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The monomeric, non-filamentous class-1 myosins are
among the most prevalent and most widely expressed myosins.
The conserved N-terminal motor domain of class-1 myosins,
which contains the ATP- and actin-binding sites, is followed by
1– 6 light chain binding IQ motifs and more diverse C-terminal
tail regions. Because of their diversity, the class-1 myosins can
be further divided into at least four subclasses (1). The eukaryotic model system Dictyostelium discoideum has been used
extensively to study the cellular functions of class-1 myosins
(2– 6). Seven class-1 myosins, Myosin-1A-F and Myosin-1K,
are produced in D. discoideum. Myosin-1K completely lacks a
tail region and has a large insert in the motor domain (7, 8). The
myoA, myoE, and myoF gene products encode subfamily members with “short” tails that consist solely of a tail homology 1
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(TH1) domain that interacts with anionic phospholipids and
thereby binds to membranes. The myoB, myoC, and myoD gene
products have “longer” tails that consist of a TH1 domain, a
TH2 domain that is typically rich in the amino acids glycine,
proline, alanine, or glutamine(GPA/Q) and binds actin in a
ATP-insensitive manner, and an Src homology 3 (SH3)
domain, which is known to mediate protein-protein interactions. Myosin-1 SH3 domains are usually referred to as TH3, to
distinguish them from SH3-like domains found at the N terminus of other myosins.
Distinct, yet overlapping, roles for the D. discoideum class-1
myosins in actin-based cellular processes like endocytosis and
cell movement were revealed by the defects of knock-out cells
lacking single or multiple myosin-1 genes and cellular localization studies (9 –15). Myosin-1B was shown to associate with the
plasma membrane during locomotion (16), the anterior pseudopod (2), and eupodia (17). Its interaction with the adapter
protein CARMIL appears to play a crucial role in recruiting
components of the Arp 2/3 actin polymerization machinery to
the plasma membrane (18). Detailed characterization of myosin-1B null cells has shown that the protein plays a role in cellular translocation, the suppression of lateral pseudopod formation, and rapid intracellular particle motility (19). A unique
feature of myosin-1B is that its neck region is decorated by a
compact, single-domain protein with two EF-hand motifs that
has a molecular mass of 8 kDa and binds Ca2⫹ with submicromolar affinity. The myosin-1B light chain is thus ⬎2-fold
smaller than most of the common four-EF-hand myosin light
chains (20).
Here, we describe the kinetic and functional properties of the
myosin-1B motor domain and compare them with those of Dictyostelium myosin-2, the closely related “long tailed” myosin1D, and the more distantly related “short-tailed” myosin-1E. To
facilitate the characterization of myosin-1B motor properties,
the motor domain fragment was fused to an artificial lever arm
consisting of two ␣-actinin repeats (21, 22). A motor domain
construct without lever arm was used to determine steady-state
and transient kinetic parameters. The terminology used (B698,
B698-2R) refers to the site of motor domain truncation and 2R
serves as abbreviation for the attachment of two ␣-actinin
repeats to the motor domain. Titus and coworkers (23) have
shown that regulation by TEDS site phosphorylation does not
play a role in the localization of myosin-1B but is absolutely
required for in vivo function. Following stimulation of a cell
with chemoattractant, TEDS site phosphorylation-induced
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Myosin-1B is one of three long tailed class-1 myosins containing an ATP-insensitive actin-binding site in the tail region that
are produced in Dictyostelium discoideum. Myosin-1B localizes
to actin-rich structures at the leading edge of migrating cells
where it has been implicated in the formation and retraction of
membrane projections, the recycling of plasma membrane components, and intracellular particle transport. Here, we have used
a combination of molecular engineering approaches to describe
the kinetic and motile properties of the myosin-1B motor and its
regulation by TEDS site phosphorylation. Our results show that
myosin-1B is a low duty ratio motor and displays the fastest
nucleotide binding kinetics of any of the Dictyostelium class-1
myosins studied so far. Different from Dictyostelium myosin-1D
and myosin-1E, dephosphorylated myosin-1B is not inactivated
but moves actin filaments efficiently, albeit at an up to 8-fold
slower velocity in the in vitro motility assay. A further difference
is that myosin-1B lacks the ability to switch between rapid
movement and bearing tension upon physiological changes of
free Mg2ⴙ ions. In this respect, its motor properties appear to be
more closely related to Dictyostelium myosin-2 and rabbit skeletal muscle myosin.

