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Abstract Myosin heavy chain kinase A (MHCK A) modulates
myosin II filament assembly in the amoeba Dictyostelium
discoideum. MHCK A localization in vivo is dynamically
regulated during chemotaxis, phagocytosis, and other polarized
cell motility events, with preferential recruitment into anterior
filamentous actin (F-actin)-rich structures. The current work
reveals that an amino-terminal segment of MHCK A, previously
identified as forming a coiled-coil, mediates anterior localiza-
tion. MHCK A co-sediments with F-actin, and deletion of the
amino-terminal domain eliminated actin binding. These results
indicate that the anterior localization of MHCK A is mediated
via direct binding to F-actin, and reveal the presence of an actin-
binding function not previously detected by primary sequence
evaluation of the coiled-coil domain. ß 2002 Published by El-
sevier Science B.V. on behalf of the Federation of European
Biochemical Societies.
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1. Introduction

Myosin II displays polarized distribution in a variety of
motile cell types, typically being depleted or absent in the
leading edge and being present in increasing abundance to-
wards the rear of the cell [1^3]. This asymmetric accumulation
of myosin II appears to be important for retraction of the cell
posterior from the substratum, for generating translocation
force with respect to the substratum, and may contribute to
cortical retrograde cytoskeletal £ow [4^6].

Although myosin II has conserved roles in cytoskeletal
organization, the mechanisms regulating myosin II localiza-
tion and reorganization during dynamic processes such as
chemotaxis are not well understood. In Dictyostelium, a fam-
ily of related myosin heavy chain kinases (MHCKs) partici-
pate in myosin II ¢lament assembly control by phosphorylat-
ing speci¢c threonines in the tail region of MHC and driving
¢lament disassembly [7^10]. The catalytic domain of MHCK
A represents the founding example of a highly novel family of
protein kinase catalytic domains, with several representatives
in Dictyostelium [11^14], and a number of relatives in meta-
zoan systems [15^17].

MHCK A was recently reported to display dynamic recruit-

ment to anterior ¢lamentous actin (F-actin)-rich cellular pro-
trusions. This behavior suggests a novel mechanism for spatial
control of myosin II ¢lament assembly, in which localized
MHCK A accumulation may drive disassembly of myosin II
¢laments, preventing myosin II ¢lament accumulation at sites
of actin-based protrusive activity [18]. To address the mecha-
nism responsible for MHCK A localization we have per-
formed in vivo localization and in vitro actin-binding studies
on point mutants and truncations of MHCK A. These studies
demonstrate that the determinants for cortical recruitment
and anterior localization reside within the amino-terminal
coiled-coil domain of MHCK A. Biochemical analysis indi-
cates that this segment of MHCK A also mediates direct F-
actin binding in vitro. These results suggest that direct binding
of MHCK A to anterior F-actin in polarized cells is respon-
sible for localization of MHCK A and subsequent localized
inhibition of myosin II ¢lament assembly.

2. Materials and methods

2.1. Plasmid constructs and cell lines
All green £uorescent protein (GFP)^MHCK A fusion constructs

were based upon the expression vector pTX-GFP [19], which were
transfected into a previously described MHCK A null cell line [10].
For chemoattractant response studies, cells were di¡erentiated to the
aggregation stage via cAMP pulsing and ca¡eine treatment as de-
scribed previously [18].

The full-length GFP^MHCK A fusion contains an amino-terminal
GFP domain fused to codon 2 of the MHCK A open reading frame,
as described previously [18]. All amino acid residue numbering in this
text refers to the GenBank entry for MHCK A (accession P42527).
The GFP^C800A-MHCK A construct expresses an identical fusion
product as the wild type full-length construct, except that cysteine
residue 800 of MHCK A was converted to an alanine using PCR-
based mutagenesis. The MHCK AvWD construct is equivalent to the
full-length MHCK A construct, except that gene truncation introdu-
ces a stop codon in the fusion protein after the isoleucine at position
842 of MHCK A. The MHCK A^WD construct expresses an amino-
terminal GFP domain fused to the isolated WD repeat domain of
MHCK A, including residues 844^1146. The MHCK AvCoil con-
struct contains an amino-terminal GFP domain fused to residues
499^1146 of MHCK A. The MHCK A^Coil construct expresses an
amino-terminal GFP domain fused to residues 2^537 of MHCK A.
GFP fusion constructs were introduced into an MHCK A null cell
line via electroporation as described previously [20]. Truncation con-
structs used for F-actin-binding analysis contain amino-terminal
6UHis tags rather than GFP tags, but fusion positions are similar
to those of the GFP constructs. The construction of the His tag
plasmids, and the puri¢cation of the expressed products from Dictyo-
stelium cells has been described previously [21].

