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ABSTRACT: Yeast actin mutants with acidic residues at the N terminus either neutralized (DNEQ) or deleted
(∆-DSE) were used to assess the role of N-terminal acidic residues in the interactions of actin with myosin
in the contractile cycle. Cosedimentation experiments revealed an∼3-fold decrease in the binding constant
for DNEQ and∆-DSE actins to myosin subfragment-1 (S1) relative to that of wild type actin both in the
presence of MgATP and in the absence of nucleotides (strong binding). DNEQ and∆-DSE actins protected
S1 from tryptic digestion as well as the wild type and rabbit actins. The activation of S1 ATPase by
DNEQ and∆-DSE actins (up to 50µM) was very low but increased greatly after cross-linking these
mutant actins to S1 by dimethyl suberimidate. Thus, the increased dissociation of mutant actins from S1
in the presence of ATP is the main cause for the low acto-S1 ATPase activities. At low-ionic strength
conditions and in the presence of methylcellulose, the DNEQ and∆-DSE actins moved in thein Vitro
motility assays at a mean velocity similar to that of wild type actin (3.0µm/s). Yet, the sliding velocity
of the N-terminal and D24A/D25A and E99A/E100A mutant actins decreased relative to that of the wild
type at all levels of external load introduced into the assay and at low densities of heavy meromyosin
(HMM) on the cover slip. This indicates a lower relative force generation with the mutant actins. In
contrast, the force generated under the same conditions with the 4Ac mutant actin (with four acidic charges
at the N terminus) was higher than with wild type actin. At higher-ionic strength conditions (I ) 150
mM), the sliding of the DNEQ and∆-DSE as well as that of the D24A/D25A and E99A/E100A actins
ceased even in the presence of methylcellulose, while I341A actin (deficient in strong binding to myosin)
still moved. These results indicate the importance of electrostatic actomyosin interactions under
physiological salt conditions and show functionally distinct roles for the different myosin binding sites
on actin.

Force generation in muscle is thought to depend on
transitions between alternating weakly and strongly bound
complexes of actin and myosin. An important goal in
understanding these transitions is to obtain a detailed
description of the actomyosin interface in both the weakly
and strongly bound states. This should allow an understand-
ing of the transition between such states and, in turn, facilitate
the linking of specific structural properties of both proteins
to the kinetic and mechanical cycle of actomyosin. A major
advance in muscle biochemistry was the determination of
structures for actin and S1 (Kabsch et al., 1990; Rayment et
al., 1993a) and the subsequent modeling of the strongly
bound actomyosin interface (Rayment et al., 1993b; Schroed-
er et al., 1993). The area of actin that contributes to the
strong binding of myosin is believed to include a hydrophobic
patch of residues dominated byR-helix 338-348. In

addition, the structural model suggests also an extensive role
in myosin binding for several groups of charged surface
residues (1-4, 99 and 100, and 24 and 25) on subdomain-1
of actin. Because the structural model of acto-S1 is based
on the strongly bound (rigor) complex, it is still not clear
how well it can predict the acto-S1 interface in the weakly
bound complexes and how closely the weak and strong
complexes resemble each other.

The first evidence for a difference in the acto-S1 interface
between the weakly and strongly bound complexes was that
blocking of residues 1-7 and 18-29 of actin with site-
specific antibodies inhibited the weak binding of myosin to
actin and the actin-activated myosin ATPase but had only a
small effect on the strong acto-S1 binding (DasGupta &
Reisler, 1989, 1992; Adams & Reisler, 1993). Mutagenesis
of the same sites inDictyosteliumactin by substitution of
the acidic groups with histidines (Sutoh et al., 1991; Johara
et al., 1993) abolished the actin-activated myosin ATPase
and thein Vitro sliding of actin. However, in the presence
of methylcellulose, which limits the diffusion of actin from
the HMM-coated surface, thein Vitro motility of yeast actins
with charged pairs D24/D25 and E99/E100 substituted with
alanine was similar to that of wild type actin (Miller &
Reisler, 1995). Clearly, the mild changes of acidic residues
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24 and 25 and 99 and 100 to alanines do not impair the
actomyosin function in the presence of methylcellulose, under
the standard low-salt conditions ofin Vitro motility assays.
The sites on actin and myosin which have attracted the

most attention are the extreme N terminus of actin and the
50-20 kDa junction of myosin (residues 626-647). The
importance and interactions of these regions have been
considered in numerous investigations, including cross-
linking studies (Sutoh, 1982), immunochemical experiments
(Mejean et al., 1987; Miller et al., 1987; DasGupta & Reisler,
1989, 1991, 1992), antipeptide work (Chaussepied & Kasprzak,
1989), and mutational studies on actin (Cook et al., 1992,
1993; Sutoh et al., 1991) and myosin (Uyeda et al., 1994).
Despite these studies, important issues related to the func-
tional interaction of these regions remain to be addressed.
These include questions on functional differences between
charged residues 1-4 on actin and the D24/D25 and E99/
E100 pairs and the implication that the former (Sutoh et al.,
1991) but not the latter residues (Miller & Reisler, 1995)
are critical to actin’s motility. Another significant issue is
the role of actin’s N terminus in the acto-S1 ATPase activity.
Work with Dictyosteliumactin mutants suggested that the
N-terminal sequence of actin determines theVmax value of
acto-S1 ATPase (Sutoh et al., 1991). On the other hand,
tryptic cleavage in the 626-647 loop on S1 increasedKm

and leftVmax unchanged (Botts et al., 1982; Bobkov et al.,
1996). The interest in these questions is stimulated also by
a recent model, in which a key step in the transition from
the weakly to strongly bound actomyosin complexes is driven
by the charge-charge interaction and stabilization of actin’s
N terminus and loop 626-647 on myosin. This interaction
would lead to a change in the “actin” cleft in the 50 kDa
portion of myosin (Holmes, 1995; Miller et al., 1995; Brenner
et al., 1996) and to the subsequent power stroke.
Here, we have assessed the functional role of the actin

