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ABSTRACT Amino acid residues D24/D25, E99/E100,
E360/E361, and D363/E364 in subdomain 1 of Dictyostelium
actin were replaced with histidine residues by site-directed
mutagenesis. Mutant actins were expressed in Dictyostelium
cells and purified to homogeneity. The sliding movement of
mutant actin filaments on heavy meromyosin attached to a glass
surface was measured to assess the effect of the mutation on the
motility of actin. For two C-terminal mutants, force generated
by a single actin ifiament and myosin was also measured. These
measurements indicated that both D24/D25 and E99/E100 are
involved in ATP-driven sliding, whereas E360/E361/
D363/E364 are not essential for ATP-driven sliding and force
generation.

Comparison of the atomic model of fiamentous (F) actin (1,
2) with a cryoelectron microscopic image of an actin-myosin
complex formed in the absence ofMgATP (3) showed that the
actin N terminus, the loop of residues 20-25, and the hydro-
phobic helix of residues 340-350 are in the major contact site
of the myosin head (4). The helix of residues 79-93 and the
following loop are also in contact with a long extension of the
myosin head (4). The helix containing acidic residues E360/
E361/D363/E364 is in contact with the N-terminal segment
of the alkaline light chain 1 of the myosin head (3, 5). The
actin-myosin interface thus identified coincides with that
identified by antibody mapping and chemical cross-linking
studies (5-11).
The question is, however, whether the interface identified in

the absence ofMgATP is actually recognized by myosin heads
during ATP-driven sliding and force generation. One approach
to answer this question is to use recombinant actin (12-15). It
has been shown (12) that mutational disruption of the N-ter-
minal acidic residue cluster ofDictyostelium actin affected its
sliding on heavy meromyosin (HMM). The result indicates
that the N-terminal acidic residues are recognized by the
myosin head during sliding and, possibly, force generation.

Besides the N-terminal cluster ofacidic amino acid residues,
several acidic residue pairs (D24/D25, E99/E100, E360/E361,
and D363/E364) are found in the putative actin-myosin inter-
face (Fig. 1). To map the actin surface recognized by the
myosin head during actin-myosin sliding and force generation,
these pairs of acidic residues were replaced with histidine by
recombinant DNA techniques. Since it has been well-
established that the ionic interaction between actin and myosin
is dominant during sliding and force generation, a charge-
reversion mutation at the actin-myosin interface would result
in the loss of sliding and force generation. In fact, examination
of the sliding of these mutant actin filaments by an in vitro
motility assay (16, 17) showed that mutations at D24/D25 and
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at E99/E100 resulted in the complete or partial loss offilament
sliding, indicating that they are involved in ATP-driven sliding
and, possibly, force generation. A charge-reversion mutation
at the C-terminal acidic-residue cluster, however, did not
significantly affect sliding and force generation, indicating that
this cluster is not essential for these processes.

MATERIALS AND METHODS
Plasmids. Site-directed mutagenesis was carried out ac-

cording to Kunkel (18). Transformation vectors were con-
structed by inserting the wild-type or mutant actin 15 gene
(19) into an integration vector B10Tp2' (20) as described by
Sambrook et al. (21).

Transformation ofDictyostelium Cells. Transformation vec-
tors were introduced into Dictyostelium cells by the calcium
phosphate method (22) or by electroporation (23). Trans-
formed cells were selected by culturing them in the presence
of G418 as described (12). Cells were cloned twice by picking
them from a colony visible on a culture dish and plating them
on a new dish. The expression level of mutant actin in these
cloned cells was estimated by the two-dimensional gel elec-
trophoresis (24) since all types of mutations described in this
paper altered the isoelectric point of actin.

Assays. Transformed Dictyostelium cells were used to
purify both mutant and wild-type actins to homogeneity as
described (12). Wild-type actin thus prepared was used as the
control in various assays on mutant actins. HMM was
prepared from rabbit skeletal myosin (25).

