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Roles of the Hydrophobic Triplet in the Motor Domain of Myosin
in the Interaction between Myosin and Actin

You Hachikubo, Kohji Ito and Keiichi Yamamoto*
Department of Biology, Chiba University, 1-33 Yayoicho, Inage-ku, Chiba 263-8522

Received March 10, 2003; accepted May 16, 2003

Myosin is a molecular motor and a member of a protein family comprising at least 18
classes. There is an about 1,000-fold difference in the in vitro sliding velocity between
the fastest myosin and the slowest one. Previous studies revealed that the hydropho-
bic triplet in the motor domain (Val534, Phe535, and Pro536 in Dictyostelium myosin)
is important for the strong binding of myosin to actin. We studied the role of the tri-
plet in the sliding motion of myosin by means of site directed mutagenesis because
the sliding velocity is determined by the time that myosin interacts with actin
strongly. We produced mutant Dictyostelium myosins and subfragment-1s that have
the triplet sequences of various classes of myosin with different sliding velocities.
The V., and K ;. values of the actin-activated ATPase for all these mutant subfrag-
ment-1s were lower than those of the wild-type Dictyostelium myosin. The mutant
myosins exhibited much lower sliding velocities than the wild type. The time that the
mutant subfragment-1s are in the strongly bound state did not correlate well with the
sliding velocity. Our results suggested that (i) the hydrophobic triplet alone does not
determine the sliding velocity of myosin, (ii) the size of the amino acid side chain in
the triplet is crucial for the ATPase activity and the motility of myosin, and (iii) the
hydrophobic triplet is important not only for strong binding to actin but also for the

structural change of the myosin motor domain during the power stroke.
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Abbreviations: 2ME, 2-mercaptoethanol; Mant-ADP, 2'(3)-O-(N-methylanthraniloyl)adenosine-5'-O-diphosphate,

S-1, subfragment-1.

Myosin is a molecular motor that uses ATP as an energy
source and moves along actin filaments. Phylogenetic
analysis of sequenced myosins revealed that myosin is a
member of a protein family comprising at least 18 classes
(1, 2). There are numerous unconventional myosins pos-
sessing a wide array of structural and functional proper-
ties. The fastest myosin known so far is that from a plant,
a characean alga (3). This myosin can translocate actin
filaments in vitro at a velocity of about 50 um/s. The slow-
est myosin is human class IX myosin, the velocity being
38-80 nm/s in vitro (4, 5). There is an about 1000-fold dif-
ference in the sliding velocity between these two myosins.
The motor domain of myosin is considerably conserved
but there may be certain region(s) that determine the
sliding velocity of myosin. We performed site-directed
mutagenesis to determine if there is a region in the motor
domain of myosin that determines the sliding velocity.
Previous studies revealed that the hydrophobic triplet
in the motor domain (Val536, Phe537 and Pro538 in Dic-
tyostelium myosin) was important for the strong interac-
tion of myosin with actin (6—8). Mutations at the triplet
drastically altered both the actin-activated ATPase activ-
ity and the motility. We chose the triplet as a target
because the sliding velocity is determined by the time
that myosin interacts with actin strongly. Therefore, we
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introduced mutations in this region of Dictyostelium
myosin to make the sequence identical to the sequences
of typical myosins with different motilities. We then
examined if the changes in the sequence alter the sliding
velocity and the actin-activated ATPase activity to the
levels of myosins from which the sequences were derived.

The merit of using Dictyostelium myosin is that we can
select mutagenized myosins that have a fundamental
function just by observing the division rate of a myosin
null mutant of Dictyostelium cells (HS1) into which the
mutagenized myosin genes had been introduced. HS1
cells do not divide well in suspension culture due to the
absence of a contractile ring, of which myosin is essential
component. If an introduced myosin is functional, HS1
cells could divide at a rate comparable to that of wild-
type Dictyostelium cells in suspension culture.

