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Actin filaments (F-actin) interact with myosin and activate its ATPase to support force generation. By
comparing crystal structures of G-actin and the quasi-atomic model of F-actin based on high-resolution
cryo-electron microscopy, the tyrosine-143 was found to be exposed more than 60 Å2 to the solvent in F-
actin. Because tyrosine-143 flanks the hydrophobic cleft near the hydrophobic helix that binds to myosin,
the mutant actins, of which the tyrosine-143 was replaced with tryptophan, phenylalanine, or isoleucine,
were generated using the Dictyostelium expression system. It polymerized significantly poorly when
induced by NaCl, but almost normally by KCl. In the presence of phalloidin and KCl, the extents of the
polymerization of all the mutant actins were comparable to that of the wild-type actin so that the
actin-activated myosin ATPase activity could be reliably compared. The affinity of skeletal heavy mero-
myosin to F-actin and the maximum ATPase activity (Vmax) were estimated by a double reciprocal plot.
The Tyr143Trp-actin showed the higher affinity (smaller Kapp) than that of the wild-type actin, with the
Vmax being almost unchanged. The Kapp and Vmax of the Tyr143Phe-actin were similar to those of the wild-
type actin. However, the activation by Tyr143Ile-actin was much smaller than the wild-type actin and the
accurate determination of Kapp was difficult. Comparison of the myosin ATPase activated by the various
mutant actins at the same concentration of F-actin showed that the extent of activation correlates well
with the solvent-accessible surface areas (ASA) of the replaced amino acid molecule. Because 1/Kapp

reflects the affinity of F-actin for the myosin–ADP-phosphate intermediate (M.ADP.Pi) through the weak
binding, these data suggest that the bulkiness or the aromatic nature of the tyrosin-143 is important for
the initial binding of the M.ADP.Pi intermediate with F-actin but not for later processes such as the phos-
phate release.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The actin-filament system is required in many cytoplasmic pro-
cesses including motility, cytokinesis, cell adhesion, cellular signal-
ing, and intracellular trafficking. Although myosin is not required
for the pseudopodia extension by actin polymerization, many
other functions of actin filaments depend on their interaction with
myosin.

Actin has two major domains separated by a nucleotide-binding
cleft [1]. The outer domain is further divided into subdomains 1
and 2 and the inner domain into subdomains 3 and 4, with the sub-
domain 1 and 3 being separated by a hydrophobic cleft. By com-
paring the three-dimensional structure of F-actin and its complex
with skeletal myosin subfragment-1 in the absence of ATP, it was
determined that myosin binds mainly to the outer domain of the
actin protomer on one strand of the actin double helix [2–6]. In
the rigor complex, myosin binds to the hydrophobic helix of F-ac-
tin, which is located near the hydrophobic cleft between the sub-
domains 1 and 3. The importance of the hydrophobic cleft was
highlighted by experiments using mutated myosin: it was found
that three consecutive hydrophobic residues (Trp-546, Phe-547,
and Pro-548) of myosin are important to interact with actin and
that the target of these residues was proposed to be the segment
including Tyr-143, Ala-144, Ser-145, and Gly-146 of actin [7],
which flank the hydrophobic cleft of actin. It was also shown that
the acidic residues including residues 1–4, Asp24, Asp25, Glu99,
Glu100 of actin are essential for the ionic interaction with myosin
[8,9]. From a biochemical point of view, there are two types of actin
interactions with myosin: the weak binding with myosin.ADP.Pi
and the strong binding with myosin–ADP or myosin without
bound nucleotide. When muscle contraction is triggered by the
increase in the intracellular calcium ion concentration,
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myosin.ADP.Pi associates with actin–tropomyosin–troponin, and
phosphate (Pi) is released so that the myosin ATPase cycle pro-
ceeds. We previously examined the effect of the de-acetylation at
the amino-terminus of actin on actin-activated myosin ATPase.
The affinity of deacetylated F-actin to myosin was significantly
weaker (higher Kapp) and it was suggested that the acetylation at
N-terminus is important for the weak binding with myosin [10].