Dictyostelium Myosin-1B
increases in myosin-1B motor activity were found to contribute
to the global extension of pseudopodia that occurs prior to
polarization and directed motility (24). To study the effects of
TEDS site phosphorylation on the motor properties of the protein, we generated the dephosphorylated and phosphorylated
forms of B698-2R by treatment with -phosphatase and Acanthamoeba castellanii myosin-I heavy chain kinase (25). Additionally, we generated mutant versions of B698-2R, which facilitated the combined characterization of motor and kinetic
properties. The serine at the TEDS site of these constructs was
replaced by either an alanine residue, to mimic the unphosphorylated state, or a glutamate residue, to mimic the phosphorylated state (15, 26 –28). These constructs are referred to as
S332A or S332E mutants in the following text.

EXPERIMENTAL PROCEDURES

2

The abbreviations used are: TRITC, tetramethylrhodamine isothiocyanate;
LCBD, light chain binding domain; MOPS, 4-morpholinepropanesulfonic
acid.
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SCHEME 2. Coupling between nucleotide and actin binding
sites.

mM dithiothreitol, 2 mM MnCl2, and 0.01% Brij 35 at 30 °C for
30 min.
Kinetic Measurements—Stopped-flow measurements were
performed at 20 °C with a Hi-tech Scientific SF-61 DX2 double
mixing stopped-flow system and an Applied Photophysics
PiStar Instrument using procedures and kinetic models
described previously (38 – 40). Binding and hydrolysis of ATP
by myosin-1B head fragments were analyzed in terms of the
seven-step model (see Scheme 1) described by Bagshaw et al.
(41). Transients in the presence of actin were analyzed according to the mechanism described in Schemes 2 and 3 (42, 43). In
these schemes a notation is used that distinguishes between the
constants in the presence and absence of actin by using bold
(kⴚ1, K1) versus italic type (k⫺1, K1); subscript A and D refer to
actin (KA) and ADP (KD), respectively. The transient kinetics
data were interpreted as described previously (28, 32, 38, 39,
44). Steady-state ATPase activities were measured at 25 °C
with the NADH-coupled assay (44) in a buffer containing 25
mM HEPES, 25 mM KCl, and 4 mM MgCl2. The myosin concentration was 0.25–1 M. NADH oxidation was followed
using the change in absorption at 340 nm in a Beckman
DU-800 spectrophotometer.

RESULTS
Actin Activation of Myosin-1B ATPase Activity—To determine the maximum values of the ATPase activity and the efficiency of coupling between actin and nucleotide binding, we
measured the ATPase rates with actin concentrations in the
range of 0 to 60 M F-actin (Fig. 1). At concentrations of actin
much lower than Kapp, the dependence of the apparent ATPase
rate on actin concentration can be fitted to a straight line and
the apparent second order rate constant (kcat/Kapp) of the reaction can be determined from the slope of this line. Estimates of
Kapp and kcat were obtained from double reciprocal plots (Table
1), but as the maximum actin concentrations accessible are
below the estimated value of Kapp the values must be treated
with some caution. Myosin-1B resembles in this respect Dictyostelium myosin-2 and myosin-1D, whereas chicken myosin-5a
displays a much higher affinity for F-actin in the presence of
ATP. The steady-state parameters are summarized in Table 1,
JOURNAL OF BIOLOGICAL CHEMISTRY
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Reagents—Standard chemicals were purchased from Sigma,
and restriction enzymes, polymerases, and DNA-modifying
enzymes were from Roche Applied Science. TRITC2-labeled
phalloidin was a gift from Dr. H. Faulstich (29).
Plasmid Constructs and Mutagenesis—Genomic DNA was
isolated from AX2 cells according to Ref. 30. PCR-directed
mutagenesis was used to isolate a myoB gene fragment encoding the motor domain with a unique BamHI site at the 5⬘-end of
the coding region and a unique XhoI site following the codon
for residue 698. The PCR products were digested with BamHI
and XhoI and cloned into pDXA-3H (31), which carries
sequences for the fusion of a C-terminal His8 tag. TEDS site
mutants were generated by PCR-directed mutagenesis. The
resulting plasmids were confirmed by sequencing. For the production of motor domain constructs fused to two D. discoideum ␣-actinin repeats (2R), a His8 tag was obtained as XhoI/
SphI fragment from pDH20-2R (32) and inserted in the XhoI/
SphI-digested myosin-1B motor domain expression plasmid.
Protein Expression and Purification—Dictyostelium cells
were grown in HL-5C medium (33). Cells were transformed by
electroporation (34). G418 was used as selectable marker at 10
g/l. The myosin-1 constructs were purified as described previously for myosin-2 head fragments (28). Rabbit actin was
purified by the method of Lehrer and Kerwar (35).
Direct Functional Assays—Actin sliding motility was measured as described previously (28, 36). TEDS site phosphorylation was performed by mixing 1 mg/ml B698-2R with 0.027
mg/ml activated A. castellanii myosin-I heavy chain kinase and
incubation in the presence of 1 mM EGTA, 3 mM MgCl2, and 2
mM ATP at 30 °C for 20 min. Myosin-I heavy chain kinase was
activated by autophosphorylation at 30 °C for 20 min in a buffer
containing 100 mM imidazole, pH 7.0, 4 mM ATP, 6 mM MgCl2,
and 2 mM EGTA (37). Myosin-I heavy chain kinase was generously provided by Drs. E. D. Korn and H. Brzeska (Laboratory of
Cell Biology, NHLBI, National Institutes of Health). Dephosphorylation was performed by incubation of 1 mg/ml B698-2R
with 4000 units/ml -protein phosphatase in the presence of 4