We produced three mutagenized myosin genes. These
were genes containing the chicken brain myosin (class V)
sequence (9), the skeletal muscle myosin (class II)
sequence (10), and the Chara corallina myosin (class XI)
sequence (11). They are designated as MBr, MSk, and
MCec, respectively. The amino acid sequences around the
hydrophobic triplets of the three myosins together with
that of the wild-type Dictyostelium myosin are aligned in
Fig. 1. Since the sliding velocities of myosins obtained
from these species differ so widely from each other (2.9
um/s for Dictyostelium myosin, 0.5 um/s for brain myosin,
3.8 um/s for skeletal muscle myosin, and 50 um/s for
Chara myosin), analysis of their kinetics will provide
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Amino acid sequences

around the hydrophobic triplet Sliding velocity

520 538
RGPPG ILALLDEQS| VF | PNA

Dictyostelium discoideum 2.9 pum/sec
Brain 5(RK—MGVLD LLDEEC| KM Pst8 0.5um/sec
Skeletal muscle 52I?P-MG IFS ILEEEC| MF PKEX16 3.8 um/sec
Chara coralfina 5%KPLG | ALLDEAC| ML Plgéo 50 m/sec

Fig. 1. Amino acid sequences around the hydrophobic tri-
plets of four myosins and their sliding velocities. Since the
third amino acid in the triplet is proline in all the myosins, we only
altered the first and second amino acids. The hydrophobic doublet
sequence of Dictyostelium myosin II (boxed) was replaced with
those of chicken brain myosin (class V), chicken skeletal myosin
(class II), and Chara corallina myosin (class XI) by PCR, and then
expressed in myosin null mutant Dictyostelium cells. Numbers in
the figure indicate the positions of these sequences in each myosin.

some insight into the participation of the hydrophobic tri-
plet in the sliding movement.

Before going to the experimental section, we would like
to summarize the ATPase cycle and the sliding motion of
myosin, which is essential for discussing our results. In a
prevailing model, the actin-activated ATPase cycle and
sliding motion are related as follows (12, 13).

M &) 3
A+M-ATP —» A+M-ADP-Pi <+—> A-M-ADP-Pi § A-M*-ADP
|

@ ®) ) )
~—* A-M-ADP x A-M <7”’A-M- ATP™ A+M-ATP
ADP ATP
Scheme 1

After hydrolysis of ATP (step 1), M-ADP-Pi interacts
with actin weakly (step 2). This state is in rapid equilib-
rium with the dissociated state. The release of Pi from
myosin makes myosin interact with actin strongly (step
3). This step is very slow and, in most cases, is the rate-
limiting step for the actin-activated ATPase activity. Con-
comitant with this strong binding, myosin changes the
angle of the lever arm (power stroke) and makes an actin
filament slide about 10 nm (step 4). After the power
stroke, ADP dissociates from myosin (step 5) and ATP
binds to the vacant active site (step 6). The binding of
ATP induces a conformational change in myosin and the
myosin dissociates from actin (step 7). Myosin hydrolyzes
ATP (step 1) and returns to the prestroke position. The
sliding velocity of an actin filament is, therefore, deter-
mined by dividing the stroke distance (~10 nm) by the
time that myosin is strongly bound to actin (from A-M*-
ADP state to A-M state).

MATERIALS AND METHODS

Construction of Mutant Myosin Expression Vectors—
Standard methods were used for all DNA manipulations
(14). Restriction enzymes were all from New England Bi-
oLabs. The Dictyostelium myosin II expression vector
was pTICL My D AP for full-length myosin (15), and
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pTIKL OE S1 for subfragment-1 (S-1), which has eight
His-tag at its C-terminus (16). We produced S-1 because
myosin could not be used for kinetic studies. The tem-
plate used for mutagenesis was LITMUS MyD X-Bg,
which has the Dictyostelium actin 15 promoter and Dicty-
ostelium myosin IT gene 1-1783. A Clal site (1540) in the
gene was changed by means of a silent mutation. The se-
quence of the oligodeoxynucleotides used to create muta-
tions were: MSk, 5'-TTCCCAAATGCCACCGATAATAC-
3" and 5-CATAGATTGTTCATCCAAAAGAGCTAAAAT-
3'; MBr, 5-ATGCCAAATGCCACCGATAATACTTTAATC-3'
and 5'-TTTAGATTGTTCATCCAAAAGAGCTAAAATAC-3';
and MCc, 5-TTACCAAATGCCACCGATAATACTTTA-3'
and 5-CATAGATTGTTCATCCAAAAGAGCTAAAAT-3'.
The PCR product was digested with Clal and BglII, and
the resultant 272 bp fragment was inserted into Clal/
Bglll-digested LITMUS My D BN, which contains the
Dictyostelium actin 15 promoter and Dictyostelium
myosin II gene 1-2432. The resultant plasmid was di-
gested with Xbal and BglIl, and then inserted into Xbal/
BglIl-digested pTICL My D AP or pTIKL OE S1.

