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Myosin II filament assembly in Dictyostelium discoideum is regulated via phosphorylation of residues located in the
carboxyl-terminal portion of the myosin II heavy chain (MHC) tail. A series of novel protein kinases in this system are
capable of phosphorylating these residues in vitro, driving filament disassembly. Previous studies have demonstrated that
at least three of these kinases (MHCK A, MHCK B, and MHCK C) display differential localization patterns in living cells.
We have created a collection of single, double, and triple gene knockout cell lines for this family of kinases. Analysis of
these lines reveals that three MHC kinases appear to represent the majority of cellular activity capable of driving myosin
II filament disassembly, and reveals that cytokinesis defects increase with the number of kinases disrupted. Using
biochemical fractionation of cytoskeletons and in vivo measurements via fluorescence recovery after photobleaching
(FRAP), we find that myosin II overassembly increases incrementally in the mutants, with the MHCK A~/B~/C~ triple
mutant showing severe myosin II overassembly. These studies suggest that the full complement of MHC kinases that
significantly contribute to growth phase and cytokinesis myosin II disassembly in this organism has now been identified.

INTRODUCTION

Myosin II plays fundamental roles in a variety of cellular
contractile processes, ranging from cytokinesis to cell migra-
tion and developmental morphogenesis (Ridley et al., 2003;
Baumann, 2004;Van Haastert and Devreotes, 2004). A critical
feature of nonmuscle myosin II isoforms is that cellular
function requires the assembly of this motor protein into
bipolar filament structures that can interact with cortical
actin arrays. Filament assembly in nonmuscle cells is dy-
namic and subject to both spatial and temporal regulation.
In mammalian nonmuscle cells, phosphorylation of the my-
osin II regulatory light chain (RLC) is a widely cited model
for assembly regulation, with RLC phosphorylation favor-
ing filament assembly (Scholey et al., 1980). However, there
is also strong experimental support for other models of
mammalian nonmuscle myosin II assembly control, includ-
ing evidence for monomer sequestration by the S100 protein
metastasin 1 (Li ef al., 2003), and biochemical evidence that
MHC phosphorylation may modulate filament assembly
(Murakami et al., 1998; Murakami ef al., 2000). Definitive in
vivo studies to distinguish relative contributions of each
mechanism have as yet not been performed.

The simple amoeba Dictyostelium discoideum contains a
single myosin II heavy chain gene, which serves cellular
roles that are conserved with those of myosin II in other
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organisms. Biochemical and cellular studies in this system
have established that myosin II filament assembly in vivo
involves a dynamic equilibrium between a large pool of
disassembled molecules and a pool of assembled filaments
that associate with the cortical cytoskeleton. This equilib-
rium appears regulated by a variety of events ranging from
chemoattractant receptor stimulation, to osmotic stress, to
mechanical compression (for reviews see de la Roche et al.,
2002a; Yumura and Uyeda, 2003). Filament assembly is reg-
ulated via phosphorylation of sites at the tip of the MHC tail.
Three threonine residues were mapped biochemically (Vail-
lancourt et al., 1988; Luck-Vielmetter ef al., 1990), and mu-
tagenesis of these MHC residues to nonphosphorylatable
alanines (3XALA MHC) produces a myosin II molecule that
displays severe overassembly into the cytoskeleton, as de-
termined by cytoskeletal fractionation and immunofluores-
cence (Egelhoff et al., 1993) and as measured in vivo using
fluorescence recovery after photobleaching (FRAP) with
GFP-myosin II fusion proteins (Yumura, 2001). Cells ex-
pressing 3XALA myosin II also display defects in chemotac-
tic migration. Although these 3XALA myosin cells are capa-
ble of detecting and responding to chemoattractant
gradients, during migration they display poor polarization,
frequent formation of inappropriately oriented pseudopo-
dia, and a high frequency of turns in the wrong direction
(Stites et al., 1998). They take longer time to initiate new
extensions when locally stimulated with a chemoattractant
(Yumura and Uyeda, 1997). The 3XALA myosin cells fur-
thermore display defects in chemoattractant-stimulated F-
actin assembly dynamics (Heid et al., 2004), indicating that
actin and myosin II dynamics during chemotaxis are directly
integrated by unknown mechanisms.
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Chemotaxis of Dictyostelium amoebae in natural waves of
cAMP during developing involves a reiterative series of
behaviors, with cells displaying different behaviors in each
zone of the natural chemotactic wave (for review see Soll ef
al., 2002). Although these complex behaviors are poorly
understood, a number of upstream signaling pathways have
been implicated in this cyclical regulation of polarization
and migration, including protein kinase A and internal
cAMP signaling (Wessels et al., 2000), Rac GTPase signaling
(Park et al., 2004), Ras signaling (Tuxworth et al., 1997; Lee et
al., 1999; Wessels et al., 2004), cGMP signaling (Bosgraaf et
al., 2002; Goldberg et al., 2002), and phosphatidylinositol
3,4,5-trisphosphate signaling (lijima et al., 2004). Although
myosin II is established as having critical roles in chemotac-
tic behavior, the pathways that link receptor activation to
myosin II assembly and subcellular localization are not un-
derstood.