Recently F-actin structures based on high-resolution cryo-EM
were reported [11–13]. When crystal structures of G-actin and
our quasi-atomic model of F-actin are compared, the exposure of
the majority of the residues in F-actin to solvent was less than that
in G-actin due to the intermolecular interactions or unchanged.
However, there were two exceptions. The calculated solvent-acces-
sible surface area (ASA) of tyrosine-143 and tyrosine-240 increased
in F-actin by more than 60 Å2 [11]. In the case of the tyrosine-143,
this exceptional increase in the ASA appeared to be linked with the
widening of the hydrophobic cleft and the rotation of the outer do-
main against the inner one upon polymerization of actin [11]. We,
therefore, mutated tyrosine-143 using Dictyostelium expression
system [14], because (a) the activation of the myosin ATPase by
F-actin is much higher than that by G-actin [15], (b) tyrosine-143
flanked the hydrophobic cleft near the hydrophobic helix (Fig. 1),
which is proposed to be one of the myosin-binding sites.

The effects of the mutation of tyrosine-143 on the polymeriz-
ability and the capability to activate myosin ATPase were exam-
ined. The Tyr143Phe-actin showed poor polymerizability in the
presence of NaCl as reported previously [11]. In the presence of
phalloidin and KCl, all mutant actins polymerized almost normally
so that the actin-activated ATPase could be compared. It was found
that the bulkiness or the aromatic nature of the residue-143 is
important for the activation of ATPase. The affinity of Tyr143Trp-
actin to myosin.ADP.Pi intermediate was �2 times higher than
the wild-type actin, with Vmax being almost unchanged.
2. Materials and methods

2.1. Expression and purification of proteins

Dictyostelium mutant actins and the wild-type actin were
expressed and purified as described [14]. Briefly, mutant actins
and the wild-type actin were expressed in Dictyostelium cells as a
fusion protein with thymosin and a 6�His tag. The cells were sus-
pended in 2 vol/g of binding buffer (10 mM imidazole–HCl (pH
7.4), 10 mM HEPES (pH 7.4), 300 mM NaCl, 2 mM MgCl2, and
2 mM ATP) containing 2 mM benzamidine, 2 lg/mL leupeptin,
28.6 mM b-mercaptoethanol, 1 mM 4-(2-aminoethyl)benzenesul-
fonyl fluoridehydrocloride (AEBSF), 0.5 mM phenylmethylsulfonyl
Fig. 1. Overviews of the actin structures. The tyrosine-143 is shown as a ball-and-stick m
Rabbit skeletal F-actin (PDB: 3G37) [11]. Figures were prepared using UCSF Chimera [22
fluoride(PMSF), 0.01 mg/mL chymostatin, 0.01 mg/mL pepstatin,
and 2 mg/mL TLCK after they were collected and washed twice
with 17 mM Na–K phosphate buffer (pH 6.5) at 4 �C. The sus-
pended cells were sonicated 6 times for 10 s, centrifuged at
10,500�g for 15 min, and then ultracentrifuged 142,000�g for
1 h. The resultant supernant was applied to Ni Sepharose high per-
formance gel (GE Healthcare) pre-equilibrated with washing buffer
(10 mM imidazole–HCl (pH 7.4), 10 mM HEPES (pH 7.4), 300 mM
NaCl, 0.5 mM MgCl2, and 0.1 mM ATP), and bound proteins were
eluted with linear 10–500 mM imidazole gradient. The resultant
fusion protein fraction was dialyzed against G-buffer (2 mM Tris–
HCl (pH 7.4), 0.2 mM CaCl2, 0.2 mM ATP, and 0.5 mM DTT) and
then digested with a-chymotrypsin (200:1 w/w) for 5–10 min at
25 �C. After quenching the reaction with 4 mM AEBSF and
0.02 mg/mL chymostatin/pepstatin mixture, the digested mixture
was applied to a DEAE-5PW column pre-equilibrated with G-buf-
fer, and bound proteins were eluted with linear 0–0.5 M NaCl gra-
dient in G-buffer. The eluted G-actin fraction was applied to a
Superdex 75 column equilibrated with G-buffer. The peak fractions
were pooled and concentrated using Amicon ultra-4. Myosin was
prepared from rabbit skeletal muscle. Heavy meromyosin (HMM)
was obtained by digesting myosin with chymotrypsin following
the procedure described previously [16]. Protein concentration of
HMM was measured by absorbance at 280 nm and that of actin
was measured using proteostain (Dojindo Molecular Technologies.
Inc.). The value obtained by the proteostain method was calibrated
by absorbance at 280 nm [17].
2.2. Polymerization assay

