fujisaki
et al., 1985), possibly through a secondary actin-binding site
contained in their GPA tail domain. More recently, the study
of myr3, a mammalian amoeboid myosin lacking a GPA
domain, revealed that it nevertheless was able to cross-link
actin (Stöffler and Bähler, 1998). The domain responsible has
not been defined yet. We speculate that the natural design of
MyoK, lacking tail domains but with its ‘transposed’ GPR
actin-binding domain, may reveal a novel mode and geometry
of actin cross-linking. The interaction with F-actin is ATP-
dependent, but is likely regulated by additional factors. On one
hand, the formation of a rigor complex was not quantitative.
On the other hand, addition of ATP alone to this complex
released about one third of MyoK, whereas addition of high
salt was necessary to release another third. The remainder of
MyoK seemed ‘locked’ in its interaction with actin. This
apparent heterogeneity might reflect the influence of regulation
by TEDS-site phosphorylation and by GPR-loop binding
partners.

Function of MyoK as a cortical cytoskeleton
manager
MyoK localizes to dynamic regions of the actin cortex. Similar
distributions have been reported for other class I myosins in D.
discoideum, including enrichment in pseudopodia, phagocytic
cups and at the leading edge (Ostap and Pollard, 1996b).
Homologues of the amoeboid class I myosins were identified
in vertebrates (Edgar et al., 1996; Stöffler et al., 1995; Bement
et al., 1994). In NRK cells, myr3 was found concentrated in
ConcanavalinA-inducible F-actin-rich structures at regions of
cell-cell contact (Stöffler et al., 1995). So far, database
searching failed to identify MyoK-related sequences, but
affinity-purified anti-MyoK antibodies detected a protein of the
expected size in extracts from mouse heart, hinting at the
existence of a MyoK homologue in a higher organism (data not
shown).

The manipulation of MyoK expression levels gave insights
into its function. MyoK– cells have aberrant morphology,
showing an excess of ruffles, either extending on the back of
the cells in the form of crowns, or even more characteristically
on the substrate as enlarged lamellipodia. This phenotype is
more severe than was described for other cell lines lacking a
single myosin I (Novak et al., 1995; Jung et al., 1996; reviewed
in Ostap and Pollard, 1996b) and is reminiscent of cells devoid
of coronin, an actin-associated protein (de Hostos et al., 1993)
and also of wild-type cells treated with intermediate doses of
Cytochalasin A (our unpublished observations). The thick actin
pads are very variable, but are clearly visible in cells with
exaggerated lamellipodia. MyoK+ cells adopt a rounder, more
contracted morphology and have a ‘rougher’ surface with
organelle filled protrusions. No significant difference was
observed between the cell lines in the G- to F-actin ratio
measured both in suspension and on substrate (not shown).
Without shifting the equilibrium between G- and F-actin, the
manipulation of MyoK levels affects the organisation of the

cortical actin cytoskeleton. This is remarkable because MyoK
is not an abundant protein. This speaks both against functional
redundancy and in favour of a distinctive function in cortical
management.

How is this cortical management exerted and what are the
cellular functions most directly affected or regulated by
MyoK? We measured the resting cortical tension and found a
direct correlation with the presence and level of MyoK. We
thus suggest a working model in which MyoK, acting as a
specialized actin-crosslinker, is an important regulator of the
morphology of the cortical cytoskeleton. Absence of MyoK
results in a thinner or more dynamic actin cortex, leading to a
drop in cortical tension, which allows cells to more freely
extend ruffles. Superabundance of MyoK leads to a somewhat
opposite phenotype. Perhaps due to a thicker or more
continuous actin shell, cells have higher cortical tension, and
a more contracted overall appearance. Moreover, the fact that
MyoK is the potential target for multiple regulations would
allow the fine tuning and adaptation of the cortex to its multiple
tasks requiring strength and plasticity, such as occurs during
phagocytosis and motility. 

The actomyosin cytoskeleton plays a major role in the initial
stages of phagocytosis. D. discoideum cells disrupted in a
myosin VII gene exhibit significant and exclusive defects in
phagocytosis (Titus, 1999). When phagocytosis is measured in
suspension, myoB– and myoC– cells show slight impairments
at early stages (Jung et al., 1996), but the steady state levels of
ingested particles are normal in all myosin I single and multiple
mutants (Novak et al., 1995). In contrast, when measured in
adherent myoA–/B– cells, the uptake rates are slower and the
steady state level lower compared to wild-type cells (data not
shown). Both myoK mutant strains exhibit reduced initial rates
of phagocytosis on substratum but reach steady state levels
similar to wild-type cells, indicating that the downstream
processing of the ingested particles proceeds normally. The
slower uptake kinetics observed in myoK mutant strains might
therefore reflect difficulties in establishing suitable contact
with particles or defects in engulfment, resulting from a
disorganized actin cortex.

The motility of myoK– cells was slowed, resulting in a delay
of about 2 hours in chemotactic aggregation. Despite a higher
cortical tension, MyoK+ cells showed no obvious motility
defect. Our results suggest that a certain threshold tension is
important for motility but an increase over wild type is not
detrimental. Interestingly, very recent data (Novak and
Titus, 1997; Dai et al., 1999) suggest a parallel between
overexpression of D. discoideum MyoB and MyoC, higher
resting cortical tension, and motility defects. More work is
clearly required to clarify this issue. The expression of MyoK
is modulated in agreement with a functional linkage to motile
behavior, as it peaks during the phase of highest motility and
drops rapidly during the final aggregation stage. At the protein
level, MyoB shows a similar expression profile during the
developmental cycle, whereas MyoC and MyoD are
constitutively expressed (Jung et al., 1996). In addition, except
for this delay, myoK– cells have no apparent morphological
defects at later stages, whereas myoA– and myoB– strains
develop fewer and smaller fruiting bodies (Peterson et al.,
1995).

In summary, the investigation of MyoK underscores
interesting parallel and differences between the morphological
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and functional analyses of other D. discoideum strains with
disruptions of single and multiple class I myosins. On the one
hand, there are important phenotypic similarities concerning
the disturbed morphology of the actin cortex, the effects on
resting cortical tension and the potentially resulting
endocytosis and motility defects. On the other hand, we want
to emphasize that the severity of the phenotypes is stronger in
myoK– cells, as such defects were only observed in multiply
disrupted strains. Moreover, there are specific differences as for
example myoK– cells do not exhibit the pinocytosis defects
seen in other mutants.

In the present study, we characterized a novel type of
myosin, D. discoideum myosin IK, sharing structural features
with class I myosins, but distinguished by an unusual
architecture, which suggests that it might function as a novel
class of regulated actin-crosslinker. Despite the presence of six
other class I myosins in D. discoideum, both the absence and
superabundance of MyoK resulted in severe defects of the actin
cortex and affected cellular functions such as phagocytosis and
motility. MyoK thus appears to have a distinctive role in
cortical management.
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