Myosin II also plays fundamental conserved roles in cy-
tokinesis. Gene targeting studies in Dictyostelium have re-
vealed complex roles for myosin II in cleavage furrow dy-
namics, with this motor protein being essential for
contractile ring function and furrowing in suspension (De
Lozanne and Spudich, 1987; Manstein ef al., 1989). When
cells divide while attached to an adherent surface, however,
myosin II has been found to be less critical, with MHC null
mutants displaying an ability to complete mitotically linked
cell furrowing, albeit with frequent delays during furrow-
ing, reduced efficiency, and frequent asymmetrical partition-
ing into daughter cells (Neujahr ef al., 1997; Zang et al., 1997;
Weber et al., 2000; Uyeda and Nagasaki, 2004). Several sig-
naling pathways, particularly involving low-molecular-
weight GTPases, have been implicated in regulating cytoki-
nesis in this system, but as with chemotaxis, the pathways
that regulate myosin II assembly and localization to the
contractile ring are not understood (For review see Uyeda et
al., 2004).

A critical step in understanding the integration of up-
stream signaling in both these settings is to establish the full
set of enzymes that directly regulate myosin II assembly.
Earlier mutagenesis studies with myosin II have established
that the three threonine residues in the tail region mediate
filament assembly, with phosphorylation driving disassem-
bly and dephosphorylation driving assembly. Little atten-
tion has been directed to understanding MHC phosphatases
in this system, but studies to date suggest that the major
identified MHC phosphatase (a PP2A complex) is cytosolic
in distribution (Murphy et al., 1999) and is not directly
regulated by several common second messengers such as
cyclical nucleotides or calcium/calmodulin (Murphy and
Egelhoff, 1999).

In contrast, Dictyostelium cells appear to have a series of
MHC kinases (MHCKSs), which drive myosin II filament
disassembly both in vitro and in vivo, and the enzymes
characterized to date display differing cellular localization
patterns and distinct regulation in vitro (Steimle ef al., 2001b;
Liang et al., 2002; Nagasaki et al., 2002; Rico and Egelhoff,
2003). Single gene disruptions of three of these enzymes
have been published, including MHCK A (Kolman et al.,
1996), MHCK B (Rico and Egelhoff, 2003), and MHCK C
(Nagasaki et al., 2002), and in each case disruption pheno-
types supported the model for a role in the in vivo regula-
tion of myosin II assembly. Molecular analysis revealed
these enzymes to be founding members of a novel family of
eukaryotic protein kinases (Coté et al., 1997; de la Roche et
al., 2002a), now recognized throughout the metazoan phyla
and commonly referred to as “alpha kinases” (Drennan and
Ryazanov, 2004). Intriguingly, the largely completed Dictyo-
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Figure 1. Domain organization of Dictyostelium complement of
alpha kinases. Amino acid residue positions indicated above each
sequence. COIL refers to segments with strong predicted or exper-
imentally demonstrated coiled-coil character; CAT, the conserved
alpha kinase catalytic domain of each enzyme, with percent identity
to MHCK A indicated for each family member; WD, the WD-repeat
domain, implicated in targeting MHCKSs to the myosin II substrate;
N, a polyasparagine-rich segment; SNPQ, a low complexity seg-
ment of MHCK C that is rich in serine, asparagines, proline, and
glutamine; S, a polyserine segment; vVWFA/INB, the vVWFA motif/
Integrin B motif domain of VwkA.

stelium genome project contains three other protein kinase
genes that encode alpha kinases in addition to the three
validated MHCKSs. The fourth alpha kinase displays flank-
ing domain organization highly similar to MHCK A, B, and
C, with possible coiled-coil segments and a carboxyl-termi-
nal WD repeat domain (Figure 1), and we provisionally
named this gene mhkD and its encoded protein MHCK D,
based upon this similarity; for further information on
MHCK domain organization see (de la Roche et al., 2002a).
The fifth member of the Dictyostelium alpha kinase family
displays flanking domain organization completely distinct
from MHCK A, B, C, and D, with no WD repeat domains or
coiled-coil character, and bearing an amino-terminal seg-
ment displaying motif similar to the conserved beta-integrin
(IntB) and von Willibrand factor A (vWFA) fold (Figure 1).
We have named this fifth alpha kinase VwkA. Biochemical
analysis and cellular studies indicate that VwkA does not
function as a direct MHC kinase (Betapudi ef al., 2005). The
sixth alpha kinase gene has been provisionally named AK1
(alpha kinase 1) during genome annotation. The deduced
protein sequence contains an Arf-GAP motif at the N-termi-
nus and an alpha kinase domain at its C-terminus, but to our
knowledge no functional studies have been performed with
the gene or protein.

Another structurally unrelated enzyme, named “MHC-
protein kinase C” in early studies, was proposed to affect
myosin II assembly via direct MHC phosphorylation (Abu-
Elneel et al., 1996; Dembinsky et al., 1997). More recent
studies (de la Roche et al., 2002b), as well as the completed
Dictyostelium genome project, have confirmed that this gene
product is in fact a highly conserved diacylglycerol (DG)
kinase and is unlikely to function as a protein kinase in vivo.
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Figure 2. GFP-MHCK B displays enrichment in the contractile
ring. Ax2 cells expressing GFP-MHCK B were fixed and permeabil-
ized and then stained with rhodamine-phalloidin.

This protein has been renamed DgkA based upon that anal-
ysis (de la Roche ef al., 2002b).

