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We created a Dictyostelium discoideum myosin II mu-
tant in which the highly conserved residue Trp-501 was
replaced by a tyrosine residue. The mutant myosin
alone, when expressed in a Dictyostelium strain lack-
ing the functional myosin II heavy chain gene, support-
ed cytokinesis and multicellular development, pro-
cesses which require a functional myosin in Dic-
tyostelium. Additionally, we expressed the W501Y mu-
tant in the soluble myosin head fragment M761-2R
(W501Y-2R) to characterise the kinetic properties of
the mutant myosin motor domain. The affinity of the
mutant myosin for actin was approximately 6-fold 
decreased, but other kinetic properties of the protein
were changed less than 2-fold by the W501Y muta-
tion. Based on spectroscopic studies and structural
considerations, Trp-501, corresponding to Trp-510 in
chicken fast skeletal muscle myosin, has been pro-
posed to be the primary ATP-sensitive tryptophanyl
residue. Our results confirm these conclusions. While
the wild-type construct displayed a 10% fluorescence
increase, addition of ATP to W501Y-2R was not fol-
lowed by an increase in tryptophan fluorescence
emission.
Key words: Fluorescence / Molecular motor / Myosin
ATPase / Protein engineering.

Spectroscopic methods are widely used to acquire infor-
mation about conformational changes that occur within
the myosin head during ATP hydrolysis and interaction
with actin (Trentham et al., 1976). Conformational changes
induced by nucleotide binding lead to changes in intrinsic
fluorescence and absorption spectra of the environmen-
tally sensitive tryptophanyl residues that can be easily fol-
lowed. Morita (1967) first demonstrated that the induced
difference spectrum observed during ATP hydrolysis was
significantly different from that observed in the presence
of ADP. Werber et al. (1972) further confirmed these results
by observing a significant increase in tryptophan fluores-
cence emission upon binding of various nucleotides to
myosin. Bagshaw et al. (1974) interpreted the nucleotide

induced enhancement in protein fluorescence to reflect
structural changes in the myosin head and proposed a
model in the form of the following Scheme where M repre-
sents a myosin head fragment, k+i and k–i are the forward
and reverse rate constants and Ki (k+i/k–i) is the association
equilibrium constant of the i-th step of the reaction.

k+1 k+2 k+3

M + T M·T M* ·T
k–1 k–2 k–3

k+4 k+5 k+6

M** ·DP M* ·DP M* ·D + P
k–4 k–5 k–6

k+7

M ·D M + D
k–7

Scheme 1 Model Describing the Mechanism of the Mg2+ATP-
Dependent Myosin ATPase.

Step 1 corresponds to the formation of a binary collision
complex, followed by an almost irreversible rapid isomeri-
sation to the M* ·ATP complex. ATP is then reversibly hy-
drolysed on the protein (3), and the following rate limiting
conformational change (4) limits phosphate release and
the faster two-step ADP release (6 and 7). Asterisks refer
to the protein conformations with enhanced protein fluo-
rescence. The limiting rate constant for fluorescence en-
hancement observed at higher [ATP] provides a measure
of the rate constant of the hydrolysis step or a conforma-
tional change controlling it.