SCHEME 1. 7-step model of the interaction of myosin with
nucleotides (41).

Dictyostelium Myosin-1B

FIGURE 1. Actin-activated ATPase activity. Shown are the ATP turnover
rates of B698(S332E) (f) and B698(S332A) (䡺) at increasing concentrations of
F-actin. The observed rates were plotted against F-actin concentration and
fitted to a hyperbola, giving the Michaelis parameters summarized in Table 1.

4% for myosin-1B. In contrast, the increase in intrinsic protein
fluorescence following the addition of excess ADP was too
small to measure the rate of ADP binding (k⫺6/K7) reliably.
Myosin-1B has seven Trp residues in the motor domain,
including the conserved Trp in the relay loop that reports the
open to closed transition of switch-2 that accompanies ATP
hydrolysis (46). As most of them do not contribute to the signal
change, this explains the small amplitude of the fluorescence
change. As an alternative, the binding of the nucleotide analogues mantATP and mantADP was measured following the
fluorescence enhancement after mixing with the myosin constructs. The results of these measurements were analyzed as
described previously (32, 47) and are summarized in Table 2.
The apparent second order association rate constants (K1k⫹2 or
k⫺6/K7) are similar for ATP and the mantADP and ATP analogues. The intrinsic fluorescence amplitude was too small to
allow the maximum to be estimated, but kobs displayed a linear
dependence on ATP concentration up to observed rates of 100
s⫺1. For most myosins the maximum rate constant has been
attributed to the rate constant for the ATP hydrolysis step
(k⫹3 ⫹ k⫺3), which is signaled by the fluorescence change of the
Trp located at the tip of the relay loop (47). These values are
very high compared with most myosins and are comparable
with those of myosin-5 (48). As ATP binding to B698 produced
a larger fluorescence increase than the binding of ADP, the
displacement of ADP by ATP could be followed from the net
increase in fluorescence upon addition of a large excess of ATP
to ADP-saturated B698. The rate of ADP release (k⫹6) from
B698 was 0.70 s⫺1.
TEDS Site Phosphorylation of Myosin-1B Stabilizes the Actomyosin Complex—The rate of actin binding was measured following
the exponential decrease in pyrene fluorescence observed on binding of an excess of pyrene-actin to the myosin-1B constructs. The
observed rate constants were plotted against pyrene-actin concentration, and kobs values were linearly dependent upon actin concentration over the range studied. The second order rate constants
of pyrene-actin binding (kⴙA) were obtained from the slope of the
plot, and the resulting values are summarized in Table 2. The kⴙA
values were unaffected by the TEDS site mutations S332A and
S332E. In addition, the rate constant for actin dissociation (kⴚA)

TABLE 1
Actin activation of ATPase activity
Experimental conditions were 25 mM HEPES, pH 7.4, 25 mM KCl, 4 mM MgCl2. Temperature, 25 °C. ND, not determined.
Myosin construct

B698(S332A)
B698(S332E)
D692(S332A)e
D692(S332E)e
E698(S336A)f
E698(S336E)f
M765g

ATPase activitya
Basal

Activated

s⫺1

s⫺1

0.09 ⫾ 0.01
0.16 ⫾ 0.02
0.09 ⫾ 0.01
0.10 ⫾ 0.02
0.04 ⫾ 0.01
0.08 ⫾ 0.01
0.08 ⫾ 0.01

0.11 ⫾ 0.02
0.68 ⫾ 0.07
0.10 ⫾ 0.02
1.34 ⫾ 0.10
0.10 ⫾ 0.05
2.50 ⫾ 0.20
0.68 ⫾ 0.09