N-terminal 1-4 segment in the contractile cycle by observing
the actomyosin interactions with actins completely devoid
of the N-terminal charges. We show that in analogy to the
case for D24/D25 and E99/E100 sites on actin the N terminus
is essential for the sliding function of actin over myosin under
physiological ionic strength conditions but not at low-salt
conditions. Yet, all of these mutants generate less force with
myosin under low-salt conditions than wild type actin. The
N-terminal actin residues contribute to acto-S1 binding in
both the weakly and strongly bound states, while the D24/
D25 and E99/E100 sites are involved only in the weak
binding of actomyosin. These results and the comparison
with other mutant actins allow the classification of four sites
in subdomain-1 of actin according to their binding to myosin
and contribution to specific steps of the cross-bridge cycle.

MATERIALS AND METHODS

Preparation of Proteins.Yeast actin was isolated from
each strain using DNaseI affinity chromatography as previ-
ously described (Cook et al., 1993). Rabbit actin and myosin
were prepared from rabbit skeletal muscle according to the
methods of Spudich and Watt (1971) and Godfrey and
Harrington (1970), respectively. Myosin subfragment-1 was
prepared according to Weeds and Pope (1977).
Cosedimentation Assays.Cosedimentation assays of the

weak binding of S1 to 4.0µM phalloidin-stabilized actin
were carried out at 23°C in 3.0 mM ATP, 3.0 mM MgCl2,

5.0 mM KCl, and 10 mM imidazole at pH 7.4 as previously
described (Miller & Reisler, 1995). ATP was added after
the incubation of proteins for 10 min. The concentrations
of S1 ranged between 5.0 and 40.0µM. The protein samples
were centrifuged at room temperature in a Beckman airfuge
at 140000g for 10 min. Similar assays, except for a longer
centrifugation (20 min) and the absence of MgATP, were
done for the strong binding of S1 (1.0-10.0µM) to actin
(4.0µM) in the presence of 100 mM KCl, 4.0µM phalloidin,
and 10 mM imidazole at pH 7.4. Under these conditions,
S1 was not pelleted when centrifuged in the absence of actin.
The choice of different salt conditions for the weak and
strong acto-S1 binding assays was dictated by the experi-
mental need to increase the weak and decrease the strong
binding of S1 to actin. Resuspended pellets and supernatants
of each sample were examined by SDS-PAGE (Laemlli et
al., 1970). Gels were stained with Coomassie Blue, and the
bands were quantified by a Biomed Instruments softlaser
densitometer (Fullerton, CA) interfaced to an IBM-compat-
ible 486 computer for integration of peak areas. The
densitometric traces of pelleted protein bands were analyzed
to determine the molar ratios of S1 bound to actin. Molar
stain ratios for S1 and actin were obtained from appropriate
calibration gels.

Protection of Loop 626-647 in S1 by Actin against Tryptic
Digestion. All digestions were performed in 40 mM NaCl,
10 mM imidazole, and 2.5 mM MgCl2 at pH 7.0 with 5µM
S1 and 15µM actin. As shown by pelleting experiments,
the 3-fold molar excess of actin over S1 was needed to assure
full binding (>90%) of S1 to all actins. Free S1 was digested
as a control. Reaction mixtures were held at 25°C, and
digestions were started with the addition of trypsin at a
weight ratio of 50/1 (S1/trypsin). At given time intervals,
aliquots were removed from the proteolytic reaction mixtures
and were mixed with soybean trypsin inhibitor (3× the
trypsin concentration, w/w) to stop the digestions. Catalase
was added to all samples as an internal standard. The
denatured samples were analyzed by SDS-PAGE on
discontinuous gels (10 and 15% w/v). The optical densities
of the Coomassie Blue-stained protein bands were determined
with the Biomed gel scanner. Rates of digestion of loop
626-647 on S1 were obtained by quantifying the decay of
the combined 95 and 70 kDa S1 bands on SDS gels as a
function of reaction time and fitting the data to a single-
exponential expression (Duong & Reisler, 1987).

Actin-ActiVated S1 ATPase Assays.Actin-activated AT-
Pase activity was measured at 25°C by using the malachite
green assay (Kodama et al., 1986). Due to assay sensitivity,
free phosphate was removed from actin stock solutions as
described before (Sutoh et al., 1991). Actin samples at final
concentrations from 2 to 50µM were preincubated with 0.4
µM S1 for 20 min in the ATPase buffer (5 mM KCl, 2 mM
MgCl2, and 10 mM imidazole at pH 7.4). The ATPase
reaction was initiated by the addition of ATP to a 1 mM
final concentration. The reactions were stopped with an
equal volume of 0.6 M perchloric acid and then the mixtures
diluted appropriately while maintaining a final concentration
of 0.3 M perchloric acid. The mixtures were centrifuged at
14 000 rpm for 10 min in a microcentrifuge to remove
precipitated proteins. The amounts of released phosphate
were determined and corrected for the activity of S1 alone
as reported before (Kodama et al., 1986).
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Cross-Linking of F-Actin-S1 Complexes.Actins were
cross-linked to S1 by dimethyl suberimidate (DMS) accord-
ing to the methods of Labbe et al. (1982). The filamentous
form of each actin (1.0 mg/mL) and S1 (1.0 mg/mL) were
incubated in 40 mM triethanolamine hydrochloride at pH
8.3 for 30 min. Cross-linking of the acto-S1 complexes was
initiated upon addition of dimethyl suberimidate (0.8 mg per
1 mg of protein) which had been dissolved immediately prior
to use. Reaction aliquots were removed along the time
course of the reaction, and the cross-linking was stopped
with glycine (200 mM). Actin-activated ATPase of the
cross-linked species was determined as described above with
the following changes. Samples were removed from the
cross-linked mixtures after stopping the reaction and diluted
20-fold in the ATPase buffer to a final S1 concentration of
0.05 mg/mL. After 20 min of incubation, the ATPase
reaction was initiated by the addition of 1.0 mM ATP, and
the amount of phosphate liberated was determined as above.
In Vitro Actin Motility Assays.The motility assays were