In vitro motility assays were carried out by using rabbit
skeletal HMM attached to nitrocellulose-coated glass (12,
26). Assay conditions were as follows: temperature, 25°C;
HMM concentration, 50 ,g/ml. The assay solvent contained
25 mM KCI, 25 mM imidazole (pH 7.4), 4 mM MgCl2, 1 mM
dithiothreitol, and 1 mM ATP plus the deoxygenation system
(27). E99H/E100H mutant filaments have tendency to form
bundles at higher concentrations. To avoid bundling of fila-
ments, actin concentration was kept low (<0.2 mg/ml).
Under these conditions, a majority of filaments were single
filaments, as judged from their fluorescence intensities and
unidirectional motion. Such precaution was not necessary for
other mutant and wild-type actins.
The force generated by a single actin filament and full-

length rabbit skeletal myosin was measured on silicon-coated
glass surfaces as described (28, 29). The assay temperature
was 26°C. The assay solvent contained 25 mM KCl, 20 mM
Hepes (pH 7.8), 5 mM MgCl2, and 2 mM ATP plus the
deoxygenation system.

Abbreviations: HMM, heavy meromyosin; F-actin, filamentous actin.
§Communication of this paper was initiated by William F. Har-
rington and, after his death (October 31, 1992), completed by
Christian B. Anfinsen.

2127



Proc. Natl. Acad. Sci. USA 90 (1993)

FIG. 1. Atomic model of actin showing residues replaced with histidine residues. The structure was generated by using atomic coordinates
supplied by Kenneth Holmes (Max-Planck-Institute, Germany). Residues are identified as follows: white, D1/E3/D4; red, D24/D25; blue,
E99/E100; yellow, E360/E361/D363/E364. Orientation of the molecule is the same as that in the original ribbon model (1).

Actin-activated ATPase activities were measured by the
malachite green method (30) as described (12). The assay
temperature was 25°C. The assay solvent contained 2.5 mM
KCl, 10 mM Mops (pH 7.0), 4 mM MgCl2, and 0.1 mM
dithiothreitol. ATPase reactions were started by addition of
1 mM ATP. Filaments of wild-type actin, D24H/D25H,
E360H/E361H, and D363H/E364H used in the assay were
prepared as follows. Actin filaments were stabilized by
phalloidin (10 ,g/ml). Stabilized filaments were centrifuged
and then pellets were suspended into the assay solvent to
remove any free phosphate released from ATP during the
polymerization of actin. Filaments were centrifuged and
pellets were suspended again. Phosphate-free filaments were
finally suspended in the assay solvent. These steps were
necessary to obtain reliable data by the sensitive malachite
green method.

RESULTS
Behavior of Mutant Actins. D24H/D25H (replacement of

both D24 and D25 with histidine residues), E360H/E361H,
and D363H/E364H actins formed fiaments as wild-type
actin. These mutant fiaments bound rhodamine-phalloidin.
The length distribution of fluorescent mutant filaments was
very similar to that of wild-type filaments when examined
under a fluorescence microscope. E99H/ElOOH behaved like
other mutant actins except that it had tendency to form
bundles at higher concentrations. A similar tendency was
reported for an N-terminal mutant produced in yeast cells
(14).

All types of mutant filaments tightly bound to HMM
attached to a glass surface, indicating that all actins formed
a rigor complex with myosin heads. Upon the addition of

MgATP, motile mutants started sliding, whereas the nonmo-
tile mutants showed Brownian motion, indicating that the
rigor binding was weakened in the presence ofMgATP. Thus,
all types of mutants investigated here, either motile or
nonmotile, formed ATP-sensitive rigor complex with myo-
sin.
Measurements of the Sliding Velocity of Actin Filaments. In

vitro motility assays were canried out to assess the effects of
the mutations on the myosin-driven sliding velocity of actin
filaments. In the absence of MgATP, rhodamine-phalloidin-
labeled D24H/D25H filaments firmly bound to HMM on a
nitrocellulose-coated glass surface. Upon addition of
MgATP, these filaments were gradually lost from the surface
by Brownian motion without sliding. This result indicates
that D24H/D25H fllaments had lost motility even though
they formed an ATP-sensitive rigor complex with myosin.
E99H/E100H filaments had a tendency to form nonmotile

