
S
L
f

Y
L
U
o

R

m
s
p
w
t
t
d
s
1
f
c
n
fi
l
d
v

t
s
c
2
d
a
o
m
h
c
s
m
c
m

8

Biochemical and Biophysical Research Communications 269, 237–241 (2000)

doi:10.1006/bbrc.2000.2273, available online at http://www.idealibrary.com on
tructure-Function Relationships of the Two Surface
oops of Myosin Heavy Chain Isoforms
rom Thermally Acclimated Carp

asushi Hirayama, Kazuo Sutoh,* and Shugo Watabe1

aboratory of Aquatic Molecular Biology and Biotechnology, Graduate School of Agricultural and Life Sciences,
niversity of Tokyo, Bunkyo, Tokyo 113-8657, Japan; and *Department of Life Sciences, Graduate School

f Arts and Sciences, University of Tokyo, Meguro, Tokyo 153-8902, Japan

eceived January 16, 2000
loop is still ambiguous. Objective of this study was to
r
u

f
a
(
a
a
t
(
m
t
s
w
e
i
h
w
p

i
q
s
i
s
m
(
t
n
c
c
a
i
i
e
c

The structure-function relationships of fast skeletal
yosin isoforms remain poorly understood. To shed

ome light, we constructed chimeric myosins com-
rised of Dictyostelium myosin heavy chain backbone
ith carp loop sequences and analyzed their func-

ional properties. A loop 2–10 chimeric myosin having
he loop 2 sequence of the fast skeletal isoform pre-
ominantly expressed in carp acclimated to 10°C
howed Vmax in actin-activated Mg21-ATPase activity
.4-fold higher than a loop 2–30 chimera constructed
rom the loop 2 sequence of the dominant isoform in
arp acclimated to 30°C. These two chimera exhibited
o significant differences in sliding velocity of actin
laments in in vitro motility assay. Contrastingly, both

oop 1-associated chimeras, loop 1–10 and loop 1–30,
id not differ in both ATPase activity and in sliding
elocity of actin filaments. © 2000 Academic Press

Myosin is an actin-based molecular motor which
ransduces chemical energy obtained by ATP hydroly-
is into mechanical work. It consists of two heavy
hains of about 200 kDa and four light chains of about
0 kDa. The four light chains are classified into two
istinct functional types: each of two essential (ELC)
nd regulatory light chains (RLC). N-terminal halves
f two heavy chains form a globular domain, subfrag-
ent 1 (S1), with ELC and RLC, whereas C-terminal
alves form extended rod-like structures of a-helical
oiled-coil (1). S1 contains ATP- and actin-binding
ites, and is fully equipped with factors essential for
otor function of myosin (2, 3). Although it has re-

ently been suggested that two surface loops of S1
odulate motor function of myosin, precise role of each

1 To whom correspondence should be addressed. Fax: 181-3-5841-
166. E-mail: awatabe@mail.ecc.u-tokyo.ac.jp.
237
eveal the structure-function relationships of these loops
sing carp fast skeletal myosin heavy chain isoforms.
Previously, our group has shown that carp expresses

ast skeletal myosin isoforms having different motor
ctivities in association with temperature acclimation
4–9). Hwang et al. (4) first showed that myosin prep-
ration from carp acclimated to 10°C had Vmax for actin-
ctivated Mg21-ATPase activity 1.6-fold higher than
hat from fish acclimated to 30°C. Later, Chaen et al.
8) reported that myosin from the 10°C-acclimated carp

oved actin filaments in in vitro motility assay faster
han that from the 30°C-acclimated fish. However,
ince myosins purified from thermally acclimated carp
ere mixtures of different isoforms, it was difficult to
valuate isoform-specific functions. Recently, we have
solated cDNA clones encoding fast skeletal myosin
eavy chain isoforms from carp, where major isoforms
ere the 10°C and 30°C types predominantly ex-
ressed at 10°C and 30°C, respectively (9–11).
These two isoforms generally resembled each other

n the primary structure, showing more than 90% se-
uence identity. However, the sequences of two surface
tructures, loops 1 and 2, were diverged between the
soforms (Fig. 1A). Recent studies on myosin from other
pecies have shown that these loops are implicated in
odulating motor functions of the myosin molecule

12, 13). Loop 1, which connects the 25 kDa and 50 kDa
ryptic fragments of S1 heavy chain, is located near the
ucleotide-binding pocket and likely to tune the rate
onstant for ADP release. On the other hand, loop 2
onnects the 50 kDa and 20kDa S1 tryptic fragments
nd is one of the actin-binding sites, possibly regulat-
ng Vmax of actin-activated Mg21-ATPase activity. Thus,
t seems reasonable to speculate that structural differ-
nces in the two surface loops of carp myosin heavy
hain isoforms affect their motor activities.
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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rised of Dictyostelium discoideum myosin backbones
ith loop sequences of carp S1 heavy chain isoforms.
hese chimeras were subjected to Mg21-ATPase activ-

ty measurements and in vitro motility assays to reveal
tructure-function relationships of carp myosin iso-
orms.