Analysis to date thus suggests that MHCK A, MHCK B,
MHCK C, and possibly MHCK D represent the likely com-
plement of MHC kinases among this family. Target sites in
the MHC tail region were biochemically mapped for MHCK
A to residues 1823, 1833, and 2029 of MHC in earlier studies
(Vaillancourt et al., 1988; Luck-Vielmetter ef al., 1990), and it
was subsequently shown that mutation of these three sites to
alanines (the 3XALA mutation) not only caused myosin II
overassembly in vivo (Egelhoff et al., 1993), but also ren-
dered the 3XALA myosin II resistant to disassembly in vivo
when MHCK A was overexpressed (Kolman and Egelhoff,
1997). This resistance to disassembly confirmed the bio-
chemically mapped target sites to be the relevant target sites
in vivo as well. Although target sites for MHCK B and
MHCK C have never been mapped via in vitro phosphopep-
tide mapping, MHCK B and MHCK C robustly phosphory-
late MHC in vitro to drive filament disassembly, and 3XALA
myosin II is resistant to disassembly in phosphorylation
tests with MHCK B or MHCK C (Liang et al., 2002;Rico and
Egelhoff, 2003; and unpublished data), supporting the idea
that MHCK B and MHCK C probably phosphorylate the
same three target sites as MHCK A. Biochemical studies
addressing site preference or target site order of phosphor-
ylation by the individual kinases have not been performed
to date, but the simplest hypothesis consistent with available
evidence suggest that the three target sites likely contribute
to assembly control in a roughly additive manner, although
it is possible that some sites contribute to a greater degree
than others. For example, one published study analyzing 1X,
2X, and 3X aspartic acid mutations in Dictyostelium myosin I
(created to mimic phosphorylation events) reported a pos-
sibly greater role for the 1823 site in controlling myosin II
assembly levels in vivo (Nock et al., 2000).

To test the relative importance of each of these candidate
MHC kinases in the in vivo regulation of myosin II assembly
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and to assess whether other as yet unidentified kinases
might exist, we have generated and evaluated an array of
single, double, and triple gene disruption cell lines of
MHCK A, MHCK B, MHCK C, and MHCK D. Biochemical
fractionation of cytoskeletons and analysis of the in vivo
dynamics of a GFP-myosin II reporter have been used to
assess the effects of these multiple gene disruptions. The
mhck A= /B~ /C~ triple gene disruption line displays levels
of myosin II overassembly that closely mimic the severe
overassembly of 3XALA myosin II, suggesting that these
three enzymes may represent the full complement of MHC
kinases that have critical roles in assembly control during
interphase and cytokinesis. Analysis of these cell lines fur-
ther reveals previously unrecognized defects in cytokinesis
in suspension culture in the mutants that display myosin II
overassembly, indicating that dynamic control of myosin II
filament disassembly is critical for efficient contractile ring
function.

MATERIALS AND METHODS
Cell Culture and Gene Disruption and GFP Constructs

Cell lines were maintained in plastic Petri dishes in HL5 medium (Sussman,
1987) supplemented with penicillin/streptomycin (Life Technologies, Rock-
ville, MD) for the parental line Ax2. Media for blasticidin-based gene disrup-
tion cell lines was also supplemented with 2 ug/ml blasticidin (Calbiochem,
LaJolla, CA). The mhkA~ cell line (CW0371) was generated via disruption of
the mhkA locus in the cell line JH10 using a Thyl marker, as described
previously (Kolman et al., 1996). Single disruptions of mhkB (line CW0166)
and mhkC (line CW0403) were generated with a blasticidin-resistance disrup-
tion cassette. The double mhkA~/mhkB~ line (CW0394) was generated via
mhkB-blasticidin cassette targeting into the mhkA~ line listed above. The
double mhkA~/mhkC~ line (CW0403) was generated via mhkC-blasticidin
cassette targeting in the mhkA~ cell line above. The triple MHCK gene
disruption line mhkA~/mhkB~/mhkC~ (CW0431) was generated by cotrans-
fecting a nonselected mhkB gene disruption cassette together with a selected
mhkC disruption cassette, with resultant blasticidin-resistant colonies screen
via PCR for the simultaneous disruption of both genes. The full methodology
and technical details of this coselection method were described recently in
detail (Betapudi ef al., 2004).

Disruption of the mhkD gene was performed as follows. A short DNA
sequence of 466 base pairs length was PCR amplified using MHCKE934
(5'-GCAGGTACCGGTAGAATGCCATCAACTGGC-3') and MKLA1386 (5'-
GCATCTAGACAATTGATATGCATTTCTAAGTGCACC-3’) from the N-ter-
minus of mhkD gene. The purified DNA fragment was cloned as Kpnl and
Xbal fragment in pBsr-Nsi plasmid vector (Betapudi et al., 2005) to generate
pBsr-Nsi-5'-MHCKD vector. Similarly, another DNA fragment of 526 base
pairs length was PCR amplified using MHCKE2236 (5'-CAGATCCAAGCT-
TCAGCATCTGCTGATGGTTACG-3') and MHCKE2762 (5'-ACTAGAG-
GCGCCCCAAACATACGTAATGATGTAATTGG-3') primers from the C ter-
minus of mhkD gene. The purified fragment was digested with HindIII and
Sfol and cloned in pBsr-Nsi-5'-MHCKD vector to create pBsr-Nsi-MH-
CKD-KO plasmid vector. From this vector DNA, the entire knock-out cassette
carrying blasticidin resistance cartridge in the middle was PCR amplified
using MHCKD-5" (5'-GGTAGAATGCCATCAACTGGC-3') and MHCKD-3’
(5'-CCAAACATACGTAATGATGTAATTGG-3') primers lacking cloning
sites.