performed as previously described (Miller et al., 1996). The
temperature was maintained at 25°C for all assays. HMM
was prepared as described by Kron et al. (1991). To remove
ATP-insensitive heads, HMM was centrifuged with 0.15 mg/
mL phalloidin-stabilized actin in a solution containing 0.1
M KCl, 4.0 mM MgCl2, and 3.0 mM MgATP for 20 min in
a Beckman airfuge. The supernatant was applied to nitrocel-
lulose-treated cover slips at an HMM concentration of 0.2
mg/mL, unless stated otherwise. Rhodamine phalloidin-
labeled actin filaments were added to the coated cover slips
at 10 nM, and after 30 s, the unbound filaments were washed
away with the assay buffer (25 mM KCl, 1 mM EGTA, 4
mM MgCl2, 10 mM dithiothreitol, and 10 mM imidazole at
pH 7.4). The ionic strength of the high-salt buffer was
adjusted to 150 mM with KCl. Movement was initiated with
the assay buffer containing 1 mM ATP and an oxygen-
scavenging system. Quantification of the sliding velocities
was done with an Expertvision system (Motion Analysis,
Santa Rosa, CA). The velocities of individual filaments with
standard deviations of less than1/3 of the average velocity
were used for statistical analysis (Homsher et al., 1991) and
were considered to move smoothly in the assay system.
NEM-HMM was prepared as described previously (War-

rick et al., 1993). Thein Vitro motility assay was performed
as above with the following modifications. HMM and
NEM-HMM at appropriate weight ratios were adsorbed to
the assay surface for 2 min and washed off with 6 volumes
of assay buffer to prevent contamination with NEM-HMM.
Nonmoving filaments were determined by tracking the
centroid of each filament image with the Expertvision system
and charting its movement for 20 s.

RESULTS

The interactions with myosin of mutant yeast actins that
lack the two negatively charged residues present at the N
terminus of the wild type yeast actin sequence (versus the
four charges present in rabbitR-actin) were examined and
compared with the interactions of other mutant actins. The
N-terminal sequences of yeast actins used in this work were
the following (Figure 1): wild type actin, Ac-Met-Asp-Ser-
Glu-Val...; 4Ac actin, Ac-Met-Asp-Glu-Asp-Glu-Val...; DNEQ,
Ac-Met-Asn-Ser-Gln-Val...; and (∆-DSE, +H3N-------------
----Val.... These actins were previously shown to support

growth as the sole actin in the yeast cell and to produce
functional actinin Vitro (Cook et al., 1992; Crosbie et al.,
1994). Here, we use these mutants to better establish the
role of the N-terminal residues in the interactions of actin
with myosin. Other mutant actins used in this work (Figure
1) and employed in previous studies included the weak
binding mutants D24A/D25A and E99A/E100A (Miller et
al., 1995) and the strong binding site mutant I341A (Miller
& Reisler, 1996).

Rigor and ATP-SensitiVe Binding of Mutant Actins to S1.
The affinities of mutant actins for S1 in both the absence
and presence of ATP were tested in cosedimentation experi-
ments. The data for the binding of S1 to wild type actin in
the absence of nucleotides could be represented by a curve
corresponding to aKa of (1.8( 0.2)× 106 M-1 (Figure 2,
solid curve). Calculated binding curves describing the
binding data for S1 and DNEQ [Ka ) (0.7 ( 0.5) × 106

M-1, dashed curve] and∆-DSE [Ka ) (0.4 ( 0.5) × 106

M-1, dotted curve] mutant actins indicated a decrease in their
affinity to S1 relative to the wild type actin value. The
binding of S1 to 4Ac mutant actin was similar [Ka ) (1.7(
0.2)× 106 M-1] to that to wild type actin (data not shown).
In the presence of 3.0 mM MgATP, a similar 3-fold
difference was observed between the binding of S1 to wild
type [Ka ) (4.6 ( 0.1)× 104 M-1, Figure 3, solid curve]
and to the N-terminal DNEQ and∆-DSE mutant actins [Ka

) (1.6 ( 0.1) × 104 M-1 , Figure 3, dashed curve]. An
earlier study detected no significant difference in the binding
of S1 to 4Ac and wild type actin in the presence of MgATP
(Cook et al., 1993). The new results with DNEQ and∆-DSE
mutant actins indicate that the two charged residues at the
N terminus of wild type actin play a role in the binding of
actin to myosin in both the presence and absence of ATP.
The binding contribution of the N-terminal charged residues
appears to saturate with the presence of two acidic groups
at the N terminus.

Protection of Loop 626-647 (50-20 kDa Junction) in
S1 by Mutant Actins against Tryptic CleaVage. The cosedi-
mentation experiments revealed a role, albeit limited, of the
actin N-terminal acidic residues in the rigor binding of
myosin. The binding of actin’s N terminus to lysine residues
in loop 626-647 on S1 was inferred in previous studies from

FIGURE 1: Location of the mutated amino acid residues on the
G-actin structure (displayed by Insight II) of Kabsch et al. (1990).