2.2. Immunoprecipitation and autophosphorylation
MHCK A null cells expressing either wild type MHCK A or the

MHCK A^C800A construct were lysed in a bu¡er containing 50 mM
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TES, pH 7, 5 mM EDTA, 200 mM NaCl, and 1 mM dithiothreitol
(DTT), with the addition of Triton X-100 to 1% ¢nal, in the presence
of the protease inhibitor mixtures PIC I and PIC II [22]. GFP^
MHCK A fusion proteins were immunoprecipitated by the addition
of anti-GFP IgG (Molecular Probes) with a 30 min 4‡C incubation,
followed by the addition of protein-A-agarose beads (Boehringer
Mannheim) with a 60 min 4‡C incubation. Beads were collected by
centrifugation and washed twice in 50 mM TES, 100 mM NaCl, 1 mM
DTT, and 1 mM EDTA. A portion of the collected beads was
subjected to Western blot analysis to con¢rm identity of the immu-
noprecipitated band (data not shown), and a portion of the beads was
placed in kinase bu¡er (10 mM TES, pH 7, 2 mM MgCl2, 2 mM
ATP, 1 mM DTT) containing [32P]Q-ATP to assess autophosphoryla-
tion activity. Samples were incubated for either 1 or 20 min, then
heated in sample bu¡er and subjected to sodium dodecyl sulfate^poly-
acrylamide gel electrophoresis (SDS^PAGE). Following Coomassie
staining and autoradiographic analysis, GFP^MHCK A bands were
subjected to scintillation counting to quantify relative activity. In
1 min time point samples, 32P incorporation was undetectable in the
C800A-MHCK A construct (as shown in Fig. 1B). In 20 min time
point samples, trace radioactivity was detected in the C800A-MHCK
A band, but this was less than 0.5% of the level present in the wild
type MHCK A band.

2.3. Microscopy
Approximately 2U105 of cAMP-pulsed, ca¡eine-treated cells were

spotted on to a glass coverslip in a 100 Wl volume and cells were
allowed to adhere for at least 15 min. The cells were stimulated
with 100 WM cAMP and images were collected at the times indicated
with a Zeiss Axiovert microscope/LSM410 confocal laser system using
an oil immersion Plan-Neo£uor 100U objective lens (NA 1.3). Where
indicated, cells were pre-treated for 15 min with 4 WM latrunculin A
(Calbiochem).

2.4. Actin co-sedimentation assays
Rabbit skeletal muscle actin (Cytoskeleton, Denver, CO, USA) in

5 mM Tris^HCl, pH 8.0, 0.2 mM CaCl2, 0.2 mM ATP, and 0.5 mM
DTT was polymerized (30^60 min, 25‡C) by the addition of 100 mM
KCl, 2 mM MgCl2, and 1 mM ATP from a concentrated stock. F-
actin was incubated (1 h at 25‡C) with 0.1 WM full-length MHCK A,
v-WD MHCK A, or v-Coil MHCK A (as indicated) in a 40 Wl
reaction mix containing 12.5 mM Tris^HCl, pH 8.0, 0.1 mM CaCl2,
5 mM EDTA, 0.5 mM DTT, 50 Wg/ml bovine serum albumin (BSA),
175 Wg/ml phenylmethylsulfonyl £uoride, and 2U concentration of
protease inhibitor mixes PIC I and PIC II. Following incubation,
reactions were spun for 30 min at 95 000Ug and equal volumes of
pellet and supernatant fractions were resolved by SDS^PAGE. Actin
and BSA were visualized by Coomassie blue staining of gels. The
distribution of MHCK A protein in pellets and supernatants was
determined from Western blots probed with polyclonal anti-MHCK
A antibody. The relative amounts of MHCK A protein in the pellet
and supernatant fractions were quanti¢ed by densitometric analysis of
the developed Western blots.

3. Results

MHCK A was originally identi¢ed as a biochemical activity
capable of phosphorylating Dictyostelium myosin II and driv-
ing ¢lament disassembly [23]. Subsequent cloning [12] and
structure^function studies [11,21] revealed a domain organiza-
tion consisting of an amino-terminal coiled-coil domain (V70
kDa) responsible for homo-oligomerization, a central catalytic
domain (V25 kDa) completely unrelated to conventional pro-
tein kinases at the primary sequence level, and a carboxyl-
terminal WD repeat domain (V35 kDa), as illustrated in
Fig. 1A.

