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Motifs N2 and N3, also referred to as switch-1 and switch-2, form part of
the active site of molecular motors such as myosins and kinesins. In the
case of myosin, N3 is thought to act as a y-phosphate sensor and moves
almost 6 A relative to N2 during the catalysed turnover of ATP, opening
and closing the active site surrounding the y-phosphate. The closed form
seems to be necessary for hydrolysis and is stabilised by the formation of
a salt-bridge between an arginine residue in N2 and a glutamate residue
in N3. We examined the role of this salt-bridge in Dictyostelium discoideum
myosin. Myosin motor domains with mutations E459R or R238E, that
block salt-bridge formation, show defects in nucleotide-binding, reduced
rates of ATP hydrolysis and a tenfold reduction in actin affinity. Inver-
sion of the salt-bridge in double-mutant M765-IS eliminates most of the
defects observed for the single mutants. With the exception of a 2,500-
fold higher Ky, value for ATP, the double-mutant displayed enzymatic
and functional properties very similar to those of the wild-type protein.
Our results reveal that, independent of its orientation, the salt-bridge is
required to support efficient ATP hydrolysis, normal communication
between different functional regions of the myosin head, and motor func-
tion.
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Introduction

Myosins and kinesins share a common fold
surrounding the nucleotide. This structural core

of both motor proteins consists of seven f-
strands and six o-helices and contains a group
of conserved sequence motifs, termed NI1-N4,
that contact the nucleotide and show sequence
similarity to the G1-G4 motifs of G-proteins
(Vale, 1996). Based on these similarities, it was
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strategies for undergoing conformational changes
between NTP and NDP states (Smith &
Rayment, 1996a). The functional transitions that
occur following nucleotide hydrolysis are best
understood for G-proteins, whose structures have
been solved in the GTP and GDP conformation
(Pai et al., 1990; Schlichting et al., 1990; Tong
et al.,, 1991; Sprang, 1997). These structures show
that the flexible G2 and G3 loop regions at the
rear of the nucleotide binding pocket act as y-
phosphate  sensors. The loops move ~4 A
towards each other when GTP is bound and
move away from each other when GDP occupies
the binding pocket. As these movements act
mechanistically as a switch, G2 and G3 are fre-
quently referred to as switch-1 and switch-2. The
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N2 and N3 residues in motor proteins also
appear to function as y-phosphate sensors. In
myosin, switch-2 undergoes a large confor-
mational change while switch-1 undergoes only
minor conformational changes. The equilibrium
between the open and closed forms seems to be
delicately poised, since both forms are observed
with ADP-BeF; as ATP analogue (Fisher et al.,
1995; Smith & Rayment, 1996b; Dominguez et al.,
1998; our unpublished results). Nevertheless, the
presence of the y-phosphate or a phosphate ana-
logue seems to be needed for the formation of
the closed form. The closed-cleft structure
observed for the ADP-VO, form appears to be
favoured by the formation of hydrogen bonds
between the N3-glycine residue (G457) with the
v-phosphate. The closed form is further stabilised
by the formation of a salt-bridge between the
N2-arginine (R238) and N3-glutamate (E459) resi-
dues (Figure 1(a)), which is similar to the
switch-1-switch-2 salt-bridge described for EF-Tu
and kinesin (Berchtold et al., 1993; Kozielski et al.,
1997; Sack et al., 1997). The importance of the
N3 glycine and glutamate for myosin ATPase
activity was established by mutational analysis
(Ruppel & Spudich, 1996; Friedman et al., 1998).
Opening of the cleft destroys the y-phosphate-
binding pocket, as can be seen in the crystal
structure of nucleotide-free S1 prepared from
chicken pectoralis muscle (Rayment et al,
1993b). In the open form, the switch-2 region is
pulled away from the nucleotide-binding pocket
and the N3-glycine and NB3-glutamate residues
are moved out of the active site. Therefore,
hydrolysis can only proceed when the cleft
shuts.

Here, we performed site-directed mutagenesis of
Dicytostelium discoideum myosin II to dissect the
effects of changing separately the salt-bridge resi-
dues R238 and E459 from those resulting from the
loss of the salt-bridge. A similar study was
reported recently by Onishi and co-workers who
examined the role of the salt-bridge in chicken
smooth muscle myosin by producing mutants
R247E, E470R and R247E/E470R in the baculovirus
expression system (Onishi et al., 1998). Their study
showed that, whether in the normal or in the
inverted orientation, the salt-bridge is necessary for
ATP hydrolysis. However, when the salt-bridge is
in the inverted direction it does not support actin
activation, a finding which suggest that the protein
is unable to function as a molecular motor. We
produced three versions of D. discoideum myosin
motor domain construct M765 (Furch et al., 1998)
with mutations R238E, E459R and R238E/E459R
(Figure 1(b)), respectively. These mutant motor
domain constructs will be referred to as R238E,
E459R and M765-1IS, with “IS” referring to inverted
salt-bridge. The more efficient production of pro-
tein in D. discoideum allowed a wider ranging set
of assays to be performed, and a detailed study of
the interaction of the mutant motor domains with
actin and nucleotide is presented. Additionally, a
full-length myosin version of the double-mutant
was produced. This myosin-IS construct was used
to confirm that the mutant protein can act as a
functional motor in vivo and in vitro. This result
was not expected on the basis of the study by
Onishi et al. (1998) using smooth muscle myosin
mutants.