Tryptophanyl fluorescence emission thus has proved
empirically useful in the kinetic analysis of myosin, but it
was only within the last decade that attempts were made
to identify the residues responsible (Papp and Highsmith,
1993; Burghardt and Ajtai, 1996). Based on fluorescence
resonance energy transfer studies used to detect small
movements that occur in protein upon ligand binding,
Johnson et al. suggested Trp-510 and Trp-594 in the 
50 kDa fragment of the myosin head to correspond to the
ATP-perturbable tryptophans (Johnson et al., 1991). In
another set of similar studies, Hiratsuka (1992) proposed
Trp-510 to be the most likely ATP-sensitive residue. This
conclusion was based on examining the fluorescence
energy transfer between the ATP-sensitive tryptophanyl
residue(s) and a [2-(4�-maleimidylanilino)-napthalene-6-
sulfonic acid] fluorophore attached to the SH2 reactive
thiol residue of rabbit skeletal myosin. Burghardt and co-
workers extended this approach using xanthene probes
that bind specifically to the SH1 reactive thiol residue of
skeletal myosin and showed that fluorescence emission
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from Trp-510 was completely quenched as a result of the
SH1-modification (Park et al., 1996). The authors further
suggested that a one-to-one correlation exists between
Trp-510 conformation and transient states of myosin
during contraction. That Trp-510 is responsible for the
changes in protein fluorescence upon binding of ATP is
also implied by structural studies. The loop containing
Trp-510 displays high sequence conservation and forms
the major coupling element between the nucleotide bind-
ing site, the converter-lever arm system and the actin
binding site (Figure 1). Depending on the state of the
nucleotide bound in the active site, Trp-510 is either buried
or exposed to the solvent (Smith and Rayment, 1996;
Dominguez et al., 1998). 

Here we describe the generation and characterisation
of a Dictyostelium myosin II mutant in which Trp-501 was
replaced by a tyrosine residue. Trp-501 of Dictyostelium
myosin II corresponds to Trp-510 of rabbit skeletal muscle

Fig.1 Ribbon Representation of the Structure of the Globu-
lar Head Domain of Dictyostelium Myosin II Complexed with 
ADP ·BeF3 (Schlichting, I., Kull, F.J., Manstein, D.J., and Holmes,
K.C. unpublished results). 
The model is oriented to show all tryptophanyl residues. Residues
W36, W432 and W584 are shown in yellow and residue W501 in
orange. Residues1 –210 forming the 25 kDa domain are shown in
green, residues 211 –460 forming the upper 50 kDa domain in
red, residues 461 –630 forming the lower 50 kDa domain in white
and residues 631 –754 forming the 20 kDa domain in blue. The
SH1- and SH2-helices are shown in light blue. The nucleotide is
shown in spacefilling mode and coloured in magenta. The Figure
was produced using the program RasMol 2.6 (R.A. Sayle, Glaxo
Wellcome Research and Development).
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ditions and in the presence of Mg2+ (Table 1). Basal ATPase
activities of M761-2R and W501Y-2R motor domains were
similar with turnover rates of 0.12 s–1.

Actin activation of the ATPase activity was examined
over a wide range of actin concentrations (0 –80 �M). At
concentrations of actin much lower than Kapp, the depen-
dence of the apparent ATPase rate on actin concentration
could be fitted to a straight line and the apparent second
order rate constant (kcat/Kapp) of the reaction was deter-
mined from the slope of this line. Values for Kapp and kcat

were obtained from fitting the data to the Michaelis-
Menten equation. The values obtained for kcat and kcat/Kapp

were 2.5-fold lower than those obtained with M761-2R
(Table 1). Similarly, the Ca2+-ATPase activity measured 
for W501Y-2R was 0.4 s–1, 2.5-fold lower than the rate of
1.0 s–1 measured for M761-2R.

In the case of rabbit S1, a protein fluorescence change
that follows the addition of ATP is thought to monitor two
distinct steps: a fluorescence increase on ATP binding fol-
lowed by a further increase concomitant with ATP hydrol-
ysis (Bagshaw and Trentham, 1974). Unlike S1, Dictyo-
stelium myosin II motor domain constructs do not display
a fluorescence change upon ADP binding (Ritchie et al.,
1993). Based on this observation and the absence of 
two tryptophans residues in the nucleotide binding site of
Dictyostelium myosin II, it was suggested that for Dictyo-
stelium myosin II the signal change results only from the

myosin. Both a mutant version of full-length myosin and of
the soluble myosin head fragment M761-2R (M761-2R is
a recombinant protein corresponding to the myosin cat-
alytic domain fused to two �-actinin repeats; Anson et al.,
1996) were produced. The mutant version of M761-2R
(W501Y-2R) was produced with a C-terminal His-tag to
facilitate purification by Ni2+-chelate affinity chromatogra-
phy (Janknecht et al. 1991; Manstein and Hunt, 1995).
Typically, 2 mg of pure protein was obtained from 1 g of
cells producing either construct.