Michaelis-Menten parametersb,c
d

Activation
0.2
3.3
0.1
12.4
1.5
30.3
7.5

kcat

Kapp

kcat/Kapp

s⫺1

M

M⫺1 s⫺1

ND
3.1 ⫾ 0.4
ND
10.0 ⫾ 3.0
n.d.
15.4 ⫾ 5.0
2.6 ⫾ 0.4

ND
96 ⫾ 20
ND
130 ⫾ 50
ND
91 ⫾ 30
73 ⫾ 20

0.002 ⫾ 0.001
0.032 ⫾ 0.006
0.001 ⫾ 0.0003
0.077 ⫾ 0.02
0.001 ⫾ 0.0002
0.170 ⫾ 0.03
0.036 ⫾ 0.005

Actin-activated ATPase activity was measured in the presence of 20 M rabbit skeletal muscle F-actin.
Values for kcat and Kapp were calculated from fitting the data to the Michaelis-Menten equation.
c
The apparent second order rate constant for actin binding (kcat/Kapp) was obtained from the calculated ratio of both values. Alternatively, the data at concentrations of actin
much lower than Kapp could be fit to a straight line, and kcat/Kapp was determined from the slope of this line.
d
ATPase activation ⫽ (actin-activated ATPase ⫺ basal ATPase)/basal ATPase.
e
Ref. 28.
f
Ref. 15.
g
Ref. 36.
a
b
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together with the published values for Dictyostelium myosin1D, myosin-1E, and myosin 2. The ATPase activity of the
S332A mutant of B698 is only slightly activated by the addition
of 20 M F-actin. The ATPase activity of the S332E mutant
showed a hyperbolic dependence on actin concentration. Additionally, the coupling efficiency between actin and nucleotide
binding is 16-fold tighter for the B698 Ser-to-Glu mutant than
for the Ser-to-Ala mutant. A similar 20-fold change in kcat/Kapp
was observed for the phosphorylated and dephosphorylated
forms of Acanthamoeba myosin-1C (45), whereas the observed
changes in kcat/Kapp are larger for Dictyostelium myosin-1D
and myosin-1E with 77- and 170-fold increases for the phosphorylated forms.
Binding of Nucleotide to Myosin-1B—The rate constants
measured for nucleotide binding to the wild-type forms of B698
and both TEDS site mutants were identical. Therefore, the data
shown in Table 2 refer only to B698, although all measurements
were performed with wild-type and both mutant constructs.
The rate of ATP binding (K1k⫹2) could be monitored from the
increase in intrinsic protein fluorescence following the addition
of excess ATP. The increase in fluorescence for ATP binding is

Dictyostelium Myosin-1B
TABLE 2
Rate and equilibrium constants of the myosin and actomyosin ATPase cycle
Experimental conditions were 20 mM MOPS, pH 7.0, 5 mM MgCl2, 100 mM KCl, 20 °C. ND, not determined; n.a., not applicable.
Rate constant

B698

D692a

E698b

M765c

K1k⫹2 (M⫺1 s⫺1)
kmax (s⫺1)
K1k⫹2 (M⫺1 s⫺1)
k⫺6/K7 (M⫺1 s⫺1)
k⫹6 (s⫺1)
KD (M)
k⫺6/K7 (M⫺1 s⫺1)

1.97 ⫾ 0.01
⬎1000
1.30 ⫾ 0.02
n. a.
0.70 ⫾ 0.003
0.40 ⫾ 0.10
1.48 ⫾ 0.01

0.66 ⫾ 0.01
640 ⫾ 10
0.53 ⫾ 0.02
0.98 ⫾ 0.02
0.60 ⫾ 0.002
1.8 ⫾ 0.3
0.87 ⫾ 0.01

0.96 ⫾ 0.03
900 ⫾ 30
0.91 ⫾ 0.01
0.34 ⫾ 0.02
3.13 ⫾ 0.03
7.1 ⫾ 0.4
0.79 ⫾ 0.01

0.70 ⫾ 0.03
28 ⫾ 4
0.81 ⫾ 0.02
n. a.
n. a.
7.0 ⫾ 1
0.36 ⫾ 0.004

0.49 ⫾ 0.01
960 ⫾ 20
ND
ND
75 ⫾ 4
42 ⫾ 8
140 ⫾ 10
78 ⫾ 14

0.40 ⫾ 0.002
750 ⫾ 20
2.5 ⫾ 0.5
28 ⫾ 4
12 ⫾ 2
1.7 ⫾ 0.5
ND
ND

0.57 ⫾ 0.04
490 ⫾ 20
⬎0.5
⬎100
182 ⫾ 28
26 ⫾ 3
n.a.
n.a.