E459

A

Figure 1. Ribbon representation of the y-phosphate pocket of D. discoideum myosin II. (a) The salt-bridge formed by
residues R238 and E459 in the closed form of D. discoideum myosin II complexed with ADP and BeF; is shown (I.
Schlichting, F.J. Kull, D.J.M. & K.C.H., unpublished results). (b) Model of the y-phosphate pocket with the salt-bridge
in the inverted orientation. ADP and BeF; are shown in grey. ADP as spheres and BeF; in ball-and-stick represen-
tation in front. The purple sphere corresponds to the magnesium ion. Loops surrounding the nucleotide are coloured
green for switch-I, red for switch-II, and cyan for the P-loop. The Figure was produced with the programs Bobscript

(Esnouf, 1997) and Raster3D (Merritt & Bacon, 1997).
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Results

Binding of ATP to myosin head fragments

Binding and hydrolysis of ATP by D. discoideum
myosin head fragments was analysed in terms of
the seven-step model described by Bagshaw et al.
(1974) shown in Scheme 1, where M refers to myo-
sin head fragment and T, D, and P; to ATP, ADP
and phosphate, respectively. The asterisks refer to
different conformations as detected by intrinsic
protein fluorescence. Step 1 corresponds to the
formation of a binary collision complex. Following
the ATP-induced conformational change (step 2),
ATP is hydrolysed in step 3. Step 4 is the slowest
step in the scheme and corresponds to a confor-
mational change that precedes phosphate release
in step 5. ADP is released in a relatively slow two-
step reaction, steps 6 and 7, that is similar to a
reversal of the two-step association of ATP. The
interaction of ATP and skeletal muscle myosin S1
is associated with two changes in the intrinsic pro-
tein fluorescence: an increase on ATP binding is
followed by a further increase as ATP is hydro-
lysed. Accordingly, a smaller change in amplitude
is observed upon binding of ADP to skeletal
muscle S1. In the case of D. discoideurn myosin II,
ADP binding does not lead to an increase in intrin-
sic protein fluorescence. It was therefore concluded
that the fluorescence change observed upon ATP
binding to the D. discoideum protein is only associ-
ated with the hydrolysis step (Ritchie et al., 1993).

ki1 ko kys ks
M+T=M-T=M"-T=M".D.P;=
k-1 ko k3 k-4
kys ke ky7
M*.-D-Pi=Pi+M*-D=M.-D=M+D
k_s k s k7

Scheme 1.

The addition of excess ATP increased the intrin-
sic protein fluorescence intensity by 22% in the
case of M765 and by 3% for M765-1S. There was
no measurable change of protein fluorescence
following addition of excess ATP to R238E and
E459R. The transient fluorescence increase
observed with M765 and M765-IS is well described

by a single exponential function and the observed
rate constants were linearly dependent on the con-
centration of ATP at low ATP concentrations. In
the range from 5 to 25 uM ATP, the slope of the
plot of k.., against ATP concentration defined the
rate constant of ATP binding (Figure 2). Second-
order binding constants (Kk,,) of 8.6 x 10° M™*
s~ for M765 and of 0.6 x 10° M~ s™! for M765-IS
were obtained (see Table 1). At higher ATP concen-
trations (>1 mM), k., was no longer linearly
dependent upon [ATP] and the data were well
described by a hyperbola (k,,s =kmax [ATP]/
([ATP] + Ky 5)). The maximum rate of the fluor-
escence change k., was 30s™' for M765 and
approximately 100 s~' for M765-IS. For myosin
subfragment-1 (S1) it was proposed that k.,
corresponds to the rate of the ATP hydrolysis step
(ki3 + k_3) Marston & Taylor, 1980).

Binding of fluorescent nucleotides to myosin
head fragments

Since R238E and E459R failed to show any
change in intrinsic protein fluorescence when
mixed with ATP, we used fluorescent nucleotides
to measure binding. Hiratsuka synthesised a range
of nucleotides with fluorescent groups attached to
the ribose moiety, which exhibit catalytic proper-
ties similar to those of the physiological nucleo-
tides (Hiratsuka & Uchida, 1973; Hiratsuka, 1983).
ATP analogues equipped with either a trinitrophe-
nyl (TNP-ATP) or an N-methylanthraniloyl group
(mantATP) are widely used to study the inter-
action between ATP and myosin (Hiratsuka, 1976;
Cremo et al., 1990; Woodward et al., 1995). Binding
of TNP-ATP or mantATP resulted in a change in
fluorescence for all of the mutant myosin head
fragments when the fluorophore was excited at
406 nm or at 360 nm, respectively. The fluor-
escence changes observed with TNP-ATP were
small for all myosin head fragments, with ampli-
tudes between 2 and 10% (data not shown).
Addition of 10 pM mantATP to 0.5 pM myosin
head fragments produced increases in N-methylan-
thraniloyl fluorescence of 21 %, 11 %, and 53 % for
R238E, E459R, and M765-IS, respectively, com-
pared to a value of 70 % for wild-type. Figure 3(a)
shows transients with a best fit to a single-expo-