In the Dictyostelium system the functionality of a mutant
myosin can be easily assessed in vivo. Cytokinesis and
fruiting body formation are processes that require a func-
tional myosin in Dictyostelium (Knecht and Loomis, 1987;
De Lozanne and Spudich, 1987). Transformants express-
ing W501Y-myosin were able to divide in suspension cul-
ture with a doubling time comparable to that of wild-type
cells and recovered the ability to form fruiting bodies (Fig-
ure 2).

ATP turnover by M761-2R and W501Y-2R was mea-
sured under three different conditions, namely basal
ATPase, actin-activated ATPase and Ca2+-high salt
ATPase. The first two were measured under low salt con-

Table 1 Steady-State ATPase Activities of Mutant and Wild-Type Myosin Head Fragments.

Construct Basal High-salt Actin-activated Mg2+-ATPase
Mg2+-ATPase (s–1) Ca2+-ATPase (s–1)

Kapp (�M) kcat (s–1) kcat/Kapp (M–1 s–1)

M761-2R 0.12 1.0 110 2.7 0.25 � 105

W501Y-2R 0.13 0.4 121 1.2 0.98 � 104

All measurements were performed at 30 ºC . Experimental conditions were as described by White (1982).

Fig.2 Formation of Fruiting Bodies.
(A) Dictyostelium myosin null cells; (B) myosin null cells trans-
formed with a expression vector for the production of W501Y-
myosin; (C) Dictyostelium wild-type cells. The morphogenetic
changes of the myosin null cells are arrested early in development
at the ‘mound stage’, whereas wild-type cells and cells producing
W501Y-myosin form normal fruiting bodies.
The expression vectors used for the production of mutant myosin
constructs are based on pDXA-3H (Manstein et al., 1995). The
point mutation was introduced in M761-2R, a fusion construct
comprised of the first 761 residues of the Dictyostelium myosin II
heavy chain linked to codon 264 and extending to codon 505 of
the Dictyostelium �-actinin gene. All constructs were tagged at
their carboxy-termini with the peptide Asp-Ala-Leu-(His)8. The
plasmid encoding W501Y-2R was created by site-directed muta-
genesis using the Quick-change kit (Stratagene, Heidelberg, Ger-
many). The oligonucleotides used to PCR-amplify the mutant
myosin was: W501Y (5�CTTAAAGAGAAAATCAATTATACTTTC-
ATCGATTTTGGTCTTG) with the mutated residues underlined.
The full-length mutant construct was created by replacing the 
SalI/BstX1 fragment of pDH4 with the fragment containing the
point mutation. The plasmid pDH4 encodes the complete myosin
II heavy chain fused to an N-terminal His7-tag. Molecular genetic
manipulations of Dictyostelium were performed as described by
Egelhoff et al. (1991) and all myosin constructs were confirmed by
DNA sequencing.