S1-N-Terminal Mutant Actin Interactions Biochemistry, Vol. 35, No. 51, 199616559

+ +

+ +



cross-linking (Sutoh, 1982) and proteolytic digestion of acto-
S1 (Mornet, 1979; Yamamoto, 1979). A test of such specific
interaction is based on the ability of actin to protect loop
626-647 from tryptic cleavage. Normal tryptic treatment
of myosin in the absence of actin yields three stable

fragments: the 25, 50, and 20 kDa peptides. However, in
the presence of actin, the 50 kDa product, which is visible
in the absence of actin, does not appear on gels and the 70
and 25 kDa bands that result from tryptic cleavage at the
25/70 kDa site are the main reaction products. Thus, the
rate of loop 626-647 cleavage, or its protection relative to
free S1, can be quantified by monitoring the combined
amounts of the undigested 95 kDa (intact S1) and the 70
kDa fragment present in the sample as a function of digestion
time (Duong & Reisler, 1987). Figure 4 shows that the rate
of digestion of loop 626-647 is slowed in the presence of
wild type actin (0.005 min-1) by about 30-fold in comparison
to the rate in the absence of actin (0.14 min-1). Strikingly,
the DNEQ and∆-DSE mutant actins protected S1 from
tryptic digestion as well as the wild type actin (Figure 4,
Table 1). These results indicate that, at least in the rigor
complex, the 626-647 loop either is sterically blocked by
actin or assumes a protease-insensitive conformation, regard-
less of the presence or absence of the charges on the N
terminus of actin. The high amounts of mutant actins
required to form the actomyosin complex in the presence of
MgATP preclude similar digestion experiments under weak-
binding conditions.
Actin-ActiVated ATPase ActiVities. A greatly reduced

actin-activated ATPase of S1 was found before for both the

FIGURE 2: Binding of S1 to wild type and mutant actins under
rigor conditions. Mixtures of F-actin (4.0µM) and S1 (between
1.0 and 10.0µM) were preincubated in 100 mM KCl, 4.0µM
phalloidin, and 10 mM imidazole at pH 7.4 and 22°C and then
pelleted in a Beckman airfuge. Supernatants and resuspended pellets
were run on SDS-PAGE and quantified by densitometry. The
molar ratios of S1 bound to wild type actin (O) are described by a
single calculated binding curve (solid curve) corresponding to a
Ka of (1.8( 0.2)× 106M-1. The calculated binding curves describe
the binding of S1 to DNEQ [0, Ka) (0.7( 0.5)× 106M-1, dashed
curve] and∆-DSE actin [4, Ka ) (0.4( 0.5)× 106 M-1, dotted
curve]. Error bars represent the mean deviation from three
independent experiments.

FIGURE 3: Binding of S1 to wild type and mutant actins in the
presence of MgATP. Mixtures of F-actin (4.0µM) and S1 (between
5.0 and 40µM) were pelleted in a Beckman airfuge at 140000g
for 10 min in a solvent containing 5.0 mM KCl, 1.0 mM EDTA,
3.0 mM MgATP, 4.0µM phalloidin, and 10 mM imidazole at pH
7.4 and 22°C. Supernatants and pelleted samples were run on
SDS-PAGE and quantified by densitometry. The molar ratios of
S1 bound to wild type F-actin (O) are described by a single
calculated curve corresponding to aKa of (4.6( 0.1)× 104 M-1

(solid curve). The calculated binding curve corresponding to aKa
of (1.6( 0.1)× 104 M-1 (dashed curve) describes the binding of
S1 to DNEQ (0) and∆-DSE (4) actin. Error bars represent the
mean deviation from three independent experiments.

FIGURE 4: Protection of tryptic digestion of S1 by mutant and wild
type actins. The ability of each actin (15µM) to protect the 50-
20 kDa junction on S1 (5µM) from tryptic digestion was measured
in a buffer containing 40 mM NaCl, 2.5 mM MgCl2, and 10 mM
imidazole at pH 7.0. Semilogarithmic plots of the combined relative
intensities of the 95 and 70 kDa bands on SDS gels versus time of
digestion are shown for S1 cleavage in the absence of actin (3,
solid line) and in the presence of wild type (O), DNEQ (0), and
∆-DSE (4) actins (dashed line). The corresponding rates of cleavage
are 0.14 min-1 for the solid line and 0.005 min-1 for the dashed
line.

Table 1: Protection of Loop 626-647 in S1 from Tryptic Cleavage
by Actina

actin protection of loop (%)

rabbitR-actin 100
yeast wild type 95.4( 1.7
yeast DNEQ 90.4( 10.6
yeast∆-DSE 101( 1.4

a The rate of cleavage of loop 626-647 in S1 in the presence of
rabbit skeletalR-actin was used as a reference state for 100% protection
of the loop in each set of experiments. The rate of free S1 cleavage in
the same set was taken as a reference state for 0.0% protection of the
loop. The errors represent an average of three sets of experiments.
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DNEQ and∆-DSE mutant actins at a single actin concentra-
tion (20µM) (Cook et al., 1992). Similar low activities were
observed also in this work, at up to 50µM actin (Figure
5a), precluding the determination of theKm andVmax values
of acto-S1 ATPase. To assess the effect of N-terminal actin
mutations on these parameters and to maximize the interac-
tion of the two proteins in the presence of ATP, the acto-S1
complexes were cross-linked by dimethyl suberimidate. Such
a cross-linking of the rabbit skeletal acto-S1 complex
increased its ATPase activity to close to theVmax value
(Labbe et al., 1982). SDS-PAGE analysis of the cross-
linked S1 and yeast actins revealed similar cross-linking of
S1 (up to 15%) to wild type and mutant actins over the 60
min of reaction time (data not shown). In parallel, the
ATPase activities of the acto-S1 complexes increased sharply
with time of reaction (Figure 5b). The complex of wild type
actin and S1 resulting from a 60 min cross-linking reaction
had an actin-activated S1 ATPase activity of 0.7-0.8 s-1