Table 1. Summary of rate constants for the interaction of nucleotides with myosin head fragments

Nucleotide Rate constant M765 R238E E459R M765-IS
ATP Kk, 8.6 x 10° na na 0.6 x 10°
ko atk®, 3041 na na 103 + 10
mantATP Kik3, 11.3 x 10° 0.3 x 10° 33 x 10° 9.7 x 10°
TNP-ATP Kik3, 9.8 x 10° 04 x 10° 2.0 x 10° 1.1 x 10°
mantADP k_¢/K3 10.2 x 10° 0.4 x 10° 3.9 x 10° 8.6 x 10°

Kb 1.6 0.0054 0.18 1.5

KD (caley 1.6 0.1 0.4 1.7

aM s

b g1,

€ uM.
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Figure 2. Rate of ATP binding
and hydrolysis by M765 and M765-
IS. MHF (0.5 pM) was mixed with
an excess of ATP in a rapid mixing
stopped-flow fluorometer and the
time-dependent changes in the
intrinsic protein fluorescence
recorded. The fluorescence
increased and could be described
by an  exponential function
((Ft - Foo) = (Fo - Foc)exp(_kobsnt))
and kg, is plotted against [ATP].
The data set for each MHF was
well described by a hyperbola,
although the model for rabbit S1
does not predict a hyperbolic
dependence of k., on [ATP]. The
profiles are due to a change in the

0 . L . 1 . L . 1 s 1 L rate limiting step; with the ATP
0.0 0.5 1.0 1.5 20 25 3.0 binding kinetics (Kik,,) limiting at
[ATP] (mM) low [ATP] and the cleavage step

(k,3+k3) limiting at high [ATP].

The least-squares fit to hyperbolae
are shown superimposed and k,,,,, the predicted k,,, at infinite [ATP] and K;5, the concentration of ATP when
Kope = Kunax/2 were: M765-IS (1), ko = 103 571, Ky5 =2 mM; M765 (B), ko = 30 571, Ky5 =17 uM. At low concen-
trations in the range from 0 to 25 uM the data fit a straight line. The slopes of these lines define the apparent second-
order rate constants of ATP binding (see Table 1). In each case the intercept was not significantly different from zero.
Conditions: 20 mM Mops, 5 mM MgCl,, and 100 mM KCI (pH 7.0) at 20°C.
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Figure 3. Binding of mant-nucleotides to myosin head fragments. (a) Stopped-flow records obtained upon mixing
10 uM mantATP with 0.5 pM mutant myosin head fragments. Mant-fluorescence was excited at 366 nm and detected
after passing through a KV 389 nm cut-off filter. The continuous lines are the best fits to a single exponential with
kops = 12.1 71 amp. + 70 % for M765, ko, = 0.7 s~ amp. +21 % for R238E, k., = 1.6 s™! amp. +11 % for E459R, and
kops = 7.8 s7t amp. +53 % for M765-IS, respectively. (b) Stopped-flow records obtained upon mixing 10 pM mantADP
with 05 pM M765 (kups =102 s amp.+41%), R238E (kyps=0.9 s amp.+21%), E459R (ks =1.9 s
amp. + 10 %), and M765-IS (ks = 9.0 s™* amp. + 29 %), respectively. Conditions: 20 mM Mops, 5 mM MgCl,, and
100 mM KClI (pH 7.0), at 20°C.
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nential superimposed. The observed rate constants
were linearly dependent on either TNP-ATP or
mantATP concentration, in the concentration range
from 5 to 25 pM. Similar second-order rate con-
stants of approximately x10° M™'s™' were
obtained for ATP and both analogues in the case
of M765 (Table 1). The second-order rate constant
for mantATP binding to M765-IS gave a similar
value, while TNP-ATP and ATP binding was ten-
to 18-fold slower with M765-IS. In comparison to
M765, either ATP analogue bound ~30-fold more
slowly to R238E and three- to fivefold more slowly
to E459R. Since the excitation spectrum of man-
tATP closely overlaps the emission spectrum of
tryptophan residues, mantATP, when bound to
myosin head fragments, can also be excited at
295 nm (Millar & Geeves, 1988; Ritchie et al., 1993).
In the case of M765 and M765-IS, identical fluor-
escence time-courses were observed when man-
tATP fluorescence was excited directly and
indirectly. However, no energy transfer from
tryptophan to mantATP was seen for R238E and
E549R.

The reaction for mantADP binding was studied
over the concentration range from 5 to 25 uM, and
the second-order rate constants for mantADP bind-
ing (k_¢/K;) are summarised in Table 1. Nearly
identical rates of mantADP binding were observed
for M765 and M765-IS. Figure 3(b) shows transi-
ents observed on adding 10 pM mantADP to
0.5 pM myosin head fragments. Changes in signal
intensity similar to those observed with mantATP
were observed upon the addition of mantADP
to R238E (21%) and E459R (10%). However,
mantADP gave smaller fluorescence changes with
M765 (41 % wversus 70 %) and M765-IS (29 % versus
53%) than seen for mantATP. This observation
is consistent with the assumption that the
fluorescence increase that follows the addition of
mantATP to S1 monitors two distinct steps: a fluor-
escence increase on mantATP binding followed by
a further increase concomitant with a confor-
mational change that precedes mantATP hydroly-
sis (Woodward et al., 1991).