MHCK A translocates to the cell cortex in response to
chemoattractant stimulation, and in polarized cells it displays
preferential recruitment to anterior actin-rich structures such
as lamellipodia and endocytic cups [18]. To determine whether
kinase catalytic activity is required for chemoattractant-stimu-

lated MHCK A translocation, we constructed a catalytically
inactive derivative of MHCK A by converting a conserved
cysteine at position 800 to an alanine. This residue is con-
served in all identi¢ed members of this family of kinases
[13,15], and in one mammalian family member, TRP-PLIK,
mutations at this site were reported to eliminate catalytic ac-
tivity [17]. We expressed and puri¢ed the catalytic domain of
MHCK A bearing the C800A mutation in bacteria, and found
no detectable catalytic activity with myelin basic protein or a
peptide substrate (data not shown). When the C800A muta-
tion was expressed in the context of GFP-tagged full-length
MHCK A in a Dictyostelium mhckA null cell background, it
also resulted in loss of kinase activity when assayed for auto-
phosphorylation in immunoprecipitates (Fig. 1B).

As reported previously, full-length MHCK A fused to GFP
translocated rapidly to the cell cortex upon chemoattractant
stimulation (Fig. 1C, top panels). The kinase dead GFP^
C800A-MHCK A fusion protein displayed robust transloca-
tion from the cytosol to the cell cortex upon stimulation (Fig.

Fig. 1. A: Domain organization of MHCK A. B: GFP^C800A-
MHCK A is de¢cient for autophosphorylation when isolated via
immunoprecipitation. Anti-GFP antisera was used to perform im-
munoprecipitations from MHCK A null cells, or from cells express-
ing wild type or C800A MHCK A fused to GFP. Upper panel:
Coomassie-stained immunoprecipitated GFP^MHCK A fusion pro-
tein from each cell line. Lower panel: Corresponding autoradiogram
demonstrating loss of catalytic activity in the C800A mutant. C:
GFP^C800A-MHCK A displays normal recruitment to the cell cor-
tex in response to chemoattractant stimulation. Confocal microscope
images were collected before (0 s) or after (30 s) stimulation with
the chemoattractant cAMP. Bar, 10 WM.
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1C, lower panels), indistinguishable from that observed for
wild type MHCK A. This result indicates that chemoattrac-
tant-stimulated MHCK A translocation to the cell cortex does
not depend upon kinase catalytic activity.

Given the earlier demonstration that the WD domains of
MHCK A and B confer binding and enzymatic targeting to
myosin II ¢laments [22], we conducted a series of truncation
studies to determine if this domain of MHCK A also mediates
translocation during chemoattractant responses. Deletion of
the WD repeat domain did not impair chemoattractant-stimu-
lated translocation of a GFP fusion protein to the cell cortex
(Fig. 2, ‘GFP^vWD’). A complementary construct, GFP
fused to WD domain alone, displayed di¡use cytosolic local-
ization even upon chemoattractant stimulation (Fig. 2, ‘GFP^
WD’). Deletion of the amino-terminal coiled-coil domain,

however, resulted in a GFP fusion construct that lost the
ability to translocate to the cell cortex upon stimulation
(Fig. 2, ‘GFP^vCoil’). The complementary construct fusing
GFP to the coiled-coil domain alone displayed robust trans-
location upon stimulation (Fig. 2, ‘GFP^Coil’). Consistent
with earlier observations of full-length MHCK A [18], treat-
ment of cells with latrunculin A to depolymerize F-actin re-
sulted in a complete loss of translocation with this construct.
These results indicate that the coiled-coil-containing domain
of MHCK A is necessary and su⁄cient for cortical transloca-
tion in response to chemoattractant stimulation, and that cor-
tical F-actin is necessary for this response.

To determine whether the coiled-coil domain could also
mediate anterior localization observed for full-length
MHCK A, we monitored localization during chemotactic mi-
gration. Cells migrating in chemotactic aggregation streams
frequently displayed persistent enrichment of the GFP^Coil
construct in anterior lamellipodial extensions, demonstrating
that this domain is responsible for all the cellular localization
behavior observed for full-length MHCK A (Fig. 3).

One simple hypothesis for the dynamic localization behav-
ior of MHCK A is that the protein contains sequences that
confer F-actin binding. Database comparisons and sequence
evaluation revealed no detectable similarity to known classes
of actin-binding domains. However, in actin-binding tests
with puri¢ed MHCK A, we observed co-sedimentation of
full-length MHCK A with F-actin, with half-maximal binding
of MHCK A occurring at approximately 4 WM F-actin (Fig.
4). To identify the F-actin-binding domain(s) of MHCK A we
evaluated the co-sedimentation properties of a set of MHCK
A truncation constructs in which either the WD repeat do-
main was removed (v-WD MHCK A) or in which the Coil
domain was removed (v-Coil MHCK A). These constructs
correspond to the truncations presented in Fig. 2, but contain
amino-terminal 6U His tag fusions rather than GFP fusions.
The v-WD MHCK A protein displayed co-sedimentation
with F-actin similar to that of full-length MHCK A, while
the v-Coil MHCK A protein displayed no co-sedimentation
with F-actin (Fig. 5).