compared to 0.1 s-1 for the un-cross-linked sample. Simi-
larly, DNEQ and∆-DSE actin-activated S1 ATPase activities
also showed a large increase, with rates approaching 0.4 or
0.5 s-1 for the cross-linked compared to 0.05 s-1 for the un-

cross-linked acto-S1. This result suggests that the low
activities of the un-cross-linked acto-S1 were largely due to
a decreased affinity of mutant actins for S1 in the presence
of ATP. Thus, a primary role of the two N-terminal charged
residues on yeast actin is to contribute to the weak binding
with myosin. However, the reduced levels of activity at all
times of cross-linking indicate that these mutants are also
catalytically deficient and their complexes with S1 might
hydrolyze ATP atVmax values roughly1/2 of that with wild
type actin.
Sliding of Actins in the in Vitro Motility Assays.The

ability of the DNEQ and∆-DSE actin filaments to slide over
skeletal muscle heavy meromyosin (HMM) was tested in
the in Vitro motility assay. Strikingly, at standard-ionic
strength conditions (I ) 50 mM), both the DNEQ (Vs ) 2.8
( 0.3 µm/s) and the∆-DSE actins (Vs ) 3.0( 0.4 µm/s)
moved in a manner identical to that of wild type actin (Vs )
2.9 ( 0.3 µm/s, Table 2). However, this sliding was
dependent on the presence of methylcellulose in the assay
buffer. In the absence of this viscosity-enhancing agent, the
filaments dissociated from the assay surface upon addition
of MgATP. This behavior was previously observed for
mutant actins with charged residues D24/D25 and E99/E100
changed to alanine. These two mutant actins showed a
decreased binding to myosin in the presence of MgATP
(Miller & Reisler, 1995), both in the motility assays and in
equilibrium binding experiments, which was similar to that
observed for DNEQ and∆-DSE actins in this study.
However, in contrast to that for the N-terminal mutants, the
binding of S1 to the D24/D25 and E99/E100 mutants in the
absence of MgATP was similar to that to wild type actin.
It has been suggested that the charged residues in subdo-

main-1 of actin discussed above are only important at
nonphysiological low-salt conditions used in solution work
and the in Vitro motility assays (Holmes, 1995), where
screening of the electrostatic actomyosin interaction by salt
is very limited. To address this possibility, thein Vitro
motilities of actin mutants were monitored also under
conditions approaching physiological ionic strength (I ) 150
mM). In contrast to the normal motion of the wild type actin,
both the DNEQ and the∆-DSE mutants were unable to slide
at these conditions after the addition of ATP (Table 2).
Despite their ATP-sensitive interaction with the HMM
surface, DNEQ and∆-DSE actin filaments showed only
slight random motion with no evidence of myosin-directed
sliding. To verify that the loss of sliding in N-terminal
mutants resulted from a decrease in the weak binding, we
tested the effect of higher ionic strengths on a mutant
deficient in the strong binding (I341A; Miller et al., 1996)

FIGURE 5: Actin-activated ATPase activities of S1 in the presence
of wild type and mutant actins. (a) The activation of S1 ATPase
by each actin was measured at 25°C in the presence of between
2.0 and 50.0µM phalloidin-stabilized F-actin, 0.4µM S1, and 1
mM ATP in an assay buffer containing 2.0 mM MgCl2, 5.0 mM
KCl, and 10 mM imidazole at pH 7.4. The ATPase rates in the
presence of wild type actin (O) are described by the upper
hyperbola; the rates determined in the presence of DNEQ (0) and
∆-DSE (4) are described by the lower set of data. (b) The activation
of S1 ATPase by each actin was measured for the mixtures of S1
and wild type and mutant actins as a function of cross-linking time
with dimethyl suberimidate. The activities were measured at 0.5
µM S1 and 1 mM ATP in an assay buffer containing 2 mM MgCl2,
5 mM KCl, and 10 mM imidazole at pH 7.4. The ATPase rates are
for S1 cross-linked to wild type actin (O), DNEQ actin (0), and
∆-DSE actin (4).

Table 2: Sliding of Mutant Actin Filaments in thein Vitro Motility
Assaya

sliding of yeast actin mutants (µm/s)

ionic
strength WT DNEQ ∆-DSE

D24A/
D25A

E99A/
E100A I341A

50 mM 3.0 2.8 3.0 2.9 3.0 2.0
150 mM 3.2 - - - - 2.3
a The motilities of actin filaments were measured as described in

Materials and Methods. At least 100 filaments were analyzed for each
sample. The standard deviation of the mean values was 0.2µm/s. No
directed movement of DNEQ,∆-DSE, D24A/D25A, and E99A/E100A
actin filaments was detected in the high-ionic strength assays. WT,
wild type.
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as well as on other mutant actins deficient in the weak
binding to myosin (D24A/D25A and E99A/E100A; Miller
& Reisler, 1995). The sliding of the I341A mutant, which
moves slower than the wild type, was relatively unaffected
by the increase in ionic strength. In contrast, the D24A/
D25A and E99A/E100A mutant actins behaved in a manner
similar to that of the DNEQ and∆-DSE actins and did not
slide at the higher-ionic strength conditions.