Fig.3 Fluorescence Emission Spectra of Myosin Motor Domain
Constructs M761-2R and W501Y-2R in the Absence and Pres-
ence of ATP (2 mM).
Fluorescence emission spectra were recorded at 20 °C in an SLM
8000 fluorescence spectrophotometer. The slit widths of excita-
tion and emission monochromators were 4 nm. Tryptophan fluo-
rescence was excited at 290 nm.
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hydrolysis step (Ritchie et al., 1993). The fluorescence
emission spectra of W501-2R and M761-2R are shown in
Figure 3. Tryptophanyl residues, when excited at 290 nm,
fluoresce in the region 300 –400 nm with a maximum at
334 nm. Upon addition of 2 mM ATP to 2 �M protein, the flu-
orescence of M761-2R increased by 25% while that of
W501Y-2R decreased by 3% (Figure 3A). The amplitude 
of the fluorescence signal showed little change between
50�M and 2 mM ATP. The rate of ATP binding to myosin
was measured using the stopped-flow technique. Follow-
ing the addition of an excess of ATP, a 10% increase in
tryptophanyl fluorescence was observed for M761-2R
while no fluorescence change was observed with W501Y-
2R (Figure 4). We have previously reported similar rates of
ATP and mant [2-(3-)-O-(N-methylanthraniloyl)]-ATP bind-
ing to Dictyostelium myosin head fragments including
M761-2R (Kurzawa et al., 1997). Therefore, the rate of
mantATP binding to W501Y-2R was monitored from the
increase in fluorescence following addition of substoi-
chiometric concentrations of mantATP. A 2.2-fold en-
hancement of fluorescence was observed with both
M761-2R and W501Y-2R upon mantATP binding. The
observed process could be fitted to a single exponential 
[F = F0 (1 – e–kobst)] (Figure 5A). The observed rate constant
(kobs) was linearly dependent on the concentration of mant-

Fig.4 Stopped-Flow Records Following the Addition of ATP to
the Myosin Motor Domain Constructs.
Stopped-flow experiments were performed for transient kinetic
measurements at 20 °C with a Hi-Tech SF61 stopped-flow spec-
trophotometer equipped with a 100 W Xe/Hg lamp and a mono-
chromator. Fluorescence was excited at 295 nm and emission
was observed through a WG 320 filter. Data were stored and
analysed using software provided by Hi-Tech Scientific (Salis-
bury, U.K.). Transients shown are the average of three to five
consecutive shots of the stopped-flow device. Binding of 10�M

Mg2+-ATP to 0.5 �M M761-2R and W501Y-2R was recorded. All
concentrations refer to the concentration of the reactants after
mixing in the stopped-flow observation cell. The experimental
buffer was 20 mM MOPS, 5 mM MgCl2 and 100 mM KCl, pH 7.0.

Fig.5 Interaction of the Myosin Motor Domain Constructs with Mant-nucleotides. 
(A) Fluorescence change on 10�M mant ATP binding to 0.5�M M761-2R and W501Y-2R in the stopped-flow fluorometer. (B) Dependence
of the observed rate constant of the fluorescence change on [mantATP]. (C) Dependence of the observed rate constant of the fluorescence
change on [mantADP]. The data for mantADP- and mantATP-binding were fitted to a straight line. The second order rate constants for
mantATP binding (K1K+2) and mantADP binding (k+D) were derived from the slopes of these best-fit lines. (D) Rate of ADP displacement
from myosin head fragments. Stopped-flow record of fluorescence decrease during binding of 400�M ATP to 1.0�M MHF, premixed with
1�M mantADP. 
Fluorescence was excited at 365 nm with emission detection through a KV 389 filter. The rate constants are summarised in Table 2.



Myosin Mutant W501Y 1021

ATP in the range 5 –25 �M. The second order rate con-
stant (K1k+2) is defined by the slope of the best-fit line
shown in Figure 5B. The K1k+2 values obtained were simi-
lar for M761-2R and W501Y-2R (Table 2). 

Binding of mantADP to the myosin head fragments was
monitored by observing the exponential increase in fluo-
rescence. The observed rate constant was linearly depen-
dent on the concentration of mantADP over the range 
5–50 �M. The second order rate constant was measured
from the slope of the plot obtained in Figure 5C and the
values obtained for M761-2R and W501Y-2R were com-
parable (Table 2). The rate of mantADP displacement was
measured by monitoring the decrease in fluorescence
upon ATP-induced mantADP release from the M ·mant-
ADP complex. Rates of mantADP release (k–D) measured
for M761-2R and W501Y-2R were 2.6 s–1 and 2.0 s–1 (Fig-
ure 5D, Table 2).

