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Unique charge distribution in surface loops confers
high velocity on the fast motor protein Chara myosin
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Most myosins have a positively charged loop 2 with a cluster of lysine
residues that bind to the negatively charged N-terminal segment of
actin. However, the net charge of loop 2 of very fast Chara myosin is
zero and there is no lysine cluster in it. In contrast, Chara myosin has
a highly positively charged loop 3. To elucidate the role of these
unique surface loops of Chara myosin in its high velocity and high
actin-activated ATPase activity, we have undertaken mutational anal-
ysis using recombinant Chara myosin motor domain. It was found
that net positive charge in loop 3 affected Vmax and Kapp of actin
activated ATPase activity, while it affected the velocity only slightly.
The net positive charge in loop 2 affected Kypp and the velocity,
although it did not affect Vmax. Our results suggested that Chara
myosin has evolved to have highly positively charged loop 3 for its
high ATPase activity and have less positively charged loop 2 for its
high velocity. Since high positive charge in loop 3 and low positive
charge in loop 2 seem to be one of the reasons for Chara myosin’s high
velocity, we manipulated charge contents in loops 2 and 3 of Dictyo-
stelium myosin (class Il). Removing positive charge from loop 2 and
adding positive charge to loop 3 of Dictyostelium myosin made its
velocity higher than that of the wild type, suggesting that the charge
strategy in loops 2 and 3 is widely applicable.
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ytoplasmic streaming in characean algal cells is extremely fast,
and this streaming is brought about by the movement of
myosin-coated organelles along actin filament bundles fixed inside
the cell (1). Myosin purified from Chara corallina could translocate
actin filaments in the in vitro motility assay at a velocity comparable
to that of the cytoplasmic streaming (approximately 50 um s™1) (2,
3). This velocity is about 10 times faster than that of the fast skeletal
muscle myosin and the Chara myosin is the fastest motor protein
known so far. We have cloned cDNA of the Chara myosin heavy
chain (4) and succeeded in expressing functional motor domain (5,
6). The velocity of the expressed motor domain measured by in vitro
motility assay was comparable to that of the native Chara myosin if
we consider the difference in the lever arm length. Relevant steps
in actomyosin ATPase cycle to the sliding velocity are ADP release
from actomyosin and ATP reassociation resulting in actin-myosin
dissociation. Kinetic analyses of Chara myosin motor domain
revealed that both the ADP release and the ATP-induced disso-
ciation from actin were very fast (6). Time spent in the strongly
bound state with actin, which was estimated from these rates, was
less than 1 ms. This very short strongly bound state, together with
a large step size (7), are probably the reason for the very high
velocity of Chara myosin. Actin-activated ATPase activity of ex-
pressed Chara motor domain was approximately 500 s~ 'head™!,
which was also the highest of all myosins so far measured (5). Since
the ADP release and ATP-induced dissociation was very fast as
mentioned above, the rate-limiting step of acto-Chara myosin
ATPase is suggested to be the transition from the weekly to the
strongly bound state with actin with concomitant release of Pi (6).
It is known that mutations in various surface loops that
interact with actin affect these steps (8). In this study, we focused
our attention on loops 2 and 3 of Chara myosin. Loops 2 and 3
are part of actin binding sites (9, 10). Cross-linking studies
suggested that positively charged residues in loops 2 and 3
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interact with negatively charged residues in subdomain 1 of actin
at the initial weakly bound state (11-21).

Since these surface loops are highly variable in sequence and
length among various classes of myosins (Tables 1 and 2), it is
suggested that diverse enzymatic and motile activities of the
myosins are achieved in part through the variations in the
sequences of these loops (22, 23). Many studies have revealed
the relationship between positive charge of loop 2 and actin-
activated ATPase activities (24-29).

Chara myosin has unique feature in these surface loops: the
net charge of loop 2 is zero and that of loop 3 is the largest among
all myosins so far known (Tables 1 and 2). To elucidate the role
of these unique surface loops of Chara myosin in its high velocity
and high actin-activated ATPase activity, we studied the activity
of recombinant Chara myosin motor domains in which charge
and length of these loops were altered. We found that the
actin-activated ATPase activity of Chara myosin was highly
dependent on the net positive charge in loop 3 while the velocity
was not. We also found that addition of positive charge to loop
2 had only small effect on the actin-activated ATPase activity but
greatly reduced the ADP release rate and thus the velocity of
Chara myosin.