MoVement of Mutant Actins against Load and oVer Diluted
HMM. We have shown in a recent study (Miller et al., 1996)
that a 10-fold decrease in the strong binding of myosin to
actin (for the I341A mutant) inhibits markedly the sliding
velocities (see also Table 2) and the number of sliding mutant
actin filaments. Yet, despite a small decrease (3-fold) in
the strong binding of myosin for the N-terminal mutants and
none for the D24/D25 and E99/E100 mutants, their sliding
properties were identical in both low- and high-salt condi-
tions. To improve the resolution of motility assays and to
better compare these mutants, their movement was observed
over diluted HMM and under conditions providing an
estimate of relative forces generated by HMM and the
various actins (i.e., in the presence of external load). Actin
sliding stops in such assays when the HMM concentrations
are decreased to the point at which the number of force-
generating cross-bridges is insufficient to sustain motion and/
or overcome the small intrinsic load of the assays (due to
adsorption or photodamage of HMM). Motility experiments
with different HMM concentrations used for coating the
cover slips showed the same dependence of DNEQ, D24A/
D25A, and E99A/E100A mutant actin movement on HMM
(Table 3). Directed movement was detected for these mutant
actins over HMM only at concentrations ofg0.06 mg/mL,
while the wild type actin was able to slide with HMM diluted
to 0.03 mg/mL. Strikingly, the 4Ac mutant actin could slide
at lower HMM concentrations than wild type actin. The
strong binding deficient mutant (I341A) stopped moving at
higher HMM concentrations than other actins (Table 3).

The relative forces generated by HMM with yeast mutant
and wild type actins were tested by observing the sliding of
actin over HMM mixed with increasing amounts of load-
bearing NEM-modified HMM. This approach has been
previously used for measuring the relative force generation
by smooth muscle and skeletal muscle myosins (Haeberle,
1994) and more recently for the comparison of force
generation by HMM with the wild type and I341A mutant
actins (Miller et al., 1996). The sliding of the I341A actin,
deficient in the strong binding to myosin, was stopped at a

lower NEM-HMM/HMM ratio than that required for
stopping wild type actin filaments. We used the same
approach to assess the relative force generated by the
N-terminal, D24/D25, and E99/E100 mutant actins and
observed that, at all ratios of NEM-HMM (external load)
to HMM, fewer mutant actin filaments moved than did wild
type actin filaments. Mutant actin filaments moved up to
but not at a ratio of 0.17 NEM-HMM/HMM, while the wild
type filaments moved at ratios up to 0.25 (Table 4).
Strikingly, a 0.33 molar ratio of NEM-HMM/HMM was
required for stopping the sliding of the 4Ac mutant actin
(Table 4). These ratio values, at which the motion of actin
is stopped, yield an approximate ratio of forces developed
by HMM and actins of∼0.7/1.0/1.3 for the weak site mutants
the wild type/the 4Ac mutant. Mutant actin filaments which
lost two acidic residues, either at the N terminus or in loops
21-29 and 92-103, generate less force than the wild type
actin. Thus, as in other motility assays, these mutants are
indistinguishable from each other but clearly different from
the 4Ac and I341A mutant actins.

DISCUSSION

Previous studies had identified three anionic sites on
subdomain-1 of actin as being important in the weak binding
interaction between actin and myosin: (1) the N-terminal
acidic residues, (2) D24/D25, and (3) E99/E100 (Sutoh et
al., 1991; Johara et al., 1993; Cook et al., 1993; Miller &
Reisler, 1995). Although those studies were concerned with
the role of the three sites in the interaction of actin with
myosin, several important aspects of this problem were not
addressed. The focus of this work was determining if there
were functional differences among these sites in terms of
weak binding, strong binding, activation of the myosin
ATPase activity, and the ability of myosin to move actin in
the presence of load and at physiological-ionic strength
conditions.
Binding Interactions. In the presence of ATP, removal

of negative charges from each of the three sites produced
similar small changes in the “weak” acto-S1 interaction and
a similar requirement for methylcellulose for actin motility
under low-salt conditions. These observations are consistent
with the previously determined electrostatic nature of the
weakly bound complexes (Chalovich et al., 1984).
In contrast, these sites do seem to behave differently under

“strong” binding conditions in the absence of ATP. Removal

Table 3: Effects of HMM Concentration on the Sliding of Mutant
Actin Filaments in thein Vitro Motility Assays (I ) 50 mM)a

sliding of yeast actin mutants (µm/s)HMM
(mg/mL) WT DNEQ D24A/D25A E99A/E100A I341A 4Ac

0.5 3.0 3.0 2.9 3.0 2.0 3.1
0.1 3.1 2.4 2.3 2.5 3.2
0.06 2.5 2.0 1.5 1.8 - 2.8
0.03 1.7 - - - 2.0
0.015 - 1.2
a The motilities of actin filaments were measured as described in

Materials and Methods. At least 50 filaments were analyzed for each
sample. The standard deviation of the mean values was between 0.1
and 0.3µm/s. The sliding velocities of∆-DSE actin were the same as
those of DNEQ actin. The concentrations of HMM are for solutions
used for adsorption of HMM to cover slips.

Table 4: Effect of NEM-HMM on the Sliding of Mutant Actin
Filaments in thein Vitro Motility Assays (I ) 50 mM)a

percentage of yeast
mutant actin filaments sliding in the assaysNEM-

HMM/HMM WT DNEQ D24A/D25A I341A 4Ac

0 98 90 88 67 95
0.05 75 60 54 35 90
0.11 47 24 25 - 75
0.17 28 - - 60
0.25 - 35
0.33 -