Rate of ADP release from myosin
head fragments

The ADP dissociation rate constant was
measured by displacing mantADP from mutant
constructs with excess ATP. The rate of the ensuing
decrease in fluorescence is determined by the rate
of mantADP dissociation. Figure 4 shows the reac-
tion observed on adding 200 pM ATP to 0.5 pM
M-mantADP. The transient decrease in mant-fluor-
escence was fitted to a single exponential. The value
of ks gives the rate of mantADP dissociation k_ ¢ as
1.6 s~ for M765, 0.0054 s~ for R238E, 0.18 s~! for
E459R, and 15s7! for M765-IS, respectively
(Table 1). The ratio of k 4/ (k_¢/K;) defines the affi-
nity for mantADP (Kp) giving values of 1.6 uM,
0.1 uM, 0.4 pM, and 1.7 uM for wild-type, R238E,
E459R, and M765-IS, respectively.

Binding of nucleotides to acto-M

The experiments in the presence of actin could
be analysed in terms of models developed by
Millar & Geeves (1983) and Siemankowski &
White (1984), as previously demonstrated in a
series of studies with D. discoideurn myosin head
fragments (Ritchie et al., 1993; Kurzawa et al,
1997). In this scheme, A and M represent actin and
myosin head fragments, respectively.

K
A-M+ATP=A -M-ATP X3 A+ M. ATP —s
Scheme 2.

A first step in which ATP binds rapidly and
reversibly to acto-M (K,) is followed by a rate-lim-
iting isomerization (k,,) of the complex leading to
rapid dissociation of actin. Thus, the observed rate
constant for ATP-induced dissociation of the
acto-M complex is defined at low ATP concen-
trations by k.., = [ATP] K k_,.

The rate of ATP-induced dissociation of acto-M
was monitored by observing the fluorescence-
increase of a pyrene label on actin that occurs fol-
lowing the addition of excess ATP. The observed
rate was linearly related to the concentration of
ATP up to 25 pM and yielded second-order rate
constants of 2.5 x 10° M~ s™! for M765 and of
1.7 x 10° M~ s7! for M765-IS (Figure 5(a)). For the
single point mutants, R238E and E459R, two- to
eightfold faster values of 5.0 x 10° M~! s and
19.5 x 10° M~* s7! were determined, respectively.
The amplitudes of the fluorescence signals were
reduced to 39 % (R238E), 25% (E459R), and 84 %
(M765-1S) of the wild-type level.

In the presence of ADP there is competition
between the two nucleotides for binding to the
acto-M complex. Assuming that ADP is in rapid
equilibrium with acto-M, then for a fixed ATP con-
centration k,,, is given by the equation k.., = ky/
(1 + [ADP]/Ksp) where k, is the observed rate
constant in the absence of ADP. The affinity of
ADP for the acto- M complex can therefore be
determined from the competitive inhibition of
ATP-induced dissociation of pyr-acto-M. Transi-
ents were recorded on adding 100 uM ATP to
0.5 UM pyr-acto-M in the presence of up to
3.2 mM ADP. The records were monophasic for all
constructs. For M765, the observed rate of ATP-
induced dissociation of the acto-M complex was
28.5 s7! in the absence of ADP and decreased to
20s™' at the highest ADP concentration used.
Upon addition of 3.2 mM ADP to the mutant con-
structs, k.,, decreased from 38 s™! to 6.5s7! for
R238E, from 124 s~ ! to 4.7 s~ ! for E459R, and from
27 s7! to 4.7 7! for M765-IS (Table 2). A plot of
the observed rate constants against the ADP con-
centrations was fitted to the equation as shown in
Figure 5(b). Dissociation constants K, of approxi-
mately 250 pM were determined for the three
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Figure 4. The rate of ADP dissociation from myosin head fragments was measured by displacement of mantADP
from a 0.5 pM M-mantADP complex by 200 uM ATP. The observed decrease in mant-fluorescence could be fitted to
a single exponential where k., corresponds to k,¢/K,. Values are listed in Table 1. Conditions: 20 mM MOPS, 5 mM

MgCl,, and 100 mM KCl (pH 7.0) at 20°C.

mutant acto-M complexes and of 58 uM for
acto-M765.

Actin binding and dissociation

The rate of the formation of the acto-M complex
(k.a) was measured by mixing excess pyr-actin
with 0.25 uM myosin head fragment and monitor-
ing the decrease of pyrene-fluorescence as actin
binds. All transients were described by a single
exponential, and the observed rate constants were
linearly dependent on the actin concentration up to
5 uM (data not shown). The second-order binding
rate constants given by the slopes of the resulting
secondary plots were essentially identical for all
constructs. However, large changes were observed

in the amplitude of the fluorescence signal (see
below).