The amplified PCR DNA was purified and used for electroporation of Ax2
cells as described earlier (Betapudi ef al., 2004). Transformants were selected
in the presence of 3 ug/ml blasticidin in the growth medium. Individual
clones were isolated, amplified, and subjected to further analyses. Genomic
DNA isolated from each clone was analyzed by PCR to confirm presence of
the knockout cassette and absence of a wild-type copy of the gene, using a
general strategy described recently (Betapudi et al., 2004).

Previously reported cell lines expressing the 3XALA mutant MHC gene
were generated via either G418 selection or hygromycin selection (Egelhoff et
al., 1993). For the work reported here, we have generated a new 3XALA
myosin cell line that does not carry an antibiotic resistance marker. This new
cell line, designated CW0401, was generated as follows. A plasmid was
constructed that carries the previously described 3XALA MHC gene fused to
a Dictyostelium actin 15 promoter (Egelhoff ef al., 1993), in an Escherichia coli
plasmid carrying an ampicillin selection marker. This plasmid,
PMHC3XALA, does not carry a Dictyostelium selectable marker. The MHC
null cell line HS1 (Manstein et al., 1989) was transfected with this plasmid, and
direct functional selection was used to identify clonal cell lines expressing the
3XALA MHC construct. Selection involved initial growth in suspension cul-
ture, followed by plating on live bacterial lawns to identify clonal cell lines
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capable of multicellular development, as has been described previously with
the wild-type MHC gene (Egelhoff et al., 1990).

The plasmid constructs for the GFP fusions used in the current work have
been described previously for MHCK A (Steimle et al., 2001b), for MHCK B
and MHCK C (Liang et al., 2002), and for myosin II (Moores et al., 1996).

Suspension Growth Analysis

Cells were also cultured in suspension with reciprocal shaker at 150 rpm. Cell
counting was performed by a hemacytometer. To examine the number of
nuclei, an aliquot of cell suspension was centrifuged, and the centrifuged cells
were fixed with 2.5% formaldehyde in 15 mM phosphate buffer (pH 6.2). Two
microliters of fixed cells were mixed with 1 ug/ml DAPI solution containing
50% glycerol and phosphate buffer on a slide glass. A coverglass was overlaid
on the cells and mildly squashed with a forcep. Fluorescence microscopy of
DAPI staining was performed by Nikon TM300 with UV fluorescent filter sets
(Melville, NY).

Cytoskeletal Fractionation

Assembled myosin II filaments cofractionate with Triton X-100-resistant cy-
toskeletal ghosts when Dictyostelium cells are lysed under mild conditions
(Spudich, 1987). Triton-insoluble cytoskeletons were isolated as described
previously (Kolman et al., 1996). Briefly, cells (typically 2 X 10°) were washed
in starvation buffer (20 mM MES, pH 6.8, 0.2 mM CaCl,, 2 mM MgCl,), then
resuspended in 150 ul of ice cold buffer A (0.1 M MES, pH 6.8, 2.5 mM EGTA,
5 mM MgCl,, 0.5 mM ATP), and chilled on ice. Samples were then mixed with
150 wl of buffer B (same as buffer A, but also contains 1% Triton X-100, and
protease cocktail mix PIC I and PIC II described in Steimle et al., 2001a).
Samples were vortexed at top speed for 5 s and then subjected to centrifuga-
tion in a microfuge at top speed (~10,000 X g) at 4°C for 2 min. Pellets
(cytoskeletal fractions were directly suspend in 2X SDS-PAGE sample buffer
and heated at 95°C for 60 s. Supernatants (cytosolic fractions) were precipi-
tated with 700 ul acetone with incubation on ice followed by centrifugation
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(10 min in microfuge) to collect protein. Dried supernatant protein pellets
were then suspended in SDS-PAGE sample buffer and heated in same man-
ner. Samples were subjected to SDS-PAGE, and resultant gels were stained
with Coomassie Blue, and myosin heavy chain band intensity in each fraction
was quantified via densitometry. The percent myosin II in cytoskeleton was
calculated for each sample by dividing the value for MHC in the cytoskeletal
pellet by the sum of the pellet and supernatant MHC values for that sample.

Photobleaching Analysis

Photobleaching was performed by a confocal laser system (LSM 510, Carl
Zeiss, Thornwood, NY) as described previously (Yumura, 2001). Full power
of Argon laser (488 nm lines, 25 mW) was applied. Usually five times-iterated
illumination was required for >95% photobleaching. Images were acquired at
12 bits depth gray scale. The change of fluorescence intensity at the bleached
area was monitored in respect to time after background subtraction. These
data were applied to curve-fitting in Sigma Plot software (Jandel, Corte
Madera, CA) as described (Yumura, 2001). The time course of recovery was
fitted to the equation for a single exponential rise to maximum for a simple
enzymatic reaction as shown below.