Culture of Dictyostelium Cells—Wild-type Ax2 cells were
grown in 5 liter flasks containing 1 liter of HL-5 medium
comprising 85mM glucose, 7.15 g/liter Yeast Extract
(DIFCO), 11.25 g/liter Bacto Proteose Peptone No2
(DIFCO), 11.25 g/liter SPECIAL PEPTONE (OXOID), 9
mM Na,HPO,, and 3.5 mM KH,PO, (pH 6.5) (17), supple-
mented with 6 pg/ml each of penicillin and streptomycin,
on a rotary shaker at 21°C. HS1 cells, a myosin II null
strain, did not grow well in suspension culture, and so
were grown on 25 cm x 25 ¢cm square plastic plates con-
taining 100 ml/plate of HL-5 medium supplemented with
6 pg/ml each of penicillin and streptomycin, and 18 pg/ml
of G418 at 21°C.

Electroporation—HS1 cells, a myosin II null strain,
were transfected with pTIKL carrying the mutant
myosin genes by electroporation. Transformants were
selected in HLL5 medium in the presence of 18 pg/ml of
G418 and were maintained in the same medium at 21°C.

Purification of Myosin—Purification of the wild-type
myosin and mutant myosins was performed by the
method of Ruppel et al. (18) with slight modification (19).
All procedures were carried out at 0-4°C. Ax2 or trans-
formed HS1 cells at a density of 4 x 1067 x 10¢ cells/ml
were harvested by centrifugation at 1,100 g for 7 min.
The pelleted cells were washed once with 25 vol/g cells of
10 mM Tris-HCI (pH 7.4) and 0.04% (w/v) NaNj;, and then
resuspended in 4 volumes/g cells of a lysis solution com-
prising 25 mM HEPES (pH 7.4), 2.5mM EDTA, 0.1 mM
EGTA, 10 mM DTT, 50 mM NaCl, 0.04% NaNj, and a
mixture of protease inhibitors (100 pM p-toluenesulfony-
L-lysine chloromethyl ketone, 200 uM phenylmethylsul-
fonyl fluoride, 200 uM 1,10-phenanthroline, 20 pM leu-
peptin, 6 uM pepstatin, and 200 uM N-p-tosyl-L-arginine
methylester). Then 4 volumes/g cells of the lysis solution
supplemented with 1% (v/v) Triton X-100 was added and
the resulting cell suspension was agitated gently. After
30 min on ice, the lysate was centrifuged at 61,000 xg for
1 h. The pellet was suspended in 8 volumes/g cells of a
washing solution comprising 20 mM HEPES (pH 7.4),
150 mM NaCl, 2 mM EDTA, and 5 mM DTT. The suspen-
sion was centrifuged again at 61,000 xg for 1 h. The pellet
containing the actomyosin complex was suspended in 2
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volumes/g cells of an extraction solution comprising 20
mM HEPES (pH 7.4), 125 mM NaCl, 3 mM MgCl,, 5 mM
ATP, and 5 mM DTT, and then the suspension was centri-
fuged at 120,000 xg for 1 h. The supernatant was dia-
lyzed against a solution comprising 10 mM Pipes (pH
6.6), 50 mM NaCl, 10 mM MgCl,, and 1 mM DTT for
more than 8 h in order to allow the myosin to form thick
filaments. The dialysate was centrifuged and the result-
ant pellet was solubilized in 0.3 volumes/g cells of 10 mM
Hepes (pH 7.4), 250 mM NaCl, 3 mM MgCl,, and 2 mM
DTT. The solution was clarified by centrifugation at
220,000 xg for 10 min to yield the myosin fraction. The
purified myosins were used for in vitro motility assays.