The dissociation rate constant for actin was
determined directly by displacing 0.5 uM pyr-actin
from the pyr-acto-M complex by a 40-fold excess
of unlabeled actin (Figure 6). The increase in pyr-
ene fluorescence was fitted to a single exponential.
The observed rate for the process corresponds to
k_,, and gave rate constants of 0.048 s~*, 0.066 s,
and 0.003 s™' for R238E, E459R, and M765-IS,
respectively, compared to 0.006 s! for M765. The
amplitudes were 13 % (R238E), 44 % (E459R), and
71% (M761-1S), relative to those observed with
M765. The dissociation equilibrium constant (Kj,)
for actin binding to different mutant constructs,
calculated from the ratios of k_, and k,, , are
listed in Table 3.

Table 2. Summary of rate constants for the interaction of nucleotides with pyr-acto-M complexes

Rate constant

M765 R238E E459R M765-IS
Kk, M s 25 x 10° 5.0 x 10° 19.5 x 10° 1.7 x 10°
Kap (UM) 58 +3 190 + 18 290 + 50 235+ 15
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Steady-state rate of ATP hydrolysis

At an ionic strength of I = 0.06 M and in the pre-
sence of 0.5 mM Mg>"™-ATP, M765 and M765-IS
showed basal ATPase activities of 0.08 s' and
0.01 s7!, respectively. The transient ATP binding
experiments indicated a 14-fold slower on-rate
(Kik, ) for M765-1S in comparison to the wild-type
value. Therefore, we performed the steady-state
measurements over a wider range of ATP concen-

(M765-1S/). Conditions: 20 mM
Mops, 5 mM MgCl,, and 100 mM
KCI (pH 7.0) at 20°C.

2500 3000

trations (1 pM to 10 mM) to examine the effect on
basal ATPase activity. Figure 7 shows the [ATP]-
dependence of the ATPase reaction for M765 and
M765-1S. The K,; of myosin head fragments for
ATP (Kyyatp) and the maximum of the basal
ATPase were calculated from fitting the data to the
Michaelis-Menten equation, which yielded Kyyatp
values of <2 uM, ~5 mM, and ~20 mM for M765,
M765-IS and E459R, respectively. The basal
ATPase activity at saturating ATP concentration

Table 3. Summary of rate constants for acto-M association and dissociation

Rate constant M765 R238E E459R M765-1S
koo M71s7h 1.34 x 10° 1.19 x 10° 1.46 x 10° 1.37 x 10°
k(7Y 0.006 0.048 0.066 0.003
K, (calc) (nM) 45 40 41 2.3
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Figure 6. Stopped-flow records
of the increase in pyrene fluor-
escence during the pyr-actin displa-
cement of 0.5pM of the pyr-
acto-M  complex with 20 pM
unlabelled actin. The best fits to a
single-exponential are superim-
posed with kops = 0.048 571,
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L . 0.066 s~!, 0.003 s7!, and 0.006 s~

800 1000 for R238E, E459R, M765-IS, and
Time (s) M?765, respectively.
was 0.08 s~" for M765 and M765-IS and 0.015s™!  reaction, k./K,,, were obtained from the

for E459R. The basal ATPase activity of R238E did
not increase with ATP concentration and had a
value of 4 x 107*s71.

Addition of actin activated the ATPase activity
of E459R and M765-IS, but not of R238E. In the
presence of 20 pM rabbit skeletal muscle F-actin,
steady-state ATPase rates increased to 0.55s7!
for M765, 0.09 s~' for E459R, and 0.31 s~! for
M765-1S. The acto-M ATPase activity measured
for the three constructs was independent of the
ATP concentration in the observed range
between 0.5 and 6 mM, but increased almost lin-
early with increasing actin concentration up to
80 uM, the highest concentration used. The data
sets were fitted to straight lines and values for
the apparent second-order rate constant of the

slopes. The resulting values were 0.25 x 10° M™*
s~1 for M765, 0.04 x 10° M~! s~! for E459R, and
0.15 x 10° M~! s7! for M765-IS. To determine if
the decrease in k../K,,, is associated with a
reduced affinity for actin or with a decrease in
the maximum turnover rate, values for k., and
K,pp were analysed graphically using double-reci-
procal plots. Values of 0.4 s™' (E459R), 2.1s™*
(M765-IS) and 2.8 s~! (M765) were obtained for
Kear- Kypp was estimated as 130(£30) uM for all

three constructs (Table 4).

Functional competence of myosin-IS

The functional competence of myosin-IS in vivo
was analysed by testing the ability of cells pro-

0.09 ———F——F——1——1—7—/——T—
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0.04

0.03

basal ATPase (s

I L | " 1 i | I

1l // [

Figure 7. Dependence of the
Mg**-ATPase on the ATP concen-
tration in the absence of actin. The
data are fitted to a hyperbola and
gave values for Kyyarp, of 1.7 pM
for M765 and 5 mM for M765-IS,
respectively. The plateau values for
both myosin head fragments were
0.08 s7!. In addition to the com-
ponents of the linked assay
(02mM NADH, 05mM PEP,
0.02 mg/ml LDH, 0.05 mg/ml PK)
the buffer contained 25 mM imida-
zole, 25 mM KCI, 10 mM MgCl,,
0.5 mM 1.4-dithiothreitol, pH 7.4.