Fr = a,[1 — exp(=bx)] + ¢

In the above equation, a is amplitude of exponential, b is rate constant, x is
time (sec), and c is constant. The half time recovery (t, ,,) was calculated using
the following equation.

t1,2 = —In(0.5)/b

RESULTS

Previous studies have reported MHCK A as displaying an-
terior localization during migration of Dictyostelium cells
and weak polar enrichment during cytokinesis (Steimle et
al., 2001b;Liang et al., 2002). GFP-MHCK C fusions, in con-
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Figure 4. Distribution of MHCK B and C in the contractile ring
depends on myosin II. Cells were fixed and observed by confocal
fluorescence microscopy. Neither GFP-MHCK B nor C displayed its
localization to the cleavage furrow in myosin heavy chain null cells
(MHC™). MHCK B and C still localized at the cleavage furrow in the
background of 3XALA myosin II, indicating that these MHCKs
recognize a target zone of the myosin II tail that is larger than just
the phosphorylation site alone.

trast, have been localized to the posterior of migrating cells
and to the contractile ring of dividing cells (Liang et al., 2002;
Nagasaki et al., 2002). We have now pursued additional
studies addressing possible subcellular localization by
MHCK B. Attempts to generate rabbit polyclonal antibodies
against MHCK B did not produce a reagent of sufficient
sensitivity for immunolocalization (unpublished data).
However, GFP-MHCK B was clearly enriched in contractile
rings of fixed Dictyostelium cells (Figure 2). With further
examination of live cells expressing GFP-MHCK B, contrac-
tile ring enrichment could be detected in live cells as well
(Figure 3A). This localization contrasts to earlier analysis
indicating cytosolic localization (Liang et al., 2002), possibly
for two reasons. First, the current work utilized higher mag-
nification imaging, and perhaps most importantly the cur-
rent live cell imaging was performed with a laser confocal
system, in contrast to the earlier analysis that utilized wide
field fluorescence. Use of confocal typically reduces the
background signal from any cytosolic phase GFP-reporter
pool, allowing weak localizations to be more readily
observed.

Previous studies using FRAP with cells expressing GFP-
myosin II indicated that myosin II rapidly turns over in the
contractile ring. However, 3XALA myosin II showed defects
in turnover in similar experiments, suggesting that MHC
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Figure 5. Assembly of Myosin II into Triton-resistant cytoskeletal
fractions. Cells were grown in Petri dishes to near-confluence and
then harvested and lysed with Triton X-100. Cytoskeletal ghosts
were isolated via centrifugation and SDS-PAGE, and densitometry
was used to determine percent of myosin II associated with the
cytoskeletal fractions. Bars, SEM; n = 7-9 samples for each cell line.

phosphorylation is crucial for rapid turnover of myosin II
(Yumura, 2001). To examine possible turnover or dynamics
of MHCKSs in the contractile ring, FRAP was used to further
evaluate the contractile ring localization. Subsequent to pho-
tobleaching of the contractile ring zone in live cells, GFP-
MHCK B and C signal within the bleached zone recovered
rapidly, with a half time of recovery of 1.72 = 0.30 s (SE; n =
15), and 2.32 = 0.25 (SE; n = 18), respectively (Figure 3). This
rapid recovery indicates that during cytokinesis MHCK B
and C are dynamically assembling and disassembling in the
contractile ring, apparently associating with a low-affinity
binding partner within the ring. The half time of recovery of
the MHCKSs was shorter than that of myosin II (7.01 * 0.65s;
Yumura, 2001). We previously demonstrated that GFP-MH-
CKC expressed in myosin II-null cells does not localize to
the cleavage furrows (Nagasaki et al., 2002). Likewise, GFP-
MHCKB expressed in myosin II null cells did not localize to
the contractile ring, suggesting that the localization of
MHCK B and C in the contractile ring depends on myosin II
(Figure 4). To investigate further whether MHCK B and C
directly bind to phosphorylation sites on myosin II mole-
cules, the GFP constructs were expressed in cells carrying
3XALA myosin II instead of wild-type myosin II. GFP-
MHCK B and C still localized at the cleavage furrow in the
background of 3XALA myosin II (Figure 4). Therefore,
MHCK B and C associate with myosin II molecules in vivo,
likely recognizing a target zone on the myosin II tail that is
larger than just the phosphorylation sites alone.

The localization of GFP-MHCK B, together with earlier
studies, supports a model that MHCKSs in this system may
have both overlapping and unique roles in the spatial con-
trol of myosin II filament assembly. To understand the rel-
ative contributions of theses MHCKSs in the in vivo control of
myosin II filament assembly, we have created a series of
double and triple MHCK gene knockout mutants.

As an initial test of myosin II assembly levels in MHCK
null lines, bulk myosin II assembly levels were assessed by
isolating Triton X-100-resistant cytoskeletal ghosts from
populations of cells growing in Petri dish culture. As has
been reported earlier (Kolman et al., 1996), the parental line

Molecular Biology of the Cell



Figure 6. Photobleaching analysis of GFP-
myosin II turnover in the contractile ring in
single, double, and triple MHCK gene disrup-
tion lines. One example of each class of gene
disruption is presented. For each series the
top image was collected just before photo-
bleaching, and the next three images beneath
that present examples of the fluorescence re-
cover time course (time in sec). Below each
series is a graph reflecting fluorescence recov-
ery rate for the bleached spot. The X axis is
presented in seconds, and the Y axis is arbi-
trary units reflecting rate of fluorescence re-
covery. The solid lines were generated by
curve-fitting as described in Materials and
Methods. These examples illustrate the de-
crease in GFP-myosin II turnover, which oc-
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A~ /B7/C™ cell was an aggregation of myo-
sin II due to its overassembly. Aggregates of
transfected MHC gene constructs have been
observed in several previous reports, particu-
larly in the triple MHCK knockout cells and
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with transfection of 3XALA MHC constructs
(Egelhoff et al., 1993; Nagasaki et al., 2002).