Purification of SI—The wild-type and mutant S-1s
were purified according to the procedure of Manstein and
Hunt (20) with several modifications. Briefly, trans-
formed HS1 cells were washed twice with 25 volumes/g
cells of a solution comprising 5 mM NaN; and 10 mM
Tris-HC1 (pH 7.4), and then resuspended in 5 volumes/g
cells of a lysis buffer comprising 25 mM HEPES (pH 8.0),
5 mM EDTA, 7 mM 2-mercaptoethanol (2ME), and a mix-
ture of proteinase inhibitors. The suspension was mixed
with 4 volumes/g cells of the lysis buffer containing 1%
Triton X-100, incubated on ice for 10 min, and then cen-
trifuged at 36,000 xg for 30 min. The pellet was resus-
pended in a wash buffer comprising 10 mM HEPES (pH
7.4), 1 mM EDTA, and 7 mM 2ME, and the suspension
was centrifuged at 36,000 xg for 15 min. The washed pel-
let was extracted with 2 volumes/g cells with an extrac-
tion buffer comprising 10 mM HEPES (pH 7.4), 50 mM
NaCl, 5 mM MgCl,, 4 mM ATP, and 7 mM 2ME, and then
the solution was centrifuged at 250,000 xg for 1 h. The
supernatant was loaded onto a column containing 1 ml of
Ni-nitrilotriacetic acid agarose resin (Qiagen, Hilden,
Germany). The column was extensively washed with the
HS/ATP buffer containing 10 mM HEPES (pH 7.4), 200
mM NaCl, 5 mM MgCl,, 1 mM ATP, and 7 mM 2ME, fol-
lowed by a second extensive wash with a solution com-
prising 40 mM imidazole, pH 7.4, and 7 mM 2ME. S-1
was eluted with 5 ml of 150 mM imidazole and 7 mM
2ME, and dialyzed against a buffer comprising 25 mM
HEPES (pH 7.4), 256 mM KCI, 0.1 mM EDTA, and 1 mM
DTT. The purified S-1s were used for ATPase activity
measurement and stopped-flow spectrometry.

Phosphorylation of Myosin—The purified wild-type
and mutant myosins were incubated in 2 mM ATP, 3 mM
MgCl,, 50 mM NaCl, 1 mM DTT, and 10 mM Hepes (pH
7.4) for 30 min at 22°C in the presence of 0.1 mg/ml of
bacterially expressed Dictyostelium myosin light chain
kinase. Each treated myosin was precipitated by centrif-
ugation at 110,000 xg for 20 minutes, and dissolved in 10
mM Hepes (pH 7.4), 250 mM NaCl, 3 mM MgCl,, 3 mM
ATP, and 2 mM DTT.

Purification of Rabbit Skeletal Muscle Actin—Rabbit
skeletal muscle actin was prepared according to the
method of Spudich and Watt (21). Actin was polymerized
in the presence of 50 mM KCl, 1 mM MgCl,, and 1mM
ATP at 4°C.

ATPase Activity Measurement—The actin-activated
ATPase activity of the wild-type and mutant S-1s was
measured at 30°C in 25 mM KCl, 4 mM MgCl,, 25 mM
Hepes (pH 7.4), 1 mM DTT, 2 mM DTT, and 2 mM ATP
together with 0.125 to 2 mg/ml of rabbit skeletal muscle
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F-actin. Ca%* ATPase activity was measured at 30°C in
0.6 M KCl, 5 mM CaCl,, 256 mM HEPES (pH 7.4), and 1
mM ATP. The concentration of inorganic phosphate pro-
duced on ATP hydrolysis was determined by the method
of Kodama et al. (22).

In Vitro Motility Assay—The motility of the wild-type
and mutant myosins was measured at 25°C using fluo-
rescently labeled actin filaments according to Kron &
Spudich (23).

Stopped-Flow Spectrometry—Stopped-flow experiments
were performed with a stopped-flow spectrophotometer
(SF-2001, Kintek). The rate of release of 2'(3")-O-(IV-
methylanthraniloyl)adenosine-5'-O-diphosphate (Mant-
ADP) from the S-1-actin complex was measured by moni-
toring the decrease in the efficiency of energy transfer
from the Trp residues of S-1 to Mant-ADP at 16°C (24).
Tryptophan was excited at 290 nm and Mant fluores-
cence was monitored after being passed through a KV
380 nm cutoff filter. The S-1-actin-Mant-ADP complex
was mixed with excess ATP to suppress the reassociation
of Mant-ADP with S-1. The concentrations of S-1, Mant-
ADP, phalloidin-stabilized F-actin. and ATP were 1 puM,
2.5 uM, 5 uM, and 4 mM, respectively. ATP-induced dis-
sociation of S-1 from actin was monitored as changes in
the fluorescence intensity of pyrene-labeled actin stabi-
lized by phalloidin at 21°C. The fluorescence intensity of
pyrene increases when S-1 dissociates from actin.
Pyrene-labeled actin was excited at 365 nm and its
fluorescence was detected after being passed through a
KV 389 nm cutoff filter (25). The concentrations of S-1,
pyrene-labeled actin, and ATP were 0.5 pM, 0.5 uM, and
5-50 uM, respectively. Assays were carried out in a buffer
comprising 256 mM KCI, 25 mM Hepes (pH 7.4), 5 mM
MgClL,, and 1 mM DTT. Data were analyzed by the least
squares fitting procedure (Kaleidagraph, Abelbeck Soft-
ware).