Nucleotide
Nucleotide binding to M
ATP
MantATP
ADP
MantADP
Nucleotide binding to A䡠M
ATP
ADP

K1kⴙ2 (M⫺1 s⫺1)
kⴙ2 (s⫺1)
kⴙAD (M⫺1 s⫺1)d
kⴚAD (s⫺1)
KAD (M)e
KAD/KDe
KAD (M)f
KAD/KDf

1.11 ⫾ 0.03
⬎700 ⫾ 100
4.95 ⫾ 0.5
233 ⫾ 20
47 ⫾ 5
118 ⫾ 20
118 ⫾ 30
295 ⫾ 30

a

was determined directly by chasing pyrene-actin with a 20-fold
excess of unlabeled actin (Fig. 2). The observed process could be fit
to a single exponential where kobs corresponds directly to kⴚA. In
contrast to similar rates of actin binding, actin dissociates 12 times
faster from the Ser–to-Ala mutant than from the Ser-to-Glu
mutant (Fig. 2, inset). The dissociation equilibrium constant (KA)
for actin binding is calculated from the ratio of kⴚA and kⴙA. The
slower dissociation rate of the actomyosin complex results in a
12-fold higher actin affinity for the pseudo-phosphorylated S332E
mutant.
ATP-induced Dissociation of Actomyosin—The binding of
ATP to the actomyosin complex could be followed by observing
the exponential increase in fluorescence of pyrene-actin as the
complex dissociates following addition of excess ATP. Fluorescence transients were best fit to single exponentials at all ATP
concentrations examined. The observed rate constants were
linearly dependent upon ATP concentration in the range of 5 to
25 M. The rate constants measured for nucleotide binding to
the actomyosin complexes formed by the wild-type forms of
B698 and both TEDS site mutants show small but significant
differences. Unless otherwise stated, the values given in Table 2
correspond to the myosin-I heavy chain kinase-treated wildtype construct. The mechanism of ATP-induced fluorescence
enhancement was modeled according to Scheme 3.
K1
k⫹2
A 䡠 M ⫹ ATP |
0 A 䡠 M 䡠 ATP O
¡ A ⫹ M 䡠 ATP
SCHEME 3

The apparent second order binding constant K1k⫹2, defined
by the gradient of the plot, was 1.1 M⫺1s⫺1 for S332E and
1.5 M⫺1s⫺1 for S332A. At high ATP concentrations (⬎2
mM) the observed rate constants saturated for the S332E
mutant and the dependence on the ATP concentration could
be described by a hyperbola, where the maximum value of
kobs defines k⫹2 (Table 2). For S332A the ATP-induced actin
FEBRUARY 22, 2008 • VOLUME 283 • NUMBER 8

FIGURE 2. Rates of pyrene-actin dissociation from B698(S332E) and
B698(S332A) (inset). The dissociation rate constant of actin (kⴚA) was
determined from the rate of fluorescence enhancement that follows the
addition of an excess of unlabeled F-actin to a sample of pyrene-labeled
F-actin equilibrated with an equimolar amount of the myosin-1B constructs. B698(S332A) displays a 34-fold faster actin dissociation reaction
than the B698(S332E) mutant. The concentrations shown in the mixing
scheme refer to the concentrations of the reactants after mixing in the
stopped-flow observation cell. The observed changes in fluorescence
intensity are best fit by double exponentials. We attribute the fast first
phase to a displacement reaction caused by small concentrations of ADP
that are present in the F-actin solution.

dissociation kinetics could be followed up to 600 M ATP. At
higher ATP concentrations the dissociation kinetics could
not be resolved further due to the progressively weaker
intensity of the fluorescence signal (data not shown).
Competitive Binding of ATP and ADP to Actomyosin—The
affinity of ADP for the actomyosin complex (KAD) was determined
from the inhibition of the ATP-induced dissociation of actomyosin by ADP. The observed rate of dissociation was reduced for all
constructs when excess ATP was added to actomyosin in the presJOURNAL OF BIOLOGICAL CHEMISTRY
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Ref. 28.
Ref. 15.
c
Ref. 36.
d
Calculated from kⴙAD ⴝ kⴚAD/KAD.
e
Values refer to the Ser-to-Glu mutants of the myosin-1 motor domain constructs.
f
Values refer to the Ser-to-Ala mutants.
b

Dictyostelium Myosin-1B
phorylated and dephosphorylated states of the protein. The
movement of more than 100 filaments was followed and their
velocity determined for each form of the B698-2R construct.
The average sliding velocities are summarized in Table 4. The
phosphorylated construct moved actin filaments 5.6 times
faster than the dephosphorylated form. The Ser-to-Glu
mutants of B698-2R displayed with 1.85 m/s an 8.4 times
faster velocity than the Ser-to-Ala mutant (Fig. 4). However, the
motor activity of the myosin-1B S332A construct is significantly higher than observed with the equivalent myosin-1D and
myosin-1E mutant constructs.
Previously, we observed that the concentration of free Mg2⫹
ions that is typically used in the in vitro motility assay has an
inhibitory effect on the motile activity of Dictyostelium myosin-1D and myosin-1E (15, 28). Changes in total Mg2⫹ concentration in the range from 0.1 to 20 mM produced no change in
the average sliding velocity of the myosin-1B constructs. In
good agreement with this result, the value of KAD was independent of changes in the concentration of free Mg2⫹ ions.