Ax2 displays ~10% of total myosin II assembled into the
cytoskeletal fraction with the extraction conditions used
here (Figure 5). Also in keeping with earlier reports, mhkA
null cells and mhkB null cells display partial overassembly of
~25-35% myosin II into the cytoskeletal fraction. This con-
trasts to the 3XALA myosin II cell line, which displayed
80-90% myosin II association with the cytoskeleton (Figure
5), as reported for earlier 3XALA cell lines (Egelhoff et al.,
1993). Evaluation of mhkC null cells reveals partial overas-
sembly, similar to the single mhkA and mhkB null lines,
confirming that MHCK C contributes to myosin II assembly
control in vivo. Evaluation of mhkD null cells revealed a
slight but more modest increase in filament assembly. Effects
of MHCK gene disruption become more dramatic in this
assay when multiple knockout lines are evaluated. The
mhkA~ /mhkB~ double knockout, and the mhkA~/mhkC~
double knockout both display a significant increase in fila-
ment overassembly to ~50% association with the cytoskel-
eton. The mhkA~ /mhkB~/mhkC~ triple knockout displays
even more severe overassembly, with ~70% of the myosin II
associating with the cytoskeletal fraction. This assembly
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level approaches the level of overassembly in the 3XALA
myosin cell line, but is still statistically slightly lower, sug-
gesting that another kinase that phosphorylates the target
sites (threonines 1829, 1833, and 2029 of MHC) may contrib-
ute to a small degree to phosphorylation and subsequent
filament disassembly in vivo. However, this result suggests
that MHCK A, MHCK B, and MHCK C together represent
the majority of MHC kinase activity affecting filament as-
sembly in growth phase cells.

Although biochemical fractionation provides a useful
gauge of myosin II assembly, it is a static measure that does
not reveal dynamic or spatially resolved features of assem-
bly control. We therefore performed FRAP analysis, evalu-
ating GFP-myosin II dynamics in parental versus MHCK
gene knockout cell lines during both interphase and during
cytokinesis. As reported previously, assembled GFP-myosin
IT displays rapid turnover both in the cortex of interphase
Dictyostelium cells and within the contractile ring of dividing
cells (t,,, ~ 7 s), whereas in both settings GFP-3XALA-
myosin II displays dramatically greater stability, with <10%
fluorescence recovery occurring within a 70-s image collec-
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Table 1. Half-time of fluorescence recovery of cortical GFP myosin
II'in the contractile rings during cytokinesis, determined via FRAP
measurement

Parental Ax2 7.01 = 0.65 (16)

MHCK A— 22.60 = 1.63 (36)
MHCK B— 11.00 * 0.77 (31)
MHCK C- 33.10 = 2.27 (34)
MHCK D— 7.78 = 0.44 (20)

MHCK A—/MHCK B—

MHCK A-/MHCK C—

MHCK A—/MHCK B—/MHCK C—
3XALA myosin cells

46.30 = 5.11 (13)

38.17 = 3.04 (41)
ND, estimate 2 min
ND, estimate 2 min

ND: The half-time of recovery of triple mutant cells and 3XALA
myosin cells could not measured because it took very long time or
recovery was not observed. We estimate that the half-time of recov-
ery for these cell lines is likely much greater than 2 min, but it is not
possible to collect data for a long enough period to quantify this
value, because of photodamage of cells or cell movement with
longer imaging times. Parentheses show the number of examined
cells. There are no significant differences between parental Ax2 and
mhkD~. Error values represent SE of the mean, defined as the SD
divided by the square root of n for each data set.

tion period (Yumura, 2001). For the current analysis we
transfected a wild-type myosin II GFP fusion (GFP-myosin
II) into the single mhkA~, mhkB~, mhkC~, and mhkD~ knock-
out cell lines. In the background of mhkA~, mhkB~, or mhkC~
lines, GFP-myosin II displayed slower recovery at the con-
tractile ring than wild-type cells, with half-time of fluores-
cence recovery values increasing from 7.89 + 0.86 s for the
parental Ax2 to 11.60 + 0.99,12.20 = 0.64, and 21.40 = 1.17 s,
for the three mutants, respectively (see Figure 6 and Table 1).
In the mhkD null background, GFP-myosin II in the contrac-
tile ring showed a recovery rate indistinguishable from the
parental (Table 1).

We further assessed GFP-myosin II FRAP behavior in the
contractile rings of the double and triple MHCK knockout
cell lines. In double knockout mutants (mhkA~/mhkB—and
mhkA~ /mhkC~), recovery became much slower than single
mutants (Figure 6 and Table 1), with recovery values of
30.83 = 2.09 and 31.00 * 2.42 s, respectively. In the triple
knockout mutants (mhkA~/mhkB~ /mhkC~), <10% recovery
was observed during imaging periods of 80-100 s (Figure 6
and Table 1), comparable to the extremely slow recovery
cited above for GFP-3XALA myosin constructs tested in cell
lines wild-type for MHCKSs (Yumura, 2001). The extremely
slow recovery of fluorescence in this mutant prevented ac-
curate determination of half-life of recovery values. Similar
slow recovery was also observed when FRAP was per-
formed on the cortex of mhkA~/mhkB~ /mhkC~ cells during
interphase cells (summarized graphically in Figure 7, and in
Table 2). Fluorescence recovery values determined in the
cortex of interphase cells for the single and double mutant
cell lines followed the same general pattern as the contractile
ring values, with single mutants showing partial increases in
time of recovery, and double mutants showing greater in-
creases (Figure 7 and Table 2).