RESULTS

Growth of Myosin Null Mutant Dictyostelium Cells into
Which the Mutagenized Myosin Genes Had Been Intro-
duced—Wild-type Dictyostelium Ax2 cells divide every
10.9 h, while those of the myosin null mutant of Dictyos-
telium cells (HS1) divide every 37.9 h. HS1 cells into
which mutant myosin genes MBr, MSk, and MCc had
been introduced divided every 13.3 h, 10.9 h, and 22.6 h,
respectively (Fig. 2). HS1 cells into which the MBr and
MSk genes had been introduced showed division rates
comparable to that of wild-type cells, but the cells with
the MCc gene showed a division rate of about a half that
of the wild-type cells.

ATPase Activity—We examined both the Ca%* ATPase
and actin-activated ATPase activities of the mutant S-1s
together with those of the wild-type S-1. Ca2* ATPase
activity was minimally affected by mutation at the
hydrophobic triplet. The Ca%* ATPase activities of the
mutant S-1s varied from a value nearly equal to that of
the wild-type S-1 (MCc) to a value of 150% of that of the
wild type (MBr, Table 1).

Actin-activated ATPase activity was measured using
mutant subfragment-1s (S-1s) expressed in Dictyostel-
ium. The activities of the mutant S-1s showed clear
hyperbolic dependence on the actin concentration, and
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Fig. 2. Growth rate in suspension culture of myosin null
mutant Dictyostelium cells with introduced mutagenized
myosin genes. Cells were inoculated into flasks containing the
HL5 medium and shaken on a rotary shaker at 21°C. The numbers
of cells in one milliliter of wild-type Dictyostelium Ax2 cells (solid
squares), myosin II null mutant Dictyostelium HS1 cells (open
squares), and HS1 cells with introduced MBr (solid circles), MSk
(solid triangles), and MCc (x) were measured.

the V.. and K, values were obtained from double

reciprocal plots of the data. The V,, values for all the
mutant S-1s were considerably lower than that of the
wild type (Table 1). The K, ;, values for all the mutant S-
1s were also lower than that of the wild type (Table 1).
Time of the Strong Binding State—As mentioned pre-
viously, the sliding velocity of actin filaments is deter-
mined by the time that myosin interacts strongly with
actin. The strong binding state consists of two phases.
Myosin still has ADP in the first phase, and releases ADP
and forms a rigor complex with actin in the second phase
(Scheme 1). We estimated the times that the wild-type
and mutant myosins are strongly bound to actin by
means of the stopped flow technique. The time of the first
phase was estimated from the rate of release of fluores-
cently labeled ADP (Mant ADP) from the S-1-actin com-
plex, as described under Materials and Methods. The flu-
orescence of the Mant ADP decayed exponentially. We
determined the rate constant of the decay by curve fitting

1.16
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Table 1. ATPase activities of wild type and mutant S-1s.

Ca?* ATPase Actin-activated Mg2*ATPase activity**
activity*

(P/head-s)  Vmax (P/head-s) K oetin (WMD)
Wild type 4.69 171 188
MBr 7.18 0.31 2.4
MSk 6.27 0.67 3.6
MCe 453 0.30 3.6

*Ca?*ATPase activity was measured in 0.6 M KCl, 5 mM CaCl,, 25
mM HEPES (pH 7.4), and 1 mM ATP, at 30°C. ** Mg2*ATPase activ-
ity was measured in 25 mM KCl, 4 mM MgCl,, 256 mM HEPES (pH
7.4), 1 mM DTT, and 2 mM ATP, at 30°C.