| 1 1 L 1

1007
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Assays were performed in the pre-
sence of 400 nM to 10 mM Mg?>*-
ATP.
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Table 4. Summary of the steady-state parameters of the ATPase activities of myosin head fragments and their actin
complexes

Wild-type R238E E459R R238E/E459R
Basal (s71)? 0.08 +0.01 4 (£5)x 107* 0.015 + 0.005 0.06 + 0.002
Kyiatpy (HM)P 1.7+05 n.a. ~20 x 10° 5(£1)x 10°
Koot/ Kag (M50 0.25 x 10° na. 0.03 x 10° 0.15 x 10°
ko (5 0)¢ 28405 na. 04+0.1 21406
Kpp (IM)E 120 + 20 na. 130 + 20 130 + 20

# Measurements were carried out in 25 mM imidazole, 25 mM KCl, 4 mM MgCl,, and 6 mM ATP (pH 7.4).
b Kyyarp) was determined from Figure 7. The buffer contained between 0.4 pM and 10 mM Mg>* — ATP.
€ keat and K, were calculated by fitting the data to the Michaelis-Menten equation. All measurements were performed at 25°C.

ducing myosin-IS to undergo cytokinesis and
form fruiting bodies, processes that require func-
tional myosin in D. discoideum. Unlike the parent
mhcA~ cells (Manstein et al., 1989), transformants
producing myosin-IS are able to form fruiting
bodies and grow in suspension culture with
doubling times comparable to those of wild-type
cells (Figure 8).

Analysis of myosin-IS in an in vitro movement
assay (Kron & Spudich, 1986) showed that the
mutant myosin moves actin filaments only 2.5-fold
slower than native D. discoideum myosin. Sliding
velocities of 0.4 pm s™' and 1.0 um s=' were
measured for myosin-IS and wild-type myosin,

Discussion

M765-IS and myosin-IS

Inversion of the salt-bridge-forming residues
R238 and E459 leaves the kinetic and functional
properties of the myosin motor largely unaffected.
The affinity for actin (K,) and the second-order
rate constant (K;k,,) for the ATP-induced dis-
sociation of acto-M are very similar for M765 and
M765-1S. Addition of saturating concentrations of
actin leads to a 34-fold activation of the ATPase
activity of both M765 and M765-IS, resulting in k_,,
values of 2.8(+0.5) s~! and 2.1(£0.6) s™', respect-

respectively. ively. The rates of mantATP binding, mantADP

[
~

log (cells/ml)
o 0 o0 o0 o0 o o
o N -~ (=] (-] o [ 8]

b
-

46

1 1 L 1 1 1

60, 80
Time (h)

Figure 8. Functional complementation of D. discoideum myosin null cells. (a) Wild-type cells form fruiting bodies
consisting of a long stalk bearing an unwalled, globose spore mass. (b) Myosin-depleted cells are not able to form
fruiting bodies and viable spores. (c) Transformation of myosin null cells with a vector for the expression of myosin-
IS rescued fruiting body formation and the production of viable spores. The scale bar represents 1 mm. (d) Growth in
suspension. Myosin null-cells producing myosin-IS ([J) grow at the same rate as wild-type cells () and myosin
null-cells producing a recombinant form of the native myosin (M). The parental myosin null cells are not able to
grow in suspension (@).
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binding, and mantADP dissociation are similar,
and single-turnover rates differ by less than two-
fold between M765 and M765-IS (data not shown).
The slow rate of ATP binding to M765-IS and the
resulting low affinity for ATP, reflected in a
Kyatpy value of 5 mM, constitute the only major
defects of M765-IS. The low affinity for ATP is
most likely a product of the charge change at
R238E which will result in repulsion of the nega-
tively charged ATP. Onishi ef al. (1998) suggested
that chicken smooth muscle myosin with the salt-
bridge inversion retains a normal P;-burst, a
normal level of intrinsic fluorescence enhancement,
and displays normal intrinsic ATPase activity in
the presence of 0.5 mM ATP.

While the differences in the fluorescence sensi-
tivity of the D. discoideurn and smooth muscle
myosin constructs may simply result from the fact
that the smooth muscle myosin motor domain has
three additional tryptophan residues (W31,W546
and W625), the remaining differences are more
difficult to interpret.

At saturating concentrations of ATP (>10 mM),
the rate of the ATP cleavage step (ks ;. k_3) is even
faster for M765-IS (103 s~!) than for M765 (30 s™1)
and the basal ATPase activity of M765-IS is
restored reaching wild-type level (0.08 s™'). Since
M765-1S displays almost normal interactions with
ATP and ADP in the presence of actin and since
millimolar concentrations of ATP are present in
D. discoideum cells, myosin-IS is expected to func-
tion normally in vivo. This assumption was con-
firmed by transforming D. discoideum myosin-null
cells with the mutant gene. Transformants produ-
cing myosin-IS appear normal for cytokinesis,
development and sporogenesis. The in vitro moti-
lity data reflect the similarities in the kinetic beha-
viour of double-mutant and wild-type and give
additional confirmation of the mechanical integrity
of myosin-IS.