a The motilities of actin filaments were measured as described in
Materials and Methods. At least 100 filaments were analyzed for each
sample. The sliding of∆-DSE and E99A/E100A actins was the same
as that of DNEQ and D24A/D25A actins. NEM-HMM/HMM is given
as molar ratios of modified to unmodified HMM in solutions used for
adsorption of HMM to cover slips.
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of the two N-terminal acidic residues in wild type yeast actin
resulted in a small decrease in the strong binding interaction.
This decrease did not affect the movement of actin in thein
Vitro motility assay under low-salt conditions and at high
HMM concentrations. Our previous work showed that the
D24/D25 and E99/E100 charges were not important for the
binding to actin in the absence of ATP (Miller & Reisler,
1995). Our results suggest that in the rigor, but probably
not in the weak complex, the N-terminal acidic residues are
functionally distinct from those at the other two sites.
Furthermore, these results indicate a role for the N-terminal
acidic residues throughout the cross-bridge cycle, although
the contribution of these residues to the formation of the
strong complex is not essential for force generation. Ad-
ditionally, experiments with the 4Ac mutant indicate that two
acidic N-terminal residues appear to be sufficient to saturate
the contribution of this site to the binding of actin to myosin
under both strong binding (this paper) and weak binding
conditions (Cook et al., 1993).
The interaction of actin’s N terminus with loop 626-647

on myosin is believed to involve the binding of actin’s acidic
residues to the cluster of lysines in the myosin loop. The
main support for such an interaction includes the cross-
linking of actin’s N terminus to the myosin loop by
carbodiimide (Sutoh, 1982) and the protection of the loop
by actin from tryptic cleavage (Mornet et al., 1979). Our
results shed new light on this interaction. The fact that
mutant actins without acidic N-terminal residues still protect
the myosin loop from tryptic digestion suggests that this loop
is folded and/or buried in the actomyosin complex. Clearly,
such rearrangement of the loop does not require its binding
to acidic residues in actin’s N terminus, at least not in the
strongly bound complexes. Yet, it is possible that the
interaction of actin’s N terminus with myosin’s loop 626-
647 facilitates the folding of this loop during the transition
from weakly to strongly bound complexes in the cross-bridge
cycle (Holmes, 1995; Miller et al., 1995; Brenner et al.,
1996). Such a possibility is supported by previous (Cook
et al., 1993) and present acto-S1 ATPase measurements.
ActiVation of Myosin ATPase ActiVity. Cook et al. (1993)

previously showed that doubling the net charge on the yeast
actin N terminus to 4, to make it equivalent to that of muscle
R-actin, increased theVmax of the acto-S1 ATPase. Here,
we demonstrated that removal of the original two charges
of wild type yeast actin decreased ATPase activation. Much
of this activation was recovered upon cross-linking the actin
to S1. These results show that the N-terminal acidic residues
play an important part in the activation of myosin ATPase
and that much, but not all, of the decrease seen here for the
un-cross-linked actin can be attributed to a decreased weak
binding interaction. A catalytic function of these residues

is indicated also by the fact that a 3-fold decrease in weak
binding is not sufficient to account for the large decrease in
ATPase activation. Additionally, the results with the 4Ac
mutant demonstrate that, while two charges saturate binding
requirements, they are not enough to saturate the catalytic
function.
The rate-limiting step of the actin-activated ATPase is

thought to be step 5 in Scheme 1 [adopted from Ma and
Taylor (1994)], i.e., a transition of the low-affinity actin‚-
myosin‚ADP‚Pi (A‚M**ADP ‚Pi) to an activated, higher-
affinity A ‚M′‚ADP‚Pi complex (conformationally strained,
ready for the power stroke; Regnier et al., 1995; Lymn &
Taylor, 1971; Taylor, 1979; Ma & Taylor, 1994; Lionne et
al., 1995). We propose that the N terminus of actin facilitates
this transition by interacting with the 626-647 loop on
myosin. However, as shown byin Vitro motility experiments
under low-salt conditions (Tables 3 and 5), the down (in
DNEQ and∆-DSE)- or up-modulation (in 4Ac) of the
A‚M**ADP ‚Pi to A‚M′‚ADP‚Pi transition does not impact
the velocity of actin motion at unloaded conditions and at
high HMM concentrations. Under such conditions, motility
is rate-limited by subsequent steps in the cross-bridge cycle.
In Vitro Motility: Low and High-Salt Conditions.Our

observed wild type behavior of the DNEQ and∆-DSE
mutants in the motility assay in low salt and at saturating
HMM concentrations is in contrast to previous reports that
substitution of two of the three N-terminal acidic residues
of Dictyostelium discoideumactin with histidines caused a
large decrease in sliding velocities (Sutoh et al., 1991).
Several factors can contribute to the differences in our
findings. (1) The introduction of large positively charged
residues might be more inhibitory than the deletion of these
residues or replacement with isosteric neutral residues that
we carried out. (2) The motility of theDictyosteliummutant
actins was measured at 22.5°C, although it has been

Scheme 1

Table 5: Effect of NEM-HMM on the Sliding of Mutant Actin
Filaments in thein Vitro Motility Assays (I ) 50 mM)a

sliding velocities of yeast
mutant actin filaments in the motility assaysNEM-

HMM/HMM WT DNEQ D24A/D25A I341A 4Ac

0 3.1 3.0 2.8 2.0 2.9
0.05 2.6 1.9 2.0 1.2 2.6
0.11 2.1 1.3 1.1 - 2.5
0.17 1.3 - - 1.8
0.25 - 1.5
0.33 -

a The motilities of actin filaments were measured as described in
Materials and Methods. At least 100 filaments were analyzed for each
sample. The standard deviation of the mean values was between 0.1
and 0.3µm/s. The sliding of∆-DSE and E99A/E100A actins was the
same as that of DNEQ and D24A/D25A actins.
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observed that they move better at 30°C. Possibly, these
actins are more temperature-sensitive than our mutants. (3)
Methylcellulose, required for the movement of our weak
binding mutants, was not used in theDictyosteliumstudy.
The low-ionic strength conditions used in most of thein