DISCUSSION

FIGURE 3. ADP inhibition of the ATP-induced dissociation of the actoB698(S332E) complex. Monophasic ATP-induced dissociation reactions are
observed in the absence and presence of micromolar concentrations of ADP.
The observed amplitudes and rates decrease as more ADP is added (inset). A
plot of the observed rate constants versus ADP concentration is shown. The
data are fitted with a hyperbola resulting in a KAD of 47 M. Error bars represent standard deviations from at least 15 determinations of each data point.

Here we employ a molecular engineering approach to assess
the motile activity of myosin-1B and its regulation. The
approach of replacing the light chain binding domain (LCBD)
with spectrin-like repeats acting as artificial lever arm has
proved to be a very robust and widely applicable tool for the
characterization of myosins from different classes and sources.
As the motor domain-LCBD interface belongs to the most
highly conserved regions of myosins and based on the atomic
resolution structure of the myosin-2 motor domain with an
artificial lever arm consisting of two ␣-actinin repeats, the functional linkage of motor domain and artificial lever arm is
straightforward (15, 22, 28, 50 –52). The resulting single
polypeptide constructs can be produced with much better
yields than constructs with a native LCBD. The lever arm length
corresponds to 12 nm for the two ␣-actinin repeat constructs.
When corrected for the differences in lever arm length, constructs with native LCBD and with artificial lever arm display
identical motile activity (21, 52). The replacement of TEDS site
Ser or Thr residues by Glu, Asp, or Ala residues, to generate the
pseudo-phosphorylated or pseudo-dephosphorylated forms of
the motor, was pioneered by the Korn laboratory (26) and has
proved to be a valuable tool in studying regulation of myosin
motor activity by TEDS site modification in studies addressing

TABLE 3
Actin affinities in the absence and presence of nucleotide
Experimental conditions for all measurements were 20 mM MOPS, 5 mM MgCl2, 100 mM KCl, pH 7.0, 20 °C.
Myosin construct
B698a
B698(S332A)
B698(S332E)
D692(S332A)b
D692(S332E)b
E698(S336E)c
M765d

KDA (M) ⴝ KA*KAD/KD

kⴙA

kⴚA

KA

M⫺1 s⫺1

s⫺1

nM

1.1 ⫾ 0.2
1.4 ⫾ 0.2
1.1 ⫾ 0.1
4.1 ⫾ 0.3
1.4 ⫾ 0.1
2.9 ⫾ 0.2
0.8 ⫾ 0.1

0.005 ⫾ 0.0003
0.160 ⫾ 0.003
0.0047 ⫾ 0.001
0.087 ⫾ 0.0019
0.0027 ⫾ 0.0002
0.0015 ⫾ 0.0001
0.0025 ⫾ 0.0004

4.5 ⫾ 1
114 ⫾ 3
4.3 ⫾ 1
21.2 ⫾ 5
1.9 ⫾ 0.3
0.5 ⫾ 0.1
3.1 ⫾ 0.5

0.53 ⫾ 0.1
33.6 ⫾ 1.6
0.51 ⫾ 0.04
3.6 ⫾ 0.8
0.008 ⫾ 0.002
0.001 ⫾ 0.0005
0.080 ⫾ 0.014

a

Myosin-I heavy chain kinase-treated. Treatment of the myosin constructs with apyrase did not result in significant changes in the observed rate constants.
Ref. 28.
c
Ref. 15.
d
Ref. 36.
b