bundles at higher concentrations. Velocity measurements
were carried out on single filaments, which were the majority
population when filaments were formed at a low concentra-
tion of actin (<0.2 mg/ml). These single filaments showed a
partial loss of motility. Upon addition of MgATP, filaments
slid slowly, then stopped, and resumed the slow sliding
motion after a while. On average, 50o of filaments slid at a
given moment at 25°C. When the temperature was increased
to 30°C, >80% of filaments slid. This behavior was similar to
that of the D1H/D4H mutant (12). Histograms of the velocity
distribution for moving E99H/E100H filaments at 25°C are
shown in Fig. 2. The average velocity was 0.8 ± 0.2 ,um/sec
(n = 25). Since the sliding velocity is rather sensitive to the
conditions of the glass surface, wild-type actin was always
prepared from the same transformed Dictyostelium cells to
measure the velocity on the same batch of nitrocellulose-
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coated glass surface. The average velocity of this control
actin was 4.8 + 0.9 gm/sec (n = 44).

Virtually all E360H/E361H filaments and all D363H/
E364H filaments smoothly slid on HMM upon the addition of
MgATP. The average velocity of E360H/E361H filaments
was 6.0 ± 0.4 gm/sec (n = 50). The control wild-type actin
slid at an average velocity of 4.6 ± 0.6 gm/sec (n = 49). The
average velocity of D363H/E364H fiaments was 5.2 ± 0.8
,um/sec (n = 43). The average velocity of the control actin
was 4.3 ± 0.6 gm/sec (n = 41). Thus, E360H/E361H and
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D363H/E364H filaments slid on HMM-coated glass slightly
faster than the control wild-type actin (Table 1). When driven
by full-length myosin on a silicon-coated glass surface, how-
ever, the sliding velocity of these mutant actin filaments was
slightly reduced. Although no explanation for this apparent
discrepancy is available, we recognize that surface condi-
tions are critical factors for the myosin (or HMM)-driven
sliding of actin filaments. These data led us to conclude, at
least, that mutations at E360/E361 and at D363/E364 af-
fected sliding very slightly.

Force Measurements. Force generated by a single actin
filament and myosin was measured by the glass needle
method (28, 29). The average force generated by single
E360H/E361H fiaments was 8.1 + 0.6 pN/,um of actin
filament (n = 11). As a control, force measurements were
carried out using single filaments of wild-type actin on the
same batch of silicon-coated glass. The average force gen-
erated by the control actin was 9.6 ± 0.9 pN/,um (n = 11).
Another set of measurements was carried out for D363H/
E364H filaments. They generated 6.0 ± 0.2 pN/,um (n = 7).
The control wild-type actin generated 7.7 ± 1.9 pN/,um (n =
4). The results summarized in Table 1 indicate that mutations
at the C-terminal cluster of acidic residues did not signifi-
cantly affect force generation.

Force measurements for E99H/E1OOH filaments were
hampered by a small number of filament bundles in F-actin
preparations that easily stuck to the glass needle.
Measurements of Actin-Activated ATPase Activity. A mu-

tation at D24/D25 resulted in the complete loss of the
activation ofHMM ATPase activity, consistent with the loss
of motility. Mutations at E360/E361 and at D363/E364
affected the activation to some extent. Actin-activated HMM
ATPase activities (V) at various concentrations (S) of wild-
type actin, E360H/E361H, and D363H/E364H are shown in
Fig. 3 in S/V vs. S plots. Apparent affmities of actin and
HMM in the presence ofMgATP (Kn) and the turnover rates
at infinite actin concentration (Vm,.) were estimated from the
plot by the least squares method. Km and Vma, values thus
obtained were 19,M and 10 s'- for wild-type actin and 47,M
and 12 s-1 for E360H/E361H. Mutations at E360/E361
increased the Km, whereas the Vma,, remain unchanged. For
D363H/E364H, the exact values ofKm and Vma,, could not be
obtained since the ATPase activities increased almost lin-
early with increasing F-actin concentrations up to 70 ,uM.
However, the rather large increase of both Km and V,n,
values by the mutation is easily recognized in Fig. 3C.