This analysis reveals defects in assembly turnover both in
the contractile rings of dividing cells and in the cortices of
interphase cells, with the degree of impairment roughly
proportional to the number of MHCK genes disrupted.
These results suggest that MHCK A, MHCK B, and MHCK
C constitute the major complement of MHCK activities re-
sponsible for controlling myosin II filament disassembly
kinetics in Dictyostelium cells in these settings. MHCK D
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Figure 7. Graphical comparison of fluorescence recovery times for
GFP-myosin II assembled into (A) the contractile ring of dividing
cells and (B) the cortex of interphase cells. Error bars, SE of mean.
See Tables 1 and 2 for n values. Asterisks indicate that recovery
values for these samples could not be determined due to very slow
turnover. Bars for these samples indicate only that values are large
relative to the other samples.

does not seem to contribute to turnover of myosin Il in either
of these two settings, although the Triton-resistant cytoskel-
eton data (Figure 5) suggest that it could perhaps play a role
in some other structure within interphase cells.

Earlier immunofluorescence studies (Yumura and Uyeda,
1997), GFP imaging studies (Sabry ef al., 1997), and FRAP
analysis (Yumura, 2001) have demonstrated that 3XALA-
myosin II over assembles into the contractile ring. To assess
the effects of myosin II overassembly on myosin function
during cytokinesis induced either by the 3XALA MHC mu-
tation, or by MHCK gene disruption, we evaluated growth
rates and multinucleation in suspension culture. When
placed in suspension culture, 3XALA cells displayed a
markedly slower growth rate than the parental control Ax2,
as did the mhkA~/mhkB~ /mhkC~ triple knockout line (Fig-
ure 8). The two double MHCK knockout cell lines display a
similar but more modest reduction in growth in suspension.
To evaluate whether this growth defect correlated with in-
complete cytokinesis, cells were collected from suspension
cultures, fixed, and stained with DAPI This analysis re-
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Table 2. Half-time of fluorescence recovery of cortical GFP myosin
II in the cortex during interphase, determined via FRAP measure-
ment

Parental Ax2 7.89 = 0.86 (12)

MHCK A— 11.60 * 0.99 (28)
MHCK B— 12.20 * 0.64 (41)
MHCK C— 21.40 = 1.17 (51)
MHCK D— 7.41 = 0.53 (25)

MHCK A—/MHCK B— 30.83 £ 2.09 (39)
MHCK A—/MHCK C— 31.00 + 2.42 (33)
MHCK A—/MHCK B—/MHCK C— ND, estimate 2 min
3XALA myosin cells ND, estimate 2 min

ND: The half-time of recovery of triple mutant cells and 3XALA
myosin cells could not measured because it took very long time or
recovery was not observed.

vealed substantial multinucleation in both 3XALA myosin
cells and in the mhkA~ /mhkB~ /mhkC~ triple knockout line,
and more modest multinucleation in the two double MHCK
knockout cell lines (Figure 9). We next compared degree of
multinucleation for all cell lines, with cells collected either
from suspension culture or when harvested from attached
Petri dish cultures (Figure 10). These analyses revealed that
the multinucleation for the double and triple MHCK knock-
out lines, and for the 3XALA myosin II line, is most severe
in suspension culture, similar in severity to the HS1 cell line
(MHC null). The four single MHCK gene disruption lines
displayed no increase in multinucleation relative to Ax2 in
either growth setting. These data demonstrate that regulated
myosin II filament disassembly is critical for efficient com-
pletion of cytokinesis and further suggest that multiple MH-
CKs contribute to this process.

DISCUSSION

The results presented here demonstrate that in growth phase
cells, MHCK A, MHCK B, and MHCK C account for the
majority of MHC kinase activity responsible for maintaining
myosin II in its normal equilibrium between cytoskeletal
assembled filaments and the unassembled cytosolic pool.
Triton-resistant cytoskeleton analysis suggests that MHCK
D may have a small role in assembly control, but a difference
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Figure 8. Growth rates in suspension culture for MHCK gene
disruption cell lines. Cells collected from Petri dishes were inocu-
lated into shaker flasks at a density of 10° cells/ml and counted
daily.
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Figure 9. Multinucleation in suspension culture of MHCK knockout
cell lines. Cells were grown in suspension culture for 3 d, fixed, and
stained with DAPI to assess degree of multinucleation. Bar, 50 um.

is not apparent with the FRAP method of analysis. If MHCK
D has a role during growth phase, it is likely in a setting
other than basal control of cortical myosin II levels. Further
analysis with cells at various stages of development, and
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focused on specific structures such as phagocytic cups (Mul-
ler-Taubenberger et al., 2002) will be of interest to determine
whether MHCK D may have roles in other settings. FRAP
analysis also demonstrated that myosin II is severely over
assembled in the mhkA~/mhkB~/mhkC~ triple kinase knock-
out cell line. However, because of technical limitations on
long-term imaging of cells, the FRAP approach cannot re-
solve whether there is a difference in myosin II assembly
behavior in the triple kinase knockout line and the behavior
of 3XALA myosin II, bearing mutations in the mapped MHC
phosphorylation target sites. It is noteworthy that the Triton
method consistently reported slightly milder overassembly
in the triple kinase knockout line relative to the 3XALA line.
This could reflect a minor assembly control contribution
from either MHCK D or perhaps another yet to be identified
MHCK.