4524 JOURNAL OF BIOLOGICAL CHEMISTRY

VOLUME 283 • NUMBER 8 • FEBRUARY 22, 2008

Downloaded from www.jbc.org at MHH BIBLIOTHEK on February 15, 2008

ence of varying concentrations of ADP. The reaction was
monophasic (Fig. 3). The observed rate constants were plotted
against the ADP concentration, and the data were fitted with a
hyperbola (Fig. 3). A dissociation equilibrium constant (KAD) of 47
M was obtained for the B698(S332E) construct and 118 M
for the B698(S332A) construct. For comparison KAD for
D692(S332E) was 75 and 12 M for E698(S336E). In accordance
with thermodynamic consistency, the equilibrium constant for
actin in the presence of ADP (KDA) was calculated as follows: KDA ⫽
KAD/KD ⫻ KA. In the presence of ADP, B698(S332E) displays a
66-fold higher affinity for actin than B698(S332A) (see Table 3).
TEDS Site Phosphorylation Increases the Motile Activity of
Myosin-1B—The motor function of myosin-1B was analyzed
measuring the gliding velocity of actin filaments in an in vitro
motility assay (49). To investigate the regulation of myosin-1B
by TEDS site phosphorylation, we treated the purified B698-2R
construct with -phosphatase to generate the dephosphorylated form or with myosin-I heavy chain kinase (35) to generate
the phosphorylated form. Additionally, we used B698-2R with
the TEDS site mutations S332E or S332A to mimic the phos-

Dictyostelium Myosin-1B
TABLE 4
Sliding velocity of actin filaments
Experimental conditions were 2 mM ATP, 4 mM MgCl2, 25 mM imidazole, pH 7.4, 25
mM KCl, 1 mM EGTA, 10 mM dithiothreitol, 30 °C. The average velocity of the
myosin-2 construct M765-2R was 1.5 ⫾ 0.1 m/s under identical assay conditions.
Average velocitya
B698-2R

-Phosphatase treated
Myosin-I heavy chain
kinase-treated
Ser-to-Ala
Ser-to-Glu
a
b
c

D692-2Rb

E698-2Rc

m/s

m/s

m/s

0.23 ⫾ 0.09
1.29 ⫾ 0.21

No motility
0.89 ⫾ 0.10

0.08 ⫾ 0.03
0.42 ⫾ 0.04

0.22 ⫾ 0.12
1.85 ⫾ 0.19

0.05 ⫾ 0.02
0.67 ⫾ 0.09

No motility
0.35 ⫾ 0.06

Uncertainties represent S.D. of the mean values.
Ref. 28.
Ref. 15.

myosins from several organisms and classes (15, 23, 27, 28, 53).
In addition to examining the kinetic properties of the phosphorylated, dephosphorylated, pseudo-phosphorylated, and pseudo-dephosphorylated myosin-1B, the use of constructs that are
equipped with an artificial lever arm and lack the tail region
with its ATP-insensitive actin-binding site enabled us to
directly study the motile properties of the myosin-1B motor
and its regulation. Previous work on the kinetic and functional
properties of Dictyostelium myosin-1D, myosin-1E, and myosin-2 constructs with an identical artificial lever arm allows us
to directly compare the motile activity of three class-1 myosins
from two different subgroups and of a class-2 non-muscle myosin (15, 28).
The rates of nucleotide binding to B698 and the apparent
second order equilibrium constant in the absence (K1k⫹2) and
presence (K1kⴙ2) of actin are faster than those measured for
Dictyostelium myosin-2 and the other characterized class-1
myosins. In addition to displaying faster kinetics for ATP binding and ADP dissociation, myosin-1B shares with other class-1
myosins a Thr residue in the relay helix and an Asn residue in
the Src homology 1 helix. Based on the structure of the myoFEBRUARY 22, 2008 • VOLUME 283 • NUMBER 8
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FIGURE 4. In vitro motor activities. Motor function was analyzed by measuring the sliding velocity of TRITC-labeled F-actin on myosin-coated surfaces
under a fluorescence microscope (15). For each experiment, 0.2 mg/ml antiHis antibody-immobilized myosin, 20 nM TRITC-labeled F-actin, and 2 mM ATP
were used. The movement of at least 100 filaments was followed, and the
average sliding velocity was determined by the analysis of the Gaussian distribution. B698(S332A) (gray bars) moved actin filaments at 0.22 ⫾ 0.12 m/s
and B698(S332E) (cross-striped bars) at 1.85 ⫾ 0.19 m/s at 30 °C.