Since the excitation spectrum of mantATP closely over-
laps the emission spectrum of tryptophan residues, mant-
ATP, when bound to myosin head fragments, can also be
excited at 295 nm (Millar and Geeves, 1988; Ritchie et al.,
1993). In the case of M761-2R and W501-2R, identical flu-
orescence time courses and signal amplitudes were ob-
served when mantATP fluorescence was excited directly
or indirectly. There are only three tryptophan residues in
the Dictyostelium myosin motor domain that can be re-
sponsible for the transfer of energy to mantATP, as the
equivalent residues to W113 and W131 in chicken skeletal
myosin are D112 and R130 in the Dictyostelium myosin II
heavy chain sequence. The remaining tryptophan resi-
dues W36, W432, and W584 (see Figure 1) are positioned
at similar distances of 25 to 30 Å from the adenosine moi-
ety in the various Dictyostelium myosin motor domain
structures complexed with different nucleotides (Fisher 
et al. 1995; Smith and Rayment, 1995; Gulick et al. 1997).

The rate of actin binding was measured by following the
exponential decrease in pyrene fluorescence observed
upon binding of excess pyr-actin (actin labelled with
pyrene-iodoacetamide on Cys-374) to the respective
myosin motor domain construct (Kurzawa and Geeves,
1996). The observed rate constants were plotted against
the pyr-actin concentration and for both M761-2R and
W501Y-2R, kobs was linearly dependent on the actin con-
centration over the range studied (0.5 –3.0 �M). The sec-
ond order rate constant for pyr-actin binding (k+A) obtain-
ed was 2-fold slower for W501Y-2R than for M761-2R 
(Table 2). 

The rate of actin dissociation (k–A) from the myosin mo-
tor domains was determined by chasing pyr-actin bound
to the respective myosin motor domain construct with an
excess of unlabelled actin (Figure 6A and B). The observed
process could be fitted to a single exponential where kobs

Table 2 Results of the Transient Kinetic Analysis.

Rate constant M761-2R W501Y-2R

Nucleotide* K1 k+2 (M–1 s–1) 1.1 � 106 0.97 � 106

binding k+D (M–1 s–1) 6.7 � 105 5.9 � 105

to MHF k–D (s–1) 2.6 1.96
KD (�M) (k–D/k+D) 3.9 3.3

Nucleotide* K1 k+2 (M–1 s–1) 1.55 � 105 0.85 � 105

binding to K1 (M–1) 250 180
acto ·MHF k+2 (s–1) 504 340

KAD (�M) 215 186

Actin binding k+A (M–1 s–1) 1.3 � 106 0.68 � 106

to MHF k–A (s–1) 5.6 � 10–3 17.7 � 10–3

KA = k–A/k+A(nM) 4.3 26

The experiments were analysed in terms of the models shown in
Schemes 1 and 2. A notation is used that distinguishes between
the constants in the presence and absence of actin by using bold
letters (k+1, K1) versus italics (k+1, K1); subscript ‘A’ and ‘D’ refer to
actin (KA) and ADP (KD), respectively.
Experimental conditions: 20 mM MOPS, 5 mM MgCl2, 100 mM KCl,
pH 7.0, 20 °C.
* Mantanalogue.

Fig.6 Determination of the Rate of Actin Displacement from
acto ·M761-2R and pyr-acto ·W501Y-2R.
(A) Stopped-flow records showing the rate of actin dissocia-
tion from the complex with M761-2R. (B) Stopped flow records
showing the rate of actin dissociation from the complex with
W501Y-2R.
The dissociation rate constant (k–A) was determined from the rate
of fluorescence enhancement when excess unlabelled actin 
was added to a sample of 0.5�M pyr-actin equilibrated with an
equimolar amount of myosin motor domain peptide. The solid
lines are the best fit to single exponential functions and define the
values for k–A shown in Table 2. Rabbit actin was purified by the
method of Lehrer and Kewar (1972) and labelled with pyrene actin
as previously described (Criddle et al., 1985).
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corresponds directly to k–A. The rate of actin dissociation
from W501Y-2R was approximately 3-fold faster than that
obtained for M761-2R (Table 2). The dissociation equilibri-
um constant for actin binding (KA) was calculated from the
ratio of k–A/k+A. Values of 4.3 nM for M761-2R and 26 nM for
W501Y-2R were obtained. 