R238E and E459R

The findings that R238E and E459R displayed
reduced intrinsic ATPase activity and that E459R,
but not R238E, shows normal levels of actin acti-
vation are in good agreement with previous stu-
dies (Shimada et al., 1997; Sasaki et al., 1998; Onishi
et al., 1998). The rates of binding fluorescently
labelled nucleotides to E459R are reduced three- to
fourfold compared to M765 but for R238E by more
than 20-fold. This supports the suggestion that the
charge change in R238E is significant in inhibiting
nucleotide binding. The rates of mantADP and
mantATP binding to M765-IS are close to the
normal values, suggesting that the second charge
change (E459R), the ability to form the salt-bridge,
or a combination of both effects rescues normal
nucleotide binding. For the single point mutation
E459R, the effects on the rates of nucleotide bind-
ing are quite mild and in a related mutation,
E459V, we showed that the rate of mantATP bind-
ing was even slower than for E459R. Yet, the

affinity of ATP for E459V remains very high at
3 x 1071 M (Friedman et al., 1998). Thus the loss
of the salt-bridge itself does not induce a major
change in ATP affinity. However, the lack of a
P;-burst observed for the smooth muscle myosin
mutant (Onishi et al., 1998) and the results of acid
quench experiments performed with E459V
(Friedman et al., 1998) suggest that for E459R, too,
k.. is given by the ATP cleavage step.

Interaction of the mutant proteins with actin

Remarkable aspects of this analysis are the way
and extent to which alterations of the salt-bridge
forming residues affect the interaction with actin
and coupling between the actin and nucleotide
binding sites. We have previously shown that the
interaction of D. discoideum myosin II with actin
can be analysed in terms of the three-state model
described for skeletal muscle myosin (Geeves &
Conibear, 1995):

Ko Ky K,
A+MN)= A ~M(N) =A —M(N)= A - M(-N)

Collision complex A-State R-State

Scheme 3.

The kinetic data show that the affinity of
constructs R238E and E459R for actin is tenfold
reduced and in the case of M765-IS is twofold
increased. The mutations affect only k_, which
corresponds to k_,/(1 + K;) while k, , which cor-
responds to Kgk_; is unchanged (see Table 3).

This result indicates that the formation of the
initial collision complex and the weakly bound,
attached or A-state is little affected by mutations
that prevent formation of the salt-bridge and stabil-
isation of the closed form. Therefore, A-state for-
mation appears to be dominated by local changes
in the actomyosin interface rather then the status
of the nucleotide pocket. Compared to M765,
addition of R238E, E459R and M765-IS to pyrene-
actin reduced the amplitude of the pyrene-fluor-
escence signal only by 13, 44 and 71 %, respect-
ively. As fluorescence quenching is thought to
occur when myosin undergoes the conformational
change from the A-state to the strongly bound,
rigor or R-state (Furch et al., 1998), a reduced level
of fluorescence quenching could result from a shift
in equilibrium between A to R-state in favour of
the A-state. However, this interpretation cannot be
correct as M765-IS has increased affinity for actin
and any significant shift in the equilibrium
between A and R-states should lead to a much
larger reduction in affinity than the tenfold
decrease observed for R238E and E459R. Changes
in specific fluorescence signals are notoriously dif-
ficult to correlate with structural changes because
they are extremely sensitive to small local pertur-
bations. However, the reduced amplitude of the
pyrene-fluorescence does clearly indicate changes
in the actin binding site of the mutant myosins that
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are likely to result from the formation of a per-
turbed R-state. This interpretation is consistent
with the mutations having only an effect on k_,
and crystallographic evidence that suggests that,
while the A-state can be formed with any myosin-
nucleotide complex, the formation of the R-state
requires the outward movement of switch-2 and
opening of the backdoor (Holmes, 1998). Finally,
the tenfold faster dissociation rate constants of the
single mutants suggest that closing of the backdoor
is not a prerequisite for dissociation from actin.

Actin also has a strong effect on the interaction
of the mutant myosins with nucleotides. In contrast
to the situation in the absence of actin, all mutants
showed normal or increased rates of ATP binding.
The addition of actin had a much stronger effect
on the mutants’ affinity for ADP, as the ratio of
Kap/Kp is close to 36 for M765 compared to
values of 1900, 725 and 138 for R238E, E459R and
M?765-1IS, respectively. This indicates that the salt-
bridge influences both the nucleotide and actin
binding sites of myosin and forms an essential part
of the communication pathway between the differ-
ent functional regions of the myosin motor.

In summary, our results show that inversion of
the salt-bridge forming residues in D. discoideum
myosin II leaves not only intrinsic functions but
also the interaction with actin and the mechanical
properties of the myosin motor largely unaffected.
Inversion of the salt-bridge between residues R238
and E459 of D. discoideum myosin II produces a
functional myosin motor with almost normal prop-
erties. This result was not expected on the basis of
an earlier study where smooth muscle myosin
mutants were used to examine the role of the salt-
bridge (Onishi et al., 1998). In future studies, it will
be important to examine the reason for the differ-
ent behaviour of the mutant myosins.