Results

Expression and Purification of Mutants. Because recombinant
Chara myosin motor domains used in this study contain only
motor domain but not IQ motifs while native Chara myosin has
6 1Q motifs, lever arm length, and thus the velocity of the
recombinant Chara myosin motor domains, are about one-eighth
of those of the native Chara myosin (5, 6). Loops 2 and 3 of the
motor domain were mutated by PCR-based mutagenesis. After
expression in insect cells, mutant motor domains were purified
by coprecipitation with actin and by nickel-affinity resin. How-
ever, we could not use the coprecipitation with actin for mutant
motor domains whose affinity for actin was very low. These
mutant motor domains were further fused with FLAG tag and
purified by Ni-affinity resin and anti-FLAG antibody resin.

Loop 3 Mutants. Chara myosin has very short loop 2 with no net
charge (Table 1), but its apparent affinity for actin in the
presence of ATP (estimated from K,pp, of actin-activated AT-
Pase activity) was much higher than that of skeletal muscle
myosin that has a long and positively charged loop 2 (Table 1 and
Fig. 1). Chara myosin, on the other hand, has much more positive
net charge in loop 3 than any other myosins (Table 2). Since this
loop of skeletal (11) and cardiac muscle (21) myosins is also
cross-linked to actin, we first altered net charge in loop 3
systemically by substituting positively charged amino acids to
alanine or by adding lysine residues and examined the effect on
the functional characteristics of Chara myosin.
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Table 1. Loop 2 sequences of various myosins

Source* Length Net charge Sequence’

Chara 17 0 FP ADEGTKAPSKFMSIG

Chick Sk 28 +3 FATYG GEAEGGGGKKGGKKKGSSFQTVS

Chick Sm 36 +3 WKDVDRIV GLDQM AKMTESSLPSASKTKKGMFRTVG

Chick Va 45 +6 FQDEEKAISPTSATPSGRVPLSRTPVKPAKARPGQTSKEHKKTVG

*Chara (Chara corallina myosin Xl), Chick Sk (Chicken fast skeletal myosin II), Chick Sm (Chicken smooth muscle

myosin 1), Chick Va (Chicken myosin Va).

fPositively and negatively charged amino acids are shown in bold and italic, respectively.

We made 4 loop 3 mutant motor domains (Table 3). A mutant
designated L3 (-5) has substitutions at all 5 positively charged
amino acids of loop 3. L3 (N-3) has substitutions at 3 positively
charged amino acids at the N-terminal side of loop 3. L3 (C-2)
has substitutions at 2 positively charged amino acids at the
C-terminal side of loop 3. L3 (+2) has 2 additional lysine
residues at the N-terminal side of loop 3.

Fig. 2 shows actin concentration dependence of the ATPase
activities of loop 3 mutants. Data were fitted to the Michaelis-
Menten equation and Va, and Kgpp, values for each mutant were
determined. Both V. and K, were affected by the net positive
charge in loop 3 (Table 3). When net positive charge in loop 3
was reduced from + 5 to + 2 [L3 (N-3) mutant], Vmax decreased
to 45% and K,p, increased (apparent affinity for actin de-
creased) from 23 uM to 81 uM. We could not determine both
Vmax and Kapp of L3 (-5) mutant because the activity of L3 (-5)
increased almost linearly with actin concentration (Fig. 2).
Increase in the net positive charge in loop 3 by adding 2 lysine
residues [L3 (+2)] lowered Kqpp but Vimax also became lower than
that of the wild type (Table 3), suggesting that there might be an
optimal amount of positive charge and/or optimal length for loop
3. Actin cosedimentation assays using wild-type and L3 (-5)
mutant also supported the effect of the positive charge of loop
3 on the actin affinity. Because Chara myosin has very high
actin-activated ATPase activity and most ATP would be de-
pleted during the standard actin cosedimentation assay, we used
nonhydrolyzable ATP analog AMP-PNP in our cosedimentation
assays. K, (dissociation constant for actin) of wild type and L3
(-5)were 7.3 uM and 190 uM, respectively. These results showed
that the affinity of Chara myosin for actin was largely dependent
on the positive charge of loop 3.