sin-1E motor domain, a hydrogen bond formed between both
residues is predicted to induce a larger kinking of the relay helix,
resulting in an up to 30° greater lever arm rotation than
observed for myosin-2 (54). The faster nucleotide binding
kinetics and a larger lever arm rotation are consistent with the
more than 2-fold faster motile activity of this myosin compared
with Dictyostelium myosin-2, myosin-1D, and myosin-1E.
In general, the kinetic properties displayed by the myosin-1B
constructs are compatible with a motor that functions in the
context of a crowded environment of actin bundles in concert
with many motors of the same or a similar type. In this situation
it is important to shorten the duration of the steps spent in
strongly bound states and to have weak binding M-ATP and
M-ADP-Pi states that allow hydrolysis and recovery stroke to
occur while the motor is detached from actin. This is supported
by the fact that myosin-1B displays a weaker affinity for actin in
the presence of ADP in comparison with other myosins. Additionally, the difference in the KDA values determined for phosphorylated and dephosphorylated myosin-1B is ⬎5-fold
smaller than observed with myosin-1D.
Similar to the results obtained in previous studies, our
steady-state kinetic measurements demonstrate that the presence of a negative charge at the TEDS site increases the ability
of F-actin to stimulate myosin-1B ATPase activity by strengthening the coupling between binding to F-actin and the release
of inorganic phosphate. The results of the transient kinetics
experiments show that charge changes at the TEDS site do not
affect the interactions between the myosin motor and nucleotides but the presence of a negative charge is important to stabilize the actomyosin complex. This is due to a stabilization of
bound F-actin by the 34-fold reduced actin off-rate (kⴚA). Similar effects were previously observed following the introduction
of a single negative charge in the actin binding region of Dictyostelium myosin-2 (44). Both the maximum turnover rate (kcat)
and the coupling efficiency between actin and nucleotide binding (kcat/Kapp) are increased, although the changes are not as
pronounced as observed with Dictyostelium myosin-1D and
myosin-1E (15, 26, 28). Our results do further suggest that the
dephosphorylated form of myosin-1B is a better motor than the
dephosphorylated forms of the other class-1 myosins. The activated form of myosin-1B is a low duty ratio motor and is under
unloaded conditions predominantly weakly bound or detached
from actin. Dephosphorylation leads to a further reduction in
the duty cycle but apparently not to the extent that local high
concentrations of myosin-1B are unable to work as effective
motors.
Our results show once more that the kinetic and functional
properties of myosins do not generally correlate with the class,
subclass, or species from which a myosin was isolated. The
long-tailed myosin-1B and myosin-1D display a greater level of
similarity in regard to their coupling ratio (KAD/KD), 118 and 42
for the activated forms, respectively. The short-tailed myosin-1E has a coupling ratio of 1.7, which is due to a significantly
weaker affinity for ADP in the absence of F-actin (KD) and a
higher affinity for ADP in the presence of F-actin (KAD). Myosin-1E is in this respect similar to brush-border myosin-1 and
Myr1, which both have been shown to display an ADP-induced
neck movement (55–57). It has been proposed that ADP release

Dictyostelium Myosin-1B
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may be very sensitive to the load on the motor domain of these
myosins and that they are designed to carry large loads or to
cross-link load-bearing actin filaments (58).
However, the short-tailed myosin-1E shares more similarities with the long-tailed myosin-1D in regard to the regulation
of its motor activity. Myosin-1B lacks the ability, displayed by
myosin-1D and myosin-1E, to switch between fast movement
and an increased capacity for bearing tension upon physiological changes in the concentration of free Mg2⫹ ions. The actin
sliding velocities of both myosin-1D and myosin-1E were
shown to be affected by physiological changes in the concentration of free Mg2⫹ ions (15, 28). Increased levels of free Mg2⫹
ions inhibit the release of ADP from both myosins leading to the
accumulation of the strong binding A䡠M䡠ADP intermediate.
This results in a reduced ability to produce fast movement but
increases their capacity for bearing tension. In contrast, inhibition of myosin-1B motility by free Mg2⫹ ions was not observed
even in the presence of 10-fold higher concentrations of free
Mg2⫹ ions. Myosin-1B resembles in this respect Dictyostelium
myosin-2 and rabbit skeletal muscle myosin.
In conclusion, our results demonstrate the strength of the
molecular engineering approach to replace the LCBD with artificial lever arm for the elucidation of the motor properties of
myosins that are otherwise inaccessible to direct functional
analysis of their motor activity, e.g. due to the presence of an
ATP-insensitive actin-binding site in the tail region or the lack
of detailed knowledge about the associated light chains. Myosin-1B displays distinct functional and regulatory properties. It
acts as a low duty ratio motor and displays fast nucleotide binding kinetics, 2- to 4-fold faster motility than any of the other
Dictyostelium myosins, and 6-fold changes in motile activity
that are dependent on phosphorylation status of the TEDS site,
and its ADP dissociation kinetics are not affected by physiological changes in the concentration of free Mg2⫹ ions. Finally,
studies like this one confirm once more that kinetic and functional properties do not generally correlate with the class, subclass, or the species from which a protein is isolated. Together
with structural studies, they form the basis and are an essential
precondition for rational bioinformatics-based approaches to
predict functional differences between related enzymes.
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