Activation by E99H/ElOOH could not be assessed because
of the tendency of filaments of this mutant actin to associate
at higher concentrations. F-actin filaments could not be

Table 1. In vitro assays

Motility ratio

Actin NC S Force ratio

Wild 1.00 1.00 1.00
D24H/D25H Nonmotile ND ND
E99H/E1OOH 0.17 (0.8/4.8) ND ND
E360H/E361H 1.30 (6.0/4.6) 0.95 (6.5/6.8) 0.84 (8.1/9.6)
D363H/E364H 1.21 (5.2/4.3) 0.88 (4.4/5.0) 0.78 (6.0/7.7)

Ratio of sliding velocities (motilities) of mutant actin to wild-type
actin on a nitrocellulose-coated (NC) or a silicon-coated (5) glass

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 surface is shown. Sliding on the nitrocellulose-coated surface is
driven by HMM; sliding on the silicon-coated surface is driven by

Velocity, jim/sec full-length myosin. Actual average values of sliding velocity in
,um/sec are in parentheses (velocity ofmutant/velocity ofwild type).

Distribution of the sliding velocity of actin filaments. Ratio of force generated by mutant actin to that by wild-type actin is
-nts are carried out on nitrocellulose-coated glass at 25°C. shown. Force was generated by a single actin filament and full-length
1, wild-type filaments (Wt); cross-hatched, mutant fila- myosin molecules on a silicon-coated glass surface. Actual average
r E99H/ElOOH, only moving filaments (50%o of total values of force in pN/,m of filament are in parentheses (force by
t 25°C) were counted. mutant/force by wild type). ND, not done.
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FIG. 3. Actin-activated HMM ATPase activity. S/Vvs. S plot (V,
ATPase activities; S, actin concentrations). (A) Wild-type actin. (B)
E360H/E361H. (C) D363H/E364H. Dotted lines in B and C repre-
sent the best fit line for data in A.

dispersed to homogeneity once centrifuged to remove resid-
ual phosphate, a necessary step for our ATPase assays.

DISCUSSION
A mutation at D24/D25 resulted in the loss of motility with
a concomitant loss of activation of HMM ATPase activity.
However, the mutant was able to form the ATP-sensitive
rigor complex with myosin, indicating that the observed loss
of motility and activation of HMM ATPase activity resulted
from a local change of charge distribution on actin, not from
gross structural changes. In this context, it must be noted that
D24/D25 are on a loop exposed on the surface of actin (1) that
may adapt to an amino acid replacement without disruptive
structural changes. Thus, we conclude that D24/D25 are

essential for ATP-driven sliding and, possibly, force gener-
ation.

Mutations at E99/E100 located on another loop (1) also
affected the sliding of F-actin. E99H/E100H behaved like the
D1H/D4H mutant we have described (12). Their sliding
motion was not continuous. They moved for a while,
stopped, and then resumed sliding. Velocity of E99H/E100H
filament sliding was only 17% of that of wild-type F-actin,

whereas the velocity of sliding D1H/D4H filaments was
reduced to 20%. These results indicate that residues E99 and
E100 are involved in ATP-driven sliding as are the N-terminal
acidic residues.
The C-terminal cluster of acidic residues E360/E361/

D363/E364 is one of the most densely charged surface areas
on actin. Three of the acidic residues (E361/D363/E364) are
highly conserved among actins. In the absence of MgATP,
the area is actually in contact with the N-terminal segment of
the alkaline light chain 1 of myosin (3, 5). A mutation at
D363/E364 resulted in a rather large increase of both Km and
Vma,, values. A mutation at E360/E361 resulted in an increase
of Km whereas Vma,, was unchanged. Thus, both mutations
changed kinetic steps of the ATPase cycle to some extent.
However, these mutations only slightly affected sliding and
force generation. It must be noted that the relationship of the
overall kinetics of ATP hydrolysis to sliding and to force
generation is not straightforward (31, 32), since these pro-
cesses may be limited by different kinetic steps of the
actin-activated ATP hydrolysis cycle. It is likely that muta-
tions at the C-terminal cluster of acidic residues, especially at
D363/E364, affected a kinetic step(s) that was not directly
coupled to sliding or force generation.

In summary, our mutational mappings showed that the N
terminus, D24/D25, and E99/E100 of actin are involved in
myosin-driven sliding and, possibly, force generation. The
C-terminal cluster of acidic residues E360/E361/D363/E364
is not essential for sliding and force generation, though some
of these residues may be involved in a kinetic step(s) of the
ATP hydrolysis cycle not directly coupled to these processes.
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