In contrast to the ATPase activity, charge alteration of loop
3 did not affect the velocity so much. For example, V. of
L3(N-3) was only 45% that of the wild type but its velocity was
90% that of the wild type (Table 3). ATPase activity of L3(-5)
was less than 10% that of the wild type at all actin concentrations
measured (Fig. 2). Due to very low affinity for actin, L3(-5) could
not move actin filaments in the standard buffer for in vitro
motility assay. However, in the presence of 0.8% methylcellulose
that prevent detachment of actin filaments from the myosin-
coated surface (30), the velocity of L3(-5) could be observed, and
it was 70% that of the wild type (Table 3).

Table 2. Loop 3 sequences of various myosins

Source* Length Net charge Sequence’
Chara 6 +5 KHKFKR
Chick Sk 10 +3 KPKPAKGKAE
Chick Sm 8 +3 KSKQLKDK
Chick Va 6 +2 KPRLSN

*Chara (Chara corallina myosin Xl), Chick Sk (Chicken fast skeletal myosin II),
Chick Sm (Chicken smooth muscle myosin I1), Chick Va (Chicken myosin Va).

TPositively and negatively charged amino acids are shown in bold and italic,
respectively.
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Loop 2 Mutants. Loop 2 of Chara myosin is very short and has only
2 positively charged amino acids. Unlike other myosins, these 2
lysine residues are not in a cluster but separated by 3 aa residues
(Table 1). We designated a lysine residue at the N-terminal side
as “lysine-N” and one at the C-terminal side as “lysine-C”. To
estimate the contribution of loop 2 to the actin-activated ATPase
activity and velocity of Chara myosin, we made 7 loop 2 mutants
(Table 4). L2 (-2) has substitutions to alanine at both lysine-N
and lysine-C. L2 (N-1) and L2 (C-1) have substitution at the
lysine-N and at the lysine-C, respectively. L2 (N+2) has addi-
tional GGKKGG sequence at the N-terminal side of lysine-N.
Skeletal and smooth muscle myosins have 2 to 3 successive lysine
residues near the C-terminal end of loop 2 (Table 1) and the
importance of these lysine residues in the interaction with actin
is reported (17, 31). Thus, we intended to generate such a lysine
cluster in loop 2 by adding 2 lysine residues (KK) to the
C-terminal side of lysine-C and designated this as L2 (C+2). L2
(+4) has GGKKGG at the N-terminal side of lysine-N and KK
at the C-terminal side of lysine-C. This mutant has loop 2 that
is very similar in charge composition and length to that of
skeletal muscle myosin among mutants used in this study. We
also made a mutant L2 (N+0) that has GGAAGG at the
N-terminal side of lysine-N to see the effect of length change in
loop 2 without charge alteration.

Unlike loop 3 mutants, net charge in loop 2 had only limited
effect on V. (Table 4). However, it dramatically affected the
velocity with a concomitant change in K,,, (Table 4). The
velocity of L2 (C-1) and L2 (-2) increased by 20 to 30% with the
increase in Kpp (a decrease in the apparent affinity for actin),
but those of L2 (N-1) were almost the same as those of the wild
type (Table 4), suggesting large contribution of lysine-C to the
interaction with actin. In contrast, the velocity of L2 (N+2) and
L2 (C+2) dropped to 35 to 50% that of the wild type with the
decrease in K, (Table 4). Addition of 4 lysine residues to Chara
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Fig. 1. Actin-activated ATPase activities of Chara myosin motor domain and
skeletal myosin subfragment-1. Values are averages of 3 measurements. Data
were fitted to the Michaelis-Menten equation. Vmax of Chara myosin motor
domain and skeletal myosin subfragment-1 (S1) were 670 = 20 and 27 + 2
Pi/s/head, respectively. Kapp values of Chara myosin motor domain and skeletal
myosinS1were 11 = 1and 27 = 2 uM, respectively. Note that the ATPase assays
shown in this figure were done at low salt (10 mM KCl, 4 mM MgCl,, 20 mM
Hepes-KOH, pH 7.4) because the ATPase activity of skeletal myosin S1 in
standard ATPase assay solution increased linearly with the increase in actin
concentration and both Vmax and Kapp values could not be determined.
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Table 3. Sequences, net charge and activity of wild type and loop 3 mutants of Chara myosin

motor domain

Vimax Velocity

Sequence* Net charge (Pi/head/s)* Kapp (LM)T (um/s)8s
L3 (—5) AAAFAA 0 ND* ND* 3.3 +0.27
L3 (N-3) AAAFKR +2 260 81 43 +0.3
L3 (C-2) KHKFAA +3 540 44 4.5+ 0.2
WT KHKFKR +5 580 23 4.8 = 0.2
L3 (+2) KKKHKFKR +7 390 12 4.3+ 0.2

*Positively charged amino acid and altered amino acid are shown in bold and italic, respectively.
Values are averages of two measurements on two independent preparations.