Another important aspect of assembly control revealed by
these studies is that MHCK A, MHCK B, and MHCK C all
appear to contribute to assembly control. This is a consistent
feature of the Triton-cytoskeleton data, the interphase FRAP
analysis, and the FRAP analysis performed on contractile
rings. Focusing on cytokinesis, previous studies and the
current work establish that MHCK B and MHCK C tend to
be enriched in the cleavage furrow, whereas MHCK A dis-
plays no furrow enrichment, and in fact displays slight
enrichment at the cell poles during cytokinesis (Liang ef al.,
2002). MHCK B and MHCK C likely enhance contractile ring
myosin II filament turnover because they are enriched in the
furrow, where they phosphorylate and disassemble fila-
ment. But how can MHCK A contribute to contractile ring
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myosin filament disassembly when it is enriched at cell
poles, not in the furrow? We suggest two possible explana-
tions. One possibility is that perhaps elevated myosin II
assembly at polar pseudopods in the cell cortex occurs in the
mhkA~ cells, resulting in greater delivery of filaments via
cortical flow (Yumura, 2001), which in some indirect manner
alters turnover rates within the ring. A second possible
explanation is that the wild-type parental line, cytoplasmic
phase amounts of MHCK A, some of which exist in the
vicinity of the contractile ring, may be sufficient to enhance
disassembly in the furrow. More detailed analysis of MHCK
localization and dynamics are needed to resolve these ques-
tions, perhaps utilizing further FRAP analysis of kinase
behavior and TIRF microscopy approaches.

The analysis presented here reveals previously unrecog-
nized defects in cytokinesis that occur when myosin II over
assembles, which occur either when myosin II overassembly
is caused directly via mutagenesis of MHC target sites (the
3XALA myosin II mutant), or when myosin II overassembly
is induced indirectly (i.e., elimination of the MHCKSs that
phosphorylate these target sites). Earlier analysis revealed
partial myosin II overassembly into the furrow and slightly
reduced furrowing rates in 3XALA cells and mhkC null cells
(Sabry et al., 1997; Yumura and Uyeda, 1997), but the current
analysis demonstrates that persistent myosin II overassem-
bly causes a significant rate of complete cytokinesis failure,
leading to multinucleation in suspension culture. One pos-
sible explanation for the defect is that over assembled my-
osin II at the furrow site may physically block terminal
membrane fusion events necessary for abscission. Further
studies are needed to test this and other possible causes of
cytokinesis failure in these cell lines.

The analysis presented here further appears to define the
primary complement of MHC kinases that participate in
growth-phase cells myosin II assembly control. A critical
next step is to begin clarifying the upstream regulation of
these enzymes. At the biochemical level, little is known
about regulation of MHCK B and MHCK C, except that
MHCK C can be activated in vitro by autophosphorylation
(Liang et al., 2002). A bit more information is available for
MHCK A. This kinase is activated in vitro by autophosphor-
ylation, which in turn can be stimulated by acidic phospho-
lipids and by high concentrations of myosin II (Medley et al.,
1990, 1992). Very recent studies have demonstrated that
MHCK A is also activated via binding to F-actin (Egelhoff et
al., 2005), suggesting that translocation to the cytoskeleton
may be a trigger for activation of this enzyme. Critically
lacking at present are clear connections between these bio-
chemical observations and signaling pathways further up-
stream.

The identification and in vivo validation of MHC phos-
phatases in this system is another important topic needing
further investigation. The work presented in this report
identifies the critical complement of MHC kinases that act
during interphase and cytokinesis. Earlier biochemical stud-
ies identified from Dictyostelium cell lysates a trimeric PP2A
complex as the major class of protein phosphatase capable of
dephosphorylating the heavy chain of MHCK A-phospho-
rylated myosin II in vitro (Murphy et al., 1999; Murphy and
Egelhoff, 1999), but further studies are needed to address in
vivo relevance and regulation of this candidate MHC phos-
phatase. The approaches applied to study MHC kinases in
this report may prove useful in this regard.

Recent studies on cGMP signaling pathways have impli-
cated a family of cGMP binding proteins as upstream regu-
lators of myosin II assembly in Dictyostelium (Bosgraaf et al.,
2002; Goldberg et al., 2002), but whether these cGMP medi-
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ators directly affect MHCKSs is currently unknown. A protein
kinase in the p2l-activated kinase (PAK) family known as
PAKa or DPAKa was implicated as a possible upstream
modulator of myosin II function (Chung and Firtel, 1999;
Chung et al., 2001), although more recent studies have re-
ported conflicting results regarding localization and pres-
ence of cytokinesis defects in cell lines deficient in this PAK
(Muller-Taubenberger et al., 2002). Further studies are
clearly needed to establish the relevance of cGMP signaling,
p21 kinase signaling, and other pathways in regulating my-
osin II assembly in this system. The identification here of
MHCK A, MHCK B, and MHCK C as the critical modulators
of myosin II assembly in growth phase cells will facilitate
these studies. On the basis of the precedence of the work
presented here, we suggest that FRAP analysis, in conjunc-
tion with gene disruption approaches, has the potential to
provide valuable new insights and resolution regarding im-
portance of upstream regulatory pathways in control of
myosin II assembly dynamics in this system.
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