G-actin (2.3 lM) was incubated in 150 mM KCl or NaCl, 20 mM
imidazole–HCl (pH 7.0), 3 mM MgCl2, 10 lM CaCl2, and 1 mM ATP
for 30 min at 25 �C, and ultracentrifuged. The pellet was suspended
with 150 mM NaCl and 20 mM imidazole–HCl (pH 7.0) and then
analyzed by SDS–PAGE [11]. Gels were stained with Coomassie
Brilliant Blue, scanned, and quantified using ImageJ [18].
2.3. Actin-activated HMM ATPase measurement

Actin-activated HMM ATPase was measured as described [10].
In brief, the reaction solution contained 2.5 mM KCl, 10 mM imid-
azole–HCl (pH 7.0), 4 mM MgCl2, 1 mM ATP, 5 lg/mL phalloidin,
0.03 mg/mL skeletal HMM, and G-actin (0–25 lM) at 25 �C. Liber-
ated phosphate was measured by the malachite green method
[19].
odel. (A) G-actin structure of the wild-type Dictyostelium actin (PDB: 1C0F) [21] (B)
].



Fig. 3. A double reciprocal plot (Lineweaver–Burk type) of the actin-activated
ATPase activity with the wild-type actin (open circle), the Tyr143Phe-actin (filled
square), Tyr143Trp-actin (filled diamond), and Tyr143Ile-actin (filled triangle). The
ATPase activity was measured in 2.5 mM KCl, 10 mM imidazole–HCl (pH 7.0), 4 mM
MgCl2, 1 mM ATP, 5 lg/mL phalloidin, 0.03 mg/mL HMM, and various concentra-
tions of actin (from 4 to 25 lM) at 25 �C. The intercepts on the ordinate and the
abscissa represent 1/Vmax and –1/Kapp, respectively. The Kapp for Tyr143Trp-actin
was the smallest (7.21 lM), whereas those for the wild-type actin and Tyr143Phe-
actin were 15.3 and 16.4 lM, respectively. For Tyr143Ile-actin, the Kapp could not be
determined reliably due to the weak activation. The Vmax’s for the wild-type actin,
Tyr143Phe-actin, and Tyr143Trp-actin were 2.67, 2.78, 2.83 s�1head�1, respectively
and did not differ much, whereas that for Tyr143Ile was smaller than 1 s�1head�1.

846 Y. Gomibuchi et al. / Biochemical and Biophysical Research Communications 441 (2013) 844–848
3. Results

3.1. Polymerizability of Tyr143-mutant actins

Fig. 2 shows the polymerizability of actins triggered by NaCl
(left panels) or KCl (right panels) without (upper panels) or with
(lower panels) phalloidin. The polymerizability of Tyr143Phe-actin
deceased to �45% of the wild-type actin, when the extent of poly-
merization was measured at 30 min after triggering polymeriza-
tion by adding NaCl as shown in Fig. 2A. Tyr143Trp-actin (�66%)
and Tyr143Ile-actin (�58%) also showed a similar tendency. The
tyrosine-143 appeared more exposed to the solvent after polymer-
ization and flanks the hydrophobic cleft that widened after poly-
merization, and these processes may have been impaired by the
introduction of a more hydrophobic side chain. However, the
extent of polymerization was sensitive to species of cations. The
polymerization of Tyr143Phe-actin induced by KCl was almost
the same as the wild-type actin, whereas Tyr143Ile-actin still
showed poorer polymerizability (�50%) as shown in Fig. 2B.