*We could not determine Vimax and Kapp of L3 (—5) because activity increased almost linearly (see Fig. 2).
SValues are averages = SD of 40-50 actin filaments on two independent preparations.

Velocity of L3 (—5) was done in the presence of 0.8% methylcellulose.

loop 2 [L2 (+4)], further lowered the velocity (23% that of the
wild type, Table 4) with further decrease in K,pp. Change in the
length of loop 2 had little effect on the functional characteristics
of Chara myosin [L2 (N+0) mutant, Table 4]. Chara myosin
motor domain seems to have allowance for long loop 2.

Kinetics. Although charge alteration in loop 2 did not affect the
Vmax Of the actin-activated ATPase activity so much, we ob-
served obvious effect on the velocity. In particular, the velocity
of L2 (+4) was considerably lower than that of the wild type as
mentioned above. In general, velocity depends on the time of
strongly bound state with actin, which is determined by ADP
dissociation rate from acto-myosin-ADP complex and acto-
myosin dissociation rate by ATP binding (32, 33). Thus, it is
anticipated that the slow movement of L2 (+4) is due to
reduction in either of these 2 rates or in both. So we measured
the rates of mantADP release from acto-L2 (+4)-mantADP and
ATP-induced dissociation of acto-L2 (+4) using stopped flow
technique. As shown in Fig. 34, mantADP release rate from
acto-L.2 (+4)mantADP (480 = 70 s~1) was less than 20% that of
the wild type (2800 s~1) (6). In contrast, ATP-induced acto-1.2 (+4)
dissociation rate (4.0 uM~! s™1, Fig. 3B) was almost the same as
that of the wild type (4.1 uM~! s71) (6). These results suggest
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Fig. 2. Actin-activated ATPase activities of wild-type and loop 3 mutants of
Chara myosin motor domain. Values are averages of 3 measurements for each
mutant preparation. Vpyax and Kapp were determined by fitting data to the
Michaelis-Menten equation. Averaged Vyax and Kjpp values from 2 indepen-
dent preparations were shown in Table 3. Because the activity of L3 (-5)
increased almost linearly with the increase in actin concentration, both Vyax
and Kjypp values of L3 (-5) could not be determined.

Ito et al.

that low velocity of L2 (+4) is due to slow ADP release from
acto-L2 (+4)-ADP.

Molecular Design for High Velocity. It was of our surprise that 2 of
loop 2 mutants [L2 (-2) and L2 (C-1)] moved faster than the wild
type (Table 4). Because we thought that Chara myosin has
evolutionary established elaborated structure to move very fast,
we expected that any manipulation of its amino acids sequence
would perturb this structure and impair the velocity. Our results
that even the fastest myosin could be made to move faster than
the wild type suggested that we might be able to make various
myosins move faster than their original by removing the positive
charge from loop 2 and/or by adding positive charge to loop 3.
To test this hypothesis, we manipulated loops 2 and 3 of
Dictyostelium myosin. Loop 2 and loop 3 sequences of Dictyo-
stelium myosin are as follows.

Loop 2 %12 FNDPNIASRAKKGANFITVA 63!

Loop 3 5% EPRESK 3%,

We made 3 mutant myosins. S564K mutant myosin had one
additional positive charge in loop 3 and R620A-K622A mutant
myosin lost 2 positive charges from loop 2. S564K/R620A-K622A
mutant myosin has these both of 2 mutations. Since actin-
activated ATPase activity of these mutants and wild-type Dic-
tyostelium myosin increased linearly with actin concentration due
to low affinity for actin under our assay condition (34), we
compared their ATPase activity at 95 uM (4 mg/ml) actin.
Addition of one positive charge to loop 3 (S564K) enhanced the
ATPase activity 1.7-fold higher than that of the wild type while
leaving the velocity the same (Table 5, S564K). Removing 2
positive charges from loop 2 dramatically decreased the ATPase
activity (Table 5, R620A-K622A). The R620A-K622A myosin
could not translocate actin filaments probably due to low affinity
for actin even in the presence of methylcellulose. While actin
filaments attached to the R620A-K622A myosin-coated surface
in the absence of ATP, the majority of the actin filaments
dissociated on addition of ATP. Some stayed near the surface
and exhibited random, lateral motion without making noticeable
unidirectional axial movement. Adding one positive charge to
loop 3 (S564K) in the R620A-K622A mutant myosin increased
ATPase activity 3.8-fold higher than that of the R620A-K622A
mutant and could move actin filaments (Table 5, SS64K/R620A-
K622A). The actin sliding velocity of the SS64K/R620A-K622A
myosin is 1.3-fold higher than that of wild type.