Nucleotide binding in the presence of actin was
analysed in terms of models developed by Millar and
Geeves (1983) and Siemankowski and White (1984):

K1 k+2
A·M + ATP A ·M·ATP → A + M ·ATP

KAD

A ·M ·ADP A ·M + ADP

Scheme 2 Model Describing the Mechanism of the Acto ·M 
ATPase.

A and M represent actin and myosin head fragment, re-
spectively. The first step after mixing acto ·M and ATP is
the rapid equilibration between A ·M and ATP defined by
the equilibrium constant K1, this is followed by an isomer-
ization of the ternary complex which limits the maximum
rate of actin dissociation from the complex. Thus the ob-
served rate constant for the ATP induced dissociation of
actin from the complex is defined by kobs = [ATP]K1k+2/1 +
K1[ATP].

The binding of ATP to pyr-acto ·M complexes was mon-
itored by observing the exponential increase in pyrene flu-
orescence following addition of excess ATP. The observed
rate constants were linearly dependent upon ATP concen-
trations in the range of 5 –25 �M as shown in Figure 7A.
The second order binding constants K1k+2, defined by the
gradient in Figure 7A, differ by less than 2-fold for M761-
2R and W501Y-2R (Table 2). At high ATP concentrations 
(> 2mM) the observed rate constants saturate and the
[ATP] dependence of kobs could be described by a hyper-
bola as predicted by Scheme 2, where kmax = k+2 and K0.5 =
1/K1 (Figure 7B). The data obtained with W501Y-2R are
again very similar to those obtained for M761-2R, with
both K1 and k+2 varying by less than a factor of 2. 

The affinity of ADP for pyr-acto ·M was determined from
the competitive inhibition of ATP-induced dissociation 
of pyr-acto ·M. Again the exponential increase in pyrene
fluorescence during the dissociation of the pyr-acto ·M
complex was monitored. Assuming a rapid equilibrium
between A ·M and the ADP bound state, for a fixed ATP
concentration the kobs is given by the equation kobs = 
k0/(1 + [ADP]/KAD), where k0 is the observed rate constant
in the absence of ADP and the dissociation constant KAD

represents the affinity of ADP for the actomyosin complex
(Siemankowski and White, 1984). Dissociation constants
of approximately 200 �M were obtained for both con-
structs (Figure 7C, Table 2).

Here we have used a multifaceted approach that in-
cludes site-directed mutagenesis, transient kinetics, and
cell biological techniques to investigate the role of the
highly conserved tryptophan residue in the relay loop of
myosin. Our results show that the mutant protein is little

Fig.7 Interaction of Nucleotides with pyr-acto ·M761-2R and
pyr-acto ·W501Y-2R.
(A) ATP-induced dissociation of acto ·M complexes. Plot of kobs

versus ATP concentration. The observed rate constants are lin-
early dependent on [ATP] in the range 5 –25�M. (B) At higher ATP
concentrations the data were fitted to a hyperbola. (C) Competi-
tive binding of ATP and ADP to pyr-acto ·M. Plot of kobs/k0 versus
ADP concentration. The dissociation constants of the ADP com-
plexes were determined by fitting the plot to the equation kobs/k0 =
1/(1 + [ADP]/KAD); k0 is the observed rate constant in the absence
of ADP.

altered in its kinetic and functional properties. The only
major difference is a 6-fold decrease in actin affinity in the
absence of nucleotide. Our observation that replacement
of residue Trp-501 with a tyrosine residue results in com-
plete loss of intrinsic fluorescence enhancement upon
ATP binding confirms previous studies (Hiratsuka, 1992;
Park et al., 1996) that assigned the relay loop tryptophan to
be the ATP-sensitive tryptophan. 
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