Table 2. Results of stopped-flow spectrometry.
ADP release™ (s7) K ky** (WM 1 s71)

Wild type 228 0.13
MBr 167 0.35
MSk 160 0.26
MCc 142 0.48

*Experiments were performed in 25 mM KCl, 5 mM MgCl,, 25 mM
HEPES (pH 7.4), and 1 mM DTT at 16°C. ** Experiments were per-
formed in 25 mM KCIl, 5 mM MgCl,, 25 mM HEPES (pH 7.4), and 1
mM DTT at 21°C.

(Fig. 3). The rate constants for the mutant S-1s were 60
to 70% of that for the wild-type S-1 (Table 2).

The time of the second phase was estimated by meas-
uring rate of dissociation of the S-1-actin rigor complex
with ATP. This reaction consists of two steps. The first
step comprises binding of ATP to the S-1-actin complex,
which is in rapid equilibrium (step 6, Scheme 1). The sec-
ond step is dissociation of S-1-ATP from actin (step 7,
Scheme 1). We measured the fluorescence intensity
change of pyrene-labeled actin. The fluorescence inten-
sity increased when S-1 dissociated from the labeled
actin. The apparent dissociation rate constant k. can be
obtained as follows.

obs

_ Kky[ATP]
b = 1 + K[ATP]

Fig. 3. Rate of release of Mant ADP from the

>

5
‘U'I

w

1.14pN\S
112} +

Relative fluorescence
Relative fluorescence

1.06

S-1-actin complex. S-1 (1 uM) and F-actin (2.5
pM) were preincubated with 5 pM Mant ADP,
and then the complex was mixed in a stopped-
flow apparatus with 2 mM ATP. Shown are the
results for (A) the wild type, (B) MBr, (C) MSk,
and (D) MCc. The Mant ADP release rates were
228 s7! for the wild type, 167 s~! for MBr, 160 s!
for MSk, and 142 s! for MCc. The experiments

0.015 0.02 0.025

were performed in 25 mM Hepes (pH 7.4), 1 mM
DTT, 5 mM MgCl,, and 25 mM KCl, at 16°C.

1.6 L L L L 1.04 L L
0 0.005 0.01 0.015  0.02 0.025 0 0.005 0.07
Time(sec) Time(sec)
C 13 D s

Relative fluorescence

Relative fluorescence

2.05 1 1
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Table 3. Motility of wild-type and mutant myosins.

Sliding velocity of actin filaments (um/s)

Wild type 2.96 (+0.29) n = 10
MBr 0.29 (+0.06) n = 11
MSk 1.73(x0.2)n =9
MCec not motile

In vitro motility assay was performed in 25 mM KCl, 25 mM imida-
zole (pH 7.4), 4 mM MgCl,, 1 mM EGTA, and 20 mM DTT, at 25°C.

where K is the association constant of the actin-S-1 com-
plex and ATP, and £, is the dissociation rate constant of
actin and S-1-ATP. However, we could not determine the
equilibrium constant and the rate constant separately
because the dissociation rate was very high at high ATP
concentration and, therefore, we could not obtain reliable
data at high ATP concentrations. Therefore, we meas-
ured the K &, value to compare the dissociation rates of
the mutant S-1s with that of the wild type. When the
ATP concentration is very low (1 > K[ATP]), the above
equation can be abbreviated to

kObS = Kkz [ATP]

We measured the apparent rate constants at very low
ATP concentrations (from 5 to 50 uM) and plotted them
against the ATP concentration (Fig. 4). The slope of these
plots gave the K &, values for the wild-type and mutant S-
1s. These values are listed in Table 2. All the mutant S-1s
had considerably higher dissociation rates than that of
the wild type.

The Sliding Velocity—We measured the sliding veloci-
ties of the wild-type and mutant myosins by in vitro
motility assay to see if the time of the strong binding
state determined above actually correlates with the slid-
ing velocity. It was found that all the mutant myosins
exhibited much lower motilities than the wild-type
myosin (Table 3). MSk and MBr showed about 60% and
10%, respectively, of the motility of the wild-type myosin.
MCec could not translocate F-actin, and F-actin did not
stick to a MCc-coated cover glass surface.