Discussion

Role of Loop 3 in the Actin Activation. Most myosins have positively
charged a loop 2 with a cluster of lysine residues (Table 1). Many
studies using various myosins suggested that the net charge of
loop 2 controls the affinity of myosin for actin (25-29). Unlike
other myosins, loop 2 of Chara myosin is very short and the
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Table 4. Sequences, net charge, and activity of wild type and loop 2 mutants of Chara myosin motor domain

Sequence* Net charge Vmax! (Pi/head/s) Kapp' (M) Velocity* (um/s)
L2 (-2) FPADEG TA APSAFMSIG -2 570 103 6.2 +£0.3
L2 (C-1) FPADEG TK APSAFMSIG =1 690 69 59+0.3
L2 (N-1) FPADEG TA APSKFMSIG -1 540 21 4.4 + 0.3
WT FPADEG TK APSKFMSIG 0 580 23 4.8 = 0.2
L2 (N+0) FPADEGGGAAGG TK APSKFMSIG 0 520 25 4.2 +0.2
L2 (N+2) FPADEGGGKKGG TK APSKFMSIG +2 630 8.2 24 +0.2
L2 (C+2) FPADEG TKAPSKKKFMSIG +2 500 8.3 1.7 £ 0.2
L2 (+4) FPADEGGGKKGGTKAPSKKKFMSIG +4 470 2.8 1.1+ 0.1

*Positively charged amino acid and altered amino acid are shown in bold and italic, respectively.

fValues are averages of two measurements on two independent preparations.

*Values are average = SD of 40-50 actin filaments on two independent preparations.

number of positively charged amino acids in it is only 2, which
are not in a cluster but separated (Table 1). In contrast, Chara
myosin has much more positive net charge in loop 3 than any
other myosins (Table 2). In agreement with this sequence
feature, our results clearly showed a large contribution of loop
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Fig. 3. Kinetic analysis of acto-L2 (+4). (A) MantADP dissociation from
acto-L2 (+4). A solution containing 1 uM L2 (+4), 20 uM actin and 100 uM
mantADP was mixed with 5 mM ATP (final concentration) at 25 °C. MantADP
dissociation from acto-MD was monitored using fluorescence energy transfer
between tryptophan of motor domain and mantADP. The transient is an
average of 5to 7 separate recordings and the solid line is a single exponential
fit, which gave a rate constant (k.app) of 406 s~' in the example shown.
Averaged value of 5 independent assays for 2 independent preparations was
480 = 70s~' (n = 5). AU = arbitrary units. (B) ATP-induced dissociation of the
pyrene-actin- L2 (+4) complex. Observed rate of ATP-induced dissociation
(kobs) at 25 °C was plotted against ATP concentrations (10 to 40 uM). Slope of
the plot gave a value for K1k, of 4.0 uM~'s~1. (Inset) Representative data
when 0.5 uM pyrene-acto- L2 (+4) complex was mixed with 10 uM ATP (final
concentration). Single exponential fit to the observed fluorescence change
gave a rate constant of 34 s~ (solid line).
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3 of Chara myosin to the V. of the actin-activated ATPase
activity (Fig. 2 and Table 3). In addition, the affinity of Chara
myosin for actin was largely dependent on the positive charge of
loop 3, which was shown by both the K, of the actin-activated
ATPase activity (Fig. 2 and Table 3) and actin-cosedimentation
assays (see Results).