4. Discussion

The results presented here indicate that MHCK A contains
a previously unrecognized actin-binding activity within the
coiled-coil domain of the protein. This F-actin-binding activ-
ity appears su⁄cient to explain the cellular translocation and
anterior localization behavior displayed by native MHCK A.
The strongest enrichment of MHCK A is consistently to an-
terior actin-rich structures, as opposed to cortical actin in
other regions of the cell. This may be due to the typically
greater abundance and density of F-actin in pseudopodia
and related structures, or this may re£ect additional unidenti-
¢ed interactions that favor localization to these anterior struc-
tures.

MHCK A is one member of a group of related MHC ki-
nases present in Dictyostelium. Gene disruption and cellular
studies suggest that at least three members of this family
(MHCK A, B, and C) have roles in the cellular localization
of myosin [10] (and unpublished observations). MHCK B and
C are both smaller enzymes that contain no detectable coiled-
coil domain, and therefore might be predicted not to display
the translocation behavior observed for MHCK A. We have

Fig. 2. Recruitment of GFP^MHCK A truncation constructs to the
cell cortex in response to chemoattractant stimulation. Confocal
microscope images were collected before (0 s) or after (30 s) stimu-
lation with the chemoattractant cAMP. Bar, 10 WM.
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recently found that MHCK C also displays dynamic recruit-
ment to the cell cortex upon chemoattractant stimulation (un-
published observations). Since MHCK C lacks a coiled-coil
domain, it is likely that cortical recruitment of this protein
occurs by a distinct mechanism from that used by MHCK
A, suggesting that these enzymes may be coupled to di¡erent
signaling pathways or may have di¡erent cellular roles.

Earlier evaluation of MHCK A coiled-coil domain led to
the prediction of a series of segments with very high proba-
bility of forming coiled-coil structure, with periodic breaks in
the predicted coil structure [12]. Sequence analysis of this
domain reveals no similarity to conserved classes of actin-
binding domains such those of K-actinin, gelsolin, or ERM
proteins. Although many established actin-binding proteins
fall into classes related to the examples listed above, MHCK
A and many other identi¢ed F-actin-binding proteins do not
belong to conserved groups [24]. Tropomyosin represents one
of the most extensively studied F-actin-binding proteins, and
to our knowledge is also the only well-characterized actin-
binding protein that consists mainly of a coiled-coil organiza-
tion. Although the coiled-coil segment of MHCK A contains
several short segments with low predicted coil probability [12],
it appears possible that the MHCK A may represent another
example of an actin-binding activity that operates by a mech-
anism related to that of tropomyosin. Further structural anal-
ysis of this domain will be important to address this possibil-
ity.
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Fig. 3. Anterior localization of a GFP^Coil domain fusion protein during chemotactic cell migration. A: As with full-length GFP^MHCK A,
cells that display anterior localization of GFP^Coil often do so persistently over several minutes. This series shows several cells engaged in ap-
parent attempts to phagocytose cells ahead of them in streams. Arrows indicate anterior extensions that display enrichment of the GFP^Coil
construct. The cell on the left eventually phagocytosed the cell ahead of it in the stream. B: This series shows one cell that displayed transient
weak anterior enrichment of GFP^Coil (arrow), and another cell that displayed strong persistent anterior enrichment of the construct (arrow-
heads). Images collected by confocal microscopy at 7 s intervals. Bar, 20 WM.

Fig. 4. Full-length MHCK A co-sediments with F-actin. Puri¢ed
MHCK A (0.1 WM) was incubated with rabbit skeletal muscle F-ac-
tin at the indicated concentrations and subjected to ultracentrifuga-
tion as described in Section 2. Pellets and supernatants were eval-
uated by SDS^PAGE in conjunction with Western blots (to
evaluate MHCK A abundance in pellets and supernatants) and
Coomassie staining (to visualize F-actin and BSA).
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Fig. 5. Co-sedimentation of MHCK A truncation constructs with
F-actin. Full-length and truncated constructs of MHCK A (0.1 WM)
were incubated with 5.0 WM F-actin and the F-actin-binding activity
was assessed as described in Section 2. Top panel as in Fig. 4. Bot-
tom panel represents quanti¢cation of MHCK A co-sedimentation
as determined via densitometry of Western blots of pellet and super-
natant fractions.
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