DISCUSSION

Previous studies revealed that mutations at the hydro-
phobic triplet in the motor domain (Val534, Phe535, and
Pro536 in Dictyostelium myosin) drastically altered the
actin-activated ATPase activity and the motility of
myosin. This hydrophobic triplet was suggested to be
important for the strong binding of the myosin motor
domain to actin. We studied this triplet by means of site-
directed mutagenesis, because the sliding velocity is
determined by the time that myosin interacts with actin
strongly (13, 26—28). We produced three mutant myosin
genes that have the triplet sequences of various classes of
myosin with different sliding velocities (Fig. 1). These
genes had the ability to make myosin null mutant cells of
Dictyostelium (HS1) divide properly. However, although
the actin-activated ATPase activity and sliding velocity
were altered by the mutations at the hydrophobic triplet,
the values did not correlate at all with those of the
myosins from which the sequences were derived. For
example, Chara myosin can translocate actin filaments
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[ATP] (M)

Fig. 4. ATP-induced dissociation of S1 from actin. Pyrene-
labeled actin was premixed with S-1. Fluorescence changes were
measured when the 0.5 pM Sl-pyrene actin complex was mixed
with 5-50 uM ATP, and the observed rate constants were plotted
against the ATP concentration. The observed rate constants were
linear with the ATP concentration over the range of 5—50 uM. The
rate constant Kk2 for the ATP-induced dissociation of S1 from actin
was determined from the slope. The symbols used are: wild type
(solid squares), MBr (solid circles), MSk (solid triangles), and MCc
(x). The Kk2 values were 0.13 uM! s~! for the wild type, 0.35 UM 5!
for MBr, 0.26 uM-! s-! for MSk, and 0.48 uM-! 57! for MCc. All exper-
iments were performed in 25 mM Hepes (pH 7.4), 1 mM DTT, 5 mM
MgCl,, and 25mM KCl, at 21°C.

at a velocity of 50 um/s in vitro but the mutant myosin
with the sequence of Chara myosin at the hydrophobic
triplet (MCc mutant) did not translocate actin filaments
at all (Table 3). Since the expression of this mutant
myosin allows HS1 cells to divide in suspension culture,
although not as fast as the wild type (Fig. 2), this mutant
myosin must exhibit some motility in vivo. The motility
may be so low that we could not detect it with our in vitro
motility assay system. In this connection, Giese and Spu-
dich (7) noted that levels of activity far below the wild-
type level were sufficient for the myosin-requiring
response in the cell. Mutation to the skeletal muscle type
(MSk mutant) also lowered the sliding velocity to about
one half (Table 3), although the sliding velocity of skele-
tal muscle myosin is comparable to that of Dictyostelium
myosin. It is clear, therefore, that the hydrophobic triplet
alone does not determine the sliding velocity of myosin.
Although these hydrophobic residues are located on the
surface (29), coordination with other residues in the motor
domain seems to be required for the residues to support
normal levels of motility. We previously expressed a chi-
meric myosin in which the motor domain of Chara cor-
allina myosin was connected to the neck and tail domains
of Dictyostelium myosin. The chimeric myosin showed
higher actin-activated ATPase activity than that of the
wild-type Dictyostelium myosin, but the sliding velocity
was not as high as expected from the motility of Chara
myosin (19).

Although the sequence of the hydrophobic triplet alone
did not determine the sliding velocity, the effects of these
changes in the sequence on the actin-activated ATPase
activity and motility are notable. Onishi et al. (6) showed
that the introduction of W546S/F547H double mutations
in the hydrophobic triplet of smooth muscle myosin
(Trp546, Phe547, and Pro548 in smooth muscle myosin
correspond to Val534, Phe535, and Pro536 in Dictyostel-
ium myosin) resulted in a 10-fold decrease in the V. of
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actin-activated ATPase and a 4-fold decrease in the Km
for actin without much change in the basal ATPase activ-
ity. Our results agreed very well with theirs. All of our
mutants showed impaired actin-activated ATPase activ-
ity and unaffected Ca2* ATPase activity (Table 1). Giese
and Spudich (7) studied a P536R mutant of Dictyostelium
myosin and found that this mutant myosin also exhibited
very low actin-activated ATPase activity and no motility.
Since the mutant slowed the movement of actin filaments
that were being moved in sliding assays by the wild-type
myosin, they suggested that the mutant myosin had a
longer than normal strongly bound state time. This could
be result from significant stabilization of the interaction
between actin and myosin during the power stroke (step
4, Scheme 1) or a failure to release ADP (step 5, Scheme
1), which would prevent the rebinding of ATP and release
of the myosin head from actin. All of our mutants exhib-
ited reduced ADP release rate (Table 2), as suggested by
Giese and Spudich (7). However, the decrease in the ADP
release rate alone could not explain the different extents
of the decrease in the sliding velocity of these mutants.
All mutants were dissociated from actin by ATP at rates
much higher than that of the wild-type myosin (Table 2).
This step is very fast and it is unlikely that this step
would limit the sliding velocity. Our results suggest,
therefore, that mutations at the hydrophobic triplet
lengthen the time of either the very early stage of the
strongly bound state, which accompanies the release of P;
from the active site (part of step 3, Scheme 1), or a confor-
mational change associated with the power stroke (step
4, Scheme 1), or both. Giese and Spudich also suggested
this possibility, as described above. The release of Pi from
the active site may require proper interaction of the
hydrophobic triplet with actin and this interaction at the
same time may make myosin interact with actin strongly.
Mutations at the hydrophobic triplet impair the interac-
tion and, therefore, affect the rate of P, release, the rate-
limiting step for the actin-activated ATPase activity
(Tables 1 and 2). Our finding that the sliding velocities of
the mutants correlated better with their V_,, values than
with the ADP release rates supports this possibility
(Tables 1 to 3). Kojima et al. (8) also reported that, for
their hydrophobic triplet mutants, the sliding velocities
correlated well with the V,, values of the actin-activated
ATPase.