As mentioned earlier, the rate-limiting step of acto-Chara myosin
ATPase is suggested to be the transition from a weekly bound state
with actin to a strongly bound state with concomitant release of Pi
(6). Because substitution of positively charged amino acids in loop
3 to alanine lowered Vpay, the interaction with actin through loop
3 seems to play a critical role in triggering the transition from the
weakly to the strongly bound state. Results using Dictyostelium
mutant myosins also supported the relationship between loop 3 and
actin-activated ATPase activity (Table 5). Combination of x-ray
crystallographic results with information from electron microscopy
revealed that loop 2 interacts with a subdomain 1 of actin molecule
at which strong binding through hydrophobic interaction occurs and
loop 3 interacts with a subdomain 1 of the next actin molecule (on
the barbed-end side) in the same strand of double helical actin
filament (35). This simultaneous interaction will make myosin head
bind stably with 2 neighboring actin molecules in a filament. This
interaction may, at the same time, alter the conformation of myosin
the motor domain, which somehow deforms the active site and
accelerates phosphate release. Variation in extent and manner of
acto-myosin interactions would change the extent of the deforma-
tion of the active site. Among myosins so far measured, actin-
activated ATPase activity of Chara myosin is the highest and this
may be relevant to the fact that the net positive charge in loop 3 of
Chara myosin is the largest among all myosins (Table 2).

Effect of Loop 2 Charge on the Velocity. When the net charge in loop
2 increased, K,pp, decreased (the apparent affinity for actin

Table 5. ATPase activity and velocity of WT and mutant
Dictyostelium myosin |l

ATP ase activity* Velocity
(Pi/head/s) (um/s)*
WT 14 £0.2 24 +0.2
S564K 24+03 24 +0.2
R620A K622A 0.12 = 0.01 0
S564K/R620A K622A 0.45 = 0.06 3.1 = 0.4*

Actin-activated ATPase activity and velocity of wild type and mutant Dic-
tyostelium myosins
*Values are averages = SD of at least three measurements on two indepen-
dent preparations. Each value was obtained by subtracted activities in the
absence of actin from the measured values in the presence of 95 uM actin.
"Values are averages + SD of 20-30 actin filaments on two independent
preparations.
*Velocity of S564K/R620A K622A myosin was done in the presence of 0.8%
methylcellulose.

Ito et al.
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Fig. 4. Schematic diagram of strategy of Chara myosin for fast movement.
For most myosins, the hydrophilic interaction with actin is mainly through
loop 2, which slows ADP release and thus velocity (Left). In contrast for Chara
myosin, hydrophilic interaction with actin is mainly through loop 3, which
does not slow (Right).

increased) but Vyax was less affected. In the loop 2 mutants,
however, the velocity decreased with the decrease in K, (Table
4). Decrease in the velocity was caused by the reduction in
ADP dissociation rate from acto-Chara myosin motor domain
(Fig. 3). Similar results for the effect of positive charge in loop
2 on the velocity were reported for smooth muscle myosin II (25).
The inverse correlation between the net charge of loop 2 and the
velocity may be a general rule for myosin velocity although an
exceptional result was reported for slow myosin with very long
loop 2. Addition of positive charges to loop 2 of myosin V did not
alter the velocity (29). Since a-helix after loop 2 is connected to
a B-strand that surrounds the nucleotide binding site of myosin
(36), strong interaction with actin through loop 2 somehow
reduces the ADP release rate and thus velocity. It surprised us
that 2 of loop 2 mutants moved faster than wild type (Table 4).

Increase in the positive charge in both loop 2 and loop 3
lowered the K,p,p, similarly, but their electrostatic interaction with
actin affected the ATPase activity and the velocity differently. It
is probably due to the difference in the stress exerted on the
motor domain by their interaction with actin as mentioned
above. The affinity for actin can be maintained by positive charge
in either loop 2 or loop 3, but affinity increment through loop 2
accompanies reduction in the ADP release rate and thus lowers
the velocity (Figs. 3 and 4). It is speculated that Chara myosin has
evolved to keep the high affinity for actin through loop 3 and
reduce the positive charge in loop 2 to enhance the ADP release
rate for its high velocity.

Our results suggest that we can make various myosins move
faster than the original one by reducing the positive charge from
loop 2. To maintain actin affinity of the mutant myosin of which
positive charge in loop 2 is decreased, the positive charge in loop
3 should be increased because charge alteration in loop 3 has
little effect on velocity. This was also supported by the mutation
experiments using Dictyostelium myosin (Table 5). Although the
velocity of the Dictyostelium mutant myosin was far lower than
that of Chara myosin, suggesting that there is intrinsic difference
between Dictyostelium myosin and Chara myosin, the results
obtained from different class myosin (class II) proved our
hypothesis and supported our view that one of the reasons for the
high velocity of Chara myosin is low positive charge in loop 2 and
high positive charge in loop 3.
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Materials and Methods