Materials and Methods

Construction, expression and purification of
recombinant myosin motors

All subcloning was done following standard pro-
cedures (Sambrook et al., 1989). A recombinant plasmid
pDH20, which was derived from the extrachromosomal
vector pDXA-3H has been described (Furch ef al., 1998).
pDH20 contains sequence coding for the first 765 resi-
dues of the D. discoideum mhcA gene fused to a C-term-
inal Hisg-tag. M765 was expressed under the control of
the D. discoideum actin 15 promoter. Mutant constructs
were generated by the method described by Braman et al
(1996). The following mutagenic primers were used
(nucleotide changes corresponding to a single amino
acid substitution are underlined): M765(R238E), 5'-
GCCAAAACCACCCGTAACAACAATTCATCTGAATT
CGGTAAAT TCATTG and 5-CAATGAATTTACCGA
ATTCAGATGAATTGTTGTTACGGGTGGTT TTGGC;
M765(E459R), 5-GGTGTTTTGGATATTTCAGGTTTITCG
AATTTTCAAAG TCAATTCATTCG and 5-CGAATGA
ATTGACTTTGAAAATTCGAAAACCTGAAATA TCCA
AAACACC. The new plasmids were designated
pDH20(R238E) and pDH20(E459R), respectively. Next,
the primer pair that was used before to generated

pDH20(R238E) was used in a second PCR in combi-
nation with pDH20(E459R) which resulted in the cre-
ation of the vector pDH20(R238E/E459R) encoding for
M765-IS. Additionally, a construct for the preparation of
a full-length myosin bearing the R238E/E459R mutation
was made by using pDH4 which contains the complete
D. discoideum mhcA coding sequence. Removing the Sacl-
BstXI fragment from pDH4 and replacing it with the
Sacl-BstXI fragment from pDH20(R238E/E459R) resulted
in the generation of pFL(R238E/E459R). Loss of an
additional Nsil site in pDH4 facilitated screening of the
transformants using diagnostic Nsil/Ncol digests. Each
DNA construct was confirmed by sequencing to ensure
that the desired mutation had been introduced.

D. discoideum transformants were grown at 21°C in
HL-5C (Furch et al., 1998). Transformants were selected
and screened for the production of the recombinant
myosin motor domains as described (Manstein et al.,
1995). The His-tagged motor domains were purified as
described by Manstein & Hunt (1995). The purified
protein could be stored at —80°C for several months
without apparent loss of enzymatic activity. Purification
of full-length wild-type and mutated myosin-IS was per-
formed using a rapid purification protocol that involves
sequential rounds of myosin assembly and disassembly
as described by Uyeda & Spudich (1993).

Rabbit F-actin was isolated by the method described
by Lehrer & Kewar (1972) with minor modifications
(Furch et al.,, 1998). Actin was labelled with pyrene at
Cys374 (pyr-actin) as described (Criddle et al., 1985). The
2/(3")-O-(N-methylanthranilloyl) derivatives of ADP and
ATP (mantADP, mantATP) were prepared described by
Hiratsuka (1983). The 2'-(or-3')-O-(trinitrophenyl) adeno-
sine 5-triphosphate (TNP-ATP) was purchased from
Molecular Probes.

Stopped-flow experiments and direct
functional assays

Stopped-flow experiments for transient kinetics were
performed at 20°C in 20 mM MOPS, 5 mM MgCl,, and
100 mM KClI (pH 7.0) with a Hi-tech Scientific SF61 or
SF-61DX stopped-flow spectrophotometer using a 75W
Xe/Hg lamp and a monochromator for wavelength
selection. For tryptophan fluorescence, excitation was at
295 nm, with emission through a WG 320 cut-off filter.
Pyrene and mant fluorescence was excited at 365 nm
and emission monitored after passing through a KV
389 nm cut-off filter. TNP fluorescence was excited at
406 nm and detected after passage through an OG450
cut-off filter (all cut-off filters, Schott, Mainz). Data were
stored and analysed using software provided by Hi-tech.
Transients shown are the average of three to five con-
secutive shots of the stopped-flow machine. The exper-
iments were repeated with proteins from at least one
different preparation. All concentrations refer to the con-
centration of the reactants after mixing in the stopped-
flow observation cell.

The experiments were analysed in terms of the models
shown in the Schemes. In these schemes a notation is
used that distinguishes between the constants in the pre-
sence and absence of actin by using bold (k_,, K;) versus
italics type (k,,, K;); subscript A and D refer to actin
(K,) and ADP (Kp), respectively.

Steady-state ATPase rates were measured using a
linked enzyme assay and analysed as described pre-
viously (Furch et al., 1998). In the presence of actin,
assays were performed at Mg?*-ATP concentrations in
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the range from 0.5-6 mM. Basal ATPase was measured
in the presence of 1 uM to 10 mM Mg*"-ATP.

The in vitro motility assay was performed at 20°C as
described (Anson et al., 1996). Synchronous morphologi-
cal differentiation was induced by starvation on MMC
agar (20 mM Mes (pH 6.8), 2 mM MgCl,, 0.2 mM CaCl,,
2% (w/v) Difco Bacto agar). Structures from various
stages of development were visualised using an Olym-
pus B061 microscope and a Sony SSC-M370CE video
camera. A  Hamamatsu Argus-20 was used
for contrast enhancement and transfer of images to a
Macintosh 9500.
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