In the presence of phalloidin, all the mutant actins showed almost
normal polymerization in the presence of NaCl (Fig. 2C) or KCl
(Fig. 2D). Under the conditions for the ATPase assay in the presence
of phalloidin and KCl, the polymerizability of the Tyr143-Phe-actin,
Tyr143Trp-actin, and Tyr143Ile-actin were �92.5%, �112.9%, and
�116.3% of that of the wild-type actin, so that the small difference
in the extent of polymerization can be compensated for before com-
paring double reciprocal plots. We compared two ways for compen-
sating the small difference in the polymerizability: one way is to
compensate the ATPase activity, and the other to compensate the ac-
tin concentration. Although both gave similar results, we compen-
sated the actin concentration to analyze double reciprocal plots
(Fig. 3). However, the ATPase activity was compensated before the
analysis of correlation between the ATPase activity and the sol-
vent-accessible surface area (ASA) (Fig. 4).

3.2. Activation of myosin ATPase activity by mutant actins

The actin-activated ATPase activity was measured using skele-
tal heavy meromyosin (HMM) under low ionic strength conditions.
The actin-activated activity was calculated by subtracting the basal
Fig. 2. Polymerizability of actins triggered by NaCl (left panels) or KCl (right panels) with
for 30 min at 25 �C, ultracentrifuged, and analyzed by SDS–PAGE. The data represent me
was triggered by NaCl. (B) Polymerization was triggered by KCl. (C) Polymerization wa
triggered by KCl in the presence of 5 lg/mL phalloidin.
ATPase of HMM under the same reaction conditions. The small
differences in the polymerizability among mutant actins were
compensated for by compensating the actin concentration accord-
ing to the extents of polymerization so that the values can be
compared with that for the wild-type actin.
out (upper panels) or with (lower panels) phalloidin. Actins (2.3 lM) were incubated
an values with standard errors of the amount of actin in pellets. (A) Polymerization
s triggered by NaCl in the presence of 5 lg/mL phalloidin. (D) Polymerization was
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Fig. 3 shows the double reciprocal plots of 1/ATPase versus 1/[F-
actin] (Lineweaver–Burk type). The double reciprocal plots for the
wild-type actin, Tyr143Trp-actin, and Tyr143Phe-actin appeared to
be linear. However, the linearity was not clear for Tyr143Ile-actin
due to much lower activation (�1/3 of the wild-type actin). The
Vmax’s of the actin-activated ATPase activities by the wild-type
actin, Tyr143Trp-actin, and Tyr143Phe-actin were similar: 2.67,
2.32, and 3.00 s�1head�1, respectively. Although the Vmax for
Tyr143Ile-actin could not be obtained accurately, it was estimated
to be less than �1 s�1head�1.

The phosphate release from the myosin.ADP.Pi intermediate is a
rate-limiting step of the myosin ATPase cycle. F-actin accelerates
this step by binding weakly to the myosin.ADP.Pi intermediate.
Therefore, the affinity of F-actin to the myosin.ADP.Pi intermediate
can be estimated by the analysis of a double reciprocal plot: the
affinity is the reciprocal of Kapp, which is the concentration of F-ac-
tin at which half maximal activation occurs. The affinity of
Tyr143Trp-actin was about two times higher than that for the
wild-type actin. In term of Kapp, the values for Tyr143Trp-actin
and the wild-type actin were 7.2 and 15.3 lM, respectively. The
Kapp for Tyr143Phe-actin was 16.4 lM and comparable with that
for the wild-type actin. For Tyr143Ile-actin, the reliable value could
not be obtained due to the lower activation. These data suggest
that the tryptophan at the position of the residue-143 enhances
the weak binding with the myosin.ADP.Pi intermediate.