Protein Engineering, Expression, and Purification. A baculovirus transfer vector
for Chara myosin motor domain (pFastBac MD) was made as mentioned
previously (6). Chara myosin motor domain contains residues 4-746 of the
Chara myosin heavy chain, a flexible linker (GGG), a Myc-epitope sequence
(EQKLISEEDL), and a (His)s-tag (Molecular weight: 86,676). A baculovirus
transfer vector for Chara myosin motor domain with FLAG-tag (pFastBac MD
with FLAG-tag) was generated as follows. pFastBac MD was cut with Xhol and
Sacl (a Xhol-Sacl fragment of Chara myosin motor domain). pFastBac MD-
Vneck (6) was cut with Xhol and Sacl and legated with a Xhol-Sacl fragment
of pFastBac MD. The resultant protein, Chara myosin motor domain with
FLAG-tag, encodes the N-terminal sequence (MSYYHHHHHHDYKDDDDK-
NIPTTENLYFQGA) containing the sequence of (His)s-tag and FLAG-tag (DYK-
DDDDK), residues 4-746 of Chara myosin heavy chain, a flexible linker (GGG),
a Myc-epitope sequence (EQKLISEEDL) and a (His)s-tag (Molecular weight:
91,761). Chara myosin motor domains with FLAG-tag were L3 (-5), L3 (N-3),
L3(C-2), L2 (-2) and L2 (C-1). Mutations of loop 2, loop 3 of Chara motor domain
and Dictyostelium myosins were made by site-directed mutagenesis using
ExSite PCR-Based Site-Directed Mutagenesis Kit (Stratagene). Mutant and
wild-type motor domains were expressed in insect cells and purified as men-
tioned previously (6). Mutant motor domains with FLAG-tag were purified as
mentioned previously (6), except that Ni-affinity-purification was also done
before FLAG-tag affinity purification. Wild-type and mutant Dictyostelium
myosins were purified as described (37) and phosphorylated as described (38)
using bacterially expressed myosin light chain kinase that carried a T166E
mutation (39).

ATPase and in Vitro Velocity Assays. Steady-state ATPase activities were
measured as described (5). The reactions were done in 25 mM KCl, 4 mM
MgCly, 25 mM Hepes-KOH (pH 7.4), 1 mM ATP, 1 mM DTT, and 1 mg/mIBSA and
at 30 °C, except for those in Fig. 1, which were done in 10 MM KCl, 4 mM MgCl,,
20 mM Hepes-KOH (pH 7.4), 1 mM ATP, 1 mM DTT, and 1 mg/ml BSA and at
30 °C. The reactions were started by the addition of ATP, except for those of
Dictyostelium full length myosin in Table 5, which were started by the addition
of myosin as described (34). The velocity of MD was measured using an
anti-myc antibody-based version of the in vitro actin filament gliding assay as
described (6). The velocity of Dictyostelium myosin was measured as described
(37). The velocity of actin filaments was measured in 25 mM KCl, 4 mM MgCly,
25 mM Hepes-KOH (pH 7.4), 3 mM ATP, 10 mM DTT and oxygen scavenger
system (120 ng/ml glucose oxidase, 12.8 mM glucose, and 20 ug/ml catalase)
at 25 °C. Methyl cellulose (0.8%) was added to the assay buffer to measure the
velocity of L3(-4) and Dictyostelium myosin S564K/R620A-K622A.

Cosedimentation Assays. Cosedimentation assays were done as described (37).
The solution used in the transient kinetic experiments was the same as that
used in the steady-state ATPase measurements and in vitro velocity assays,
except that nonhydrolyzable ATP analog AMP-PNP was used, instead of ATP.

Transient Kinetic Measurements. All kinetic experiments were done at 25 °C
using an Applied Photophysics SX18MV stopped-flow spectrophotometer (dead
time: 1.15 ms). The solution used in the transient kinetic experiments was the
same as that used in the steady-state ATPase measurements and in vitro velocity
assays. Dissociation of acto-motor domain by ATP was monitored through the
change in fluorescence intensity of pyrene-labeled actin stabilized by phalloidin
excited at 365 nm and detected after passing through a 389 nm cutoff filter.
Dissociation of mantADP from acto-motor domain was monitored by the de-
crease in its fluorescence. MantADP were excited at 290 nm via fluorescence
resonance energy transfer from tryptophan of motor domain and emission was
observed after passing through a 389 nm cutoff filter.
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