Vitro motility assays and in solution experiments on acto-
S1 interactions raised an important question about the
physiological significance of the results concerning the
electrostatic component of these interactions. Kraft et al.
(1996) recently showed using intact muscle fibers that
caldesmon, an inhibitor of weak actomyosin binding, inhib-
ited the active force even at a 170 mM ionic strength. The
loss of sliding of all of our weak binding mutants at a 150
mM ionic strength is consistent with their result. This loss
of function indicates that at a higher ionic strength the overall
weak actomyosin binding decreases to a point at which the
individual contribution of each one of the three groups of
charged residues on yeast actin is required for filament sliding
even in the presence of methylcellulose. Conversely, when
electrostatic interactions between myosin and actin are
enhanced by low-salt conditions and saturating HMM
concentrations, the loss of any one of these charge groups
does not inhibit actin motility. For yeast actin, these results
suggest but do not prove yet that what determines whether
HMM enters the force-producing states of the cross-bridge
cycle via the weakly bound states is the net charge density
on subdomain-1 of actin and not a specific, single set of
charged residues.
RelatiVe Forces and Cross-Bridge Cycle Considerations.

Performing the motility assays over an increased range of
HMM concentrations and in the presence of load allowed
us to resolve differences between the wild type, 4Ac, and
weak binding mutants that were not apparent under the
standard assay conditions. All three types of weak binding
mutants with a reduced number of acidic residues displayed
virtually the same decrease in the force generated against
the NEM-HMM load relative to wild type actin in terms of
slower velocities and a lower fraction of filaments capable
of sliding. These effects must be accommodated by changes
in the cross-bridge cycle (Scheme 1). Such changes may
involve either a reduced population of force-generating cross-
bridges or a lower force-produced per single cycle. Although
the latter possibility cannot be excluded without unitary force
measurements, the former option is favored because higher
concentrations of HMM are required for the weak binding
sites mutants than for WT actin to produce similar motilities
(Table 3). Given virtually identical rigor binding of S1 to
wild type, D24A/D25A, and E99A/E100A actins (Miller et
al., 1995), the decrease in the population of strongly bound
(force-generating) cross-bridges for these mutants and the
N-terminal mutants probably arises from a lower population
of the weakly bound complexes. Thus, fewer HMM cross-
bridges reach the isomerization step (step 5 in Scheme 1)
with the mutant actins than with WT actin. Also, as shown
here and previously, theVmax values for the three types of
actins are probably reduced, indicating a decreased isomer-
ization (in step 5 of Scheme 1) and thus a further decrease
in the flux of cross-bridges through the cycle into the strongly
bound states. On the basis of these results, the functional
defect in all these cases stems from less favorable equilibria
in steps 2, 4, and 5 of Scheme 1, i.e., from a decreased
population of weakly bound states, decreased isomerization
of A‚M**ADP ‚Pi to A‚M′‚ADP‚Pi, and, consequently, a

lower population of force-generating, strongly bound cross-
bridges.
Similar arguments on changes in the population of force-

generating cross-bridges were presented in a previous study
to account for a much reducedin Vitro motility and force
generation with the I341A yeast actin mutant of the strong
binding site for myosin (Miller et al., 1996). As shown in
that study, and confirmed here byin Vitro motilities at I )
150 mM, the functional impairment of this mutant, which is
greater than that of the weak binding site mutants, occurs at
steps subsequent to the weak binding equilibria in Scheme
1 (steps 2 and 4). On the basis of changes in theVmax and
rigor S1 binding, the mutation of I341 impacts the isomer-
ization (step 5 in Scheme 1) and the strong binding equilibria
steps in the cycle. A reduced force is most likely produced
because of a decreased isomerization in step 5 and the likely
dissociation of myosin from the A‚M′‚ADP (and A‚M‚ADP)
complex.
Although the loss of the only two N-terminal acidic

residues in wild type yeast actin is functionally equivalent
to the loss of the D24/D25 or E99/E100 charges, the presence
of two additional acidic residues at the N terminus (in the
4Ac mutant), which converts it to anR-actin-like sequence,
differentiates this region from the other weak binding sites
for myosin. 4Ac actin generates more force with HMM than
wild type actin. As in other cases, on the basis of the effects
of HMM concentrations on the motilities of 4Ac and WT
actins (Table 3), it is assumed that the greater force is related
to the increased population of strongly bound states. How-
ever, wild type and 4Ac actins have the same weak (Cook
et al., 1993) and strong (this work) binding affinities for S1.
Thus, the main difference between these two actins, as
revealed byVmax values of acto-S1 ATPase (Cook et al.,
1993), is in the isomerization between the A‚M**ADP ‚Pi
and A‚M′‚ADP‚Pi complexes. The improved isomerization
with the 4Ac actin increases the flux of HMM into force-
generating states of the cycle and yields a greater force than
that generated by HMM and wild type actin.
Clearly, our assumptions and conclusions must be verified

by optical trap measurements of unitary forces and steps with
the actin mutants. At this stage, our results point to a clear
distinction between the weak and strong binding sites for
myosin on actin. The contribution of these sites to specific
steps of the cross-bridge cycle can be evaluated with the
help of binding, activity, and motility assays which include
variations in load, HMM concentration, and ionic strength
conditions. In all of these assays, the charged pairs D24/
D25 and E99/E100 are functionally indistinguishable. The
first two acidic residues in the N terminus of actin (wild
type yeast actin) determine the contribution of this site to
S1 binding. The next two acidic residues, as shown for the
4Ac mutant actin, and by implication forR-actin and many
other actins, do not improve S1 binding but facilitate the
isomerization from A‚M**ADP ‚Pi to A‚M′‚ADP‚Pi and thus
the overall flux through the cross-bridge cycle. These
distinctions between the different myosin binding sites on
actin should be useful in detailed structural modeling of the
cross-bridge cycle.
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