Fig. 4 shows the correlation of the bulkiness of the side chain
introduced to the residue-143 of mutant actins with the actin-acti-
vated myosin ATPase at various concentrations of F-actin. As an
index of bulkiness, the solvent-accessible surface area (ASA) of
the amino acid molecule was chosen, because it correlates well
with the bulkiness of the amino acid residues [20]. At each of the
Fig. 4. The correlation of the actin-activated myosin ATPase with the solvent-accessib
activated myosin ATPase activity correlates well with molecular ASA, which also correlat
6 lM, (C) 8 lM, or (D) 10 lM.
concentrations of F-actin, the ATPase activation correlates well
with the molecular ASA. These data suggest that the bulkiness of
the residue-143 is important for the activation of myosin ATPase.
Amino acids with a bulky side chain are either branched at the
b-carbon atom (Val, Ile, and Thr) or with a large aromatic ring
(Phe, Tyr, Trp). Therefore, we cannot exclude the possibility that
the aromatic nature of the residue-143 may be important.
4. Discussion

This study showed the importance of tyrosine-143 of actin for
the polymerizability and for the activation of myosin ATPase. As
shown in Fig. 1, this residue is located next to the loop, which is lo-
cated near the boundary between the outer and inner domains. It
flanks the hydrophobic cleft, which appears to be widened upon
polymerization [11]. Importantly, this tyrosine is conserved among
various actin isoforms across the eukaryotic species including
Dictyostelium, rabbit, and human.

The widening of the hydrophobic cleft and the increase in the
ASA of the side chain of the tyrosine-143 upon polymerization
prompted the idea that these structural changes may be hindered
by replacing the residue-143 with a more hydrophobic residue. In
this case the polymerization process also may be hindered. As ex-
pected, the mutant actins showed poorer polymerizability in the
presence of NaCl. Particularly, the Tyr143Phe-actin differs from
the wild-type actin only by one oxygen atom, but the polymeriza-
tion became about one half.

The actin-activated myosin ATPase was measured using the
skeletal heavy meromyosin (HMM) from rabbit. Fortunately, all
the actin mutants polymerized normally in the presence of
le surface area (ASA) of the amino acid molecules at the residue-143. The actin-
es well with the bulkiness of the residue [19]. Actin concentration was (A) 4 lM, (B)
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phalloidin, which suppresses the depolymerization of F-actin, so
that their activation of myosin ATPase could be compared with
the wild-type actin. The Tyr143Ile-actin activated HMM ATPase
poorly. It indicates that the bulkiness of the residue-143 is impor-
tant as shown in Fig. 4: the extent of the ATPase activation corre-
lates well with the solvent-accessible surface area, which in turn
correlates with bulkiness, of the replaced amino acid residue.
Amino acids with a bulky side chain include those branched at
the b-carbon atom (Val, Ile, and Thr) or those with a large aromatic
ring (Phe, Tyr, and Trp). Because there is no aliphatic amino acid
that is larger than aromatic amino acids, it is difficult to exclude
the importance of the aromatic nature. Moreover, the hydrophobic
cleft of actin is flanked also with many other aromatic residues.

We showed that the tyrosine-143 is involved in the weak bind-
ing with myosin and that the bulkiness or the aromatic nature of
tyrosine-143 is important for ATPase activation. Previously, the
electrostatic interactions between F-actin and myosin have been
shown to be important for the weak binding: the actin-activated
myosin ATPase becomes weaker at higher ionic strength and the
charge-reversion of Glu360/Glu361 or Asp363/Glu364 of actin re-
sulted in an increase of Kapp. Our results show that the importance
of the non-electrostatic interaction for the weak binding between
F-actin and myosin.ADP.Pi.

The Tyr143Trp-actin showed lower Kapp of the actin-activated
myosin ATPase reflecting the higher affinity to the myosin.ADP.Pi
intermediate. So far it has been difficult to study the weak binding
between myosin.ADP.Pi and F-actin due to the weakness of the
interaction. This mutant actin would prove useful to clarify the
nature of the weak binding, which is an initial step for activating
the ATPase cycle of myosin, which is essential for force generation.
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