Impaired hydrophobic interaction of the triplet with
the residues in actin and other residues in myosin affects
the strongly bound state in such a manner that the times
of the power stroke and ADP release become much longer
than normal. The effect of mutation varies, of course,
with the substituted site in the triplet, and also with the
size and characteristics of the side chain. The last proline
is conserved in all classes of myosin and myosin loses its
motility on mutation of this proline, although it retains
residual actin-activated ATPase activity. Regarding Dic-
tyostelium myosin, the P536R mutant exhibited no motil-
ity but exhibited about 20% of the actin-activated ATPase
activity of the wild type (2). The P548A, P548G, and
P548R mutants of smooth muscle myosin did not exhibit
any motility but exhibit very low actin-activated ATPase
activity (3). Phenylalanine in the middle is also impor-
tant for the motility. As seen in this study, the MSk
mutant that had the sequence of Met-Phe-Pro exhibit
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about 60% of the motility of the wild type, but the MCc
mutant, which had the sequence of Met-Leu-Pro, exhibit
no motility. The motility was lost when phenylalanine
was substituted by leucine even though leucine is a typi-
cal hydrophobic amino acid. Kojima et al. (8) also
reported that the F547A and F547H mutants exhibit no
motility and no ATPase activity. An amino acid with a
bulky hydrophobic side chain should occupy this position
for the motility. The fact that mutation to methionine,
which has a big sulfur atom in the middle of the side
chain, does not abolish the motility (MBr mutant, Table
3) supports this rule. The first amino acid in the triplet is
valine in Dictyostelium myosin (Val-Phe-Pro) and tryp-
tophan in smooth muscle myosin (Trp-Phe-Pro). Dictyos-
telium myosin and smooth muscle myosin exhibit sliding
velocities of 2.96 um/s and 0.41 pm/s, respectively. There
seems to be an optimal size for the amino acid in this
position. Mutation to methionine (Met-Phe-Pro, MSk
mutant), which is bigger in size than valine but smaller
than tryptophan, made the sliding velocity slower than
that of Dictyostelium myosin but faster than that of
smooth muscle myosin (1.73 um/s, Table 3). However,
alanine seems too small for this position because muta-
tion to alanine (W546A) abolished the motility (3). It is
interesting that, if the size is within a suitable range, a
positively charged lysine is allowed at this position,
although the sliding velocity becomes one-tenth that of
the wild type (Lys-Met-Pro, MBr mutant, Table 3).

The goal of our study was to elucidate the mechanism
by which the sliding velocity of various classes of myosin
is determined. Our results showed that, although the
hydrophobic triplet is important for the ATPase activity
and motility of myosin, the amino acid sequence of the
triplet alone does not determine the sliding velocity. Our
results also suggested that the hydrophobic triplet is
important not only for the strong binding to actin but also
for the structural change during the power stroke.
Regarding the latter, coordination of the triplet with
other residues in the motor domain seems important. An
X-ray crystallographic study on the structure around the
triplets of these mutants may reveal what is the required
coordination in the motor domain.
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