ATERIALS AND METHODS

Construction of expression vector for chimeric myosin heavy chain.
he expression vectors for chimeric Dictyostelium myosin heavy
hains having loop sequences of carp, Cyprinus carpio, were con-
tructed according to the method described by Uyeda et al. (14) using
n extrachromosomal expression vector pTIKL-myosin (15). Substi-
uted regions are boxed in Fig. 1A.

Transformation of expression vectors into Dictyostelium cells.
ransformation of expression vectors into Dictyostelium myosin null
ells (16) was carried out as described by Egelhoff et al. (17). While
ransformed cells were selected by adding 10 mg/ml geneticin (G418),
he growth rate was determined with increased cell numbers in
uspension culture. The culture medium containing cells were
haken at 150 rpm at 22°C and developments of the transformed
ells were accomplished on agar plates covered with a lawn of
scherichia coli cells.

Purification of proteins. Phosphorylated chimeric myosins were
urified from transformed Dictyostelium cells as described by Shi-
ada et al. (18). Rabbit fast skeletal muscle a-actin was purified

ccording to Spudich and Watt (19).

Measurements of actin-activated Mg21-ATPase activity. Actin-
ctivated Mg21-ATPase activities of expressed chimeric myosins
ere determined by the malachite green method (20) by measuring

eleased Pi. Reaction mixtures contained 18 mM MOPS (pH 7.4),
2.5 mM KCl, 4 mM MgCl2, 1 mM ATP, 0.1 mM DTT, 0.03 mg/ml
yosin, and various concentrations (0–1 mg/ml) of F-actin. The

eaction was initiated by the addition of ATP and the mixture was
ncubated at 20°C, from which 100 ml aliquots were taken at 5-min
ntervals. The reaction was stopped by the addition of 100 ml ice-cold
.6 M perchloric acid.

In vitro motility assay. The motile activities of chimeric myosins
ere measured by in vitro motility assay, observing F-actin fila-
ents sliding on a cover glass coated with myosin as reported pre-

iously (21–24).

ESULTS

xpression and Purification of Chimeric Myosins

Figure 1A shows the deduced amino acid sequences
f two surface loops of carp myosin heavy chain iso-
orms (11). The 10°C and 30°C types represent fast
keletal isoforms predominantly expressed in carp ac-
limated to 10°C and 30°C, respectively. Loop 1–10 and
oop 1–30 denote Dictyostelium chimeric myosins with
oop 1 of the 10°C- and 30°C-type carp myosin heavy
hains, respectively, whereas loop 2–10 and loop 2–30
ndicate their counterparts comprising loop 2, respec-
ively (Fig. 1B). Transformed cells with chimeric myo-
in heavy chain genes showed slightly slower growth
ate in suspension culture than the control cells of
ictyostelium wild-type. However, all the transfor-
238
ants could rescue myosin null phenotype in cytoki-
esis and grew up to ;1 3 107 cells/ml. In addition, all
he transformed cells formed normal fruiting bodies
nder starving conditions (data not shown). These re-
ults indicate that the present chimeric myosins of
ictyostelium had normal functions.
For purification of chimeric myosins, actomyosin was

rst extracted from 500 ml of cell culture by a conven-
ional method. Actin and myosin were dissociated by
dding 5 mM Mg21-ATP to actomyosin solution and
rude myosin was obtained by ultracentrifugation.
EAE-5PW ion-exchange column chromatography was
erformed after treating with catalytic subunit of re-
ombinant myosin light chain kinase (25). Chimeric
yosins thus obtained were of highly purified state
ith almost no contaminating proteins (data not

hown).

ctin-activated Mg21-ATPase Activities
of Chimeric Myosins

Actin-activated Mg21-ATPase activity was measured
or chimeric myosins as well as for the wild-type coun-

FIG. 1. (A) Amino acid sequences of loop 1 and loop 2 of carp fast
keletal myosin heavy chain isoforms together with those of Dictyo-
telium discoideum. The 10°C and 30°C types are dominant isoforms
xpressed in carp acclimated to 10°C and 30°C, respectively (11). The
ighly diverged regions are boxed. LCBD, light chain binding do-
ain. (B) Schematic representation of Dictyostelium chimeric myo-

in heavy chains. Dictyostelium, carp 10°C-type, and carp 30°C-type
equences are represented by lines, open boxes, and hatched boxes,
espectively. Loop 1–10 and loop 1–30 denote Dictyostelium chimeric
yosins with loop 1 from carp 10°C- and 30°C-type myosin heavy

hains, respectively; loop 2–10 and loop 2–30 indicate those with loop
from corresponding isoforms of carp.
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erpart at 20°C in the absence and presence of various
oncentrations of F-actin up to 1 mg/ml. Vmax in the
ctivity and Km for actin were calculated by double-
eciprocal plots (Fig. 2, Table 1). The two loop
-associated chimeric myosins, loop 1–10 and loop
–30, showed Vmax and Km values similar to those of
ictyostelium wild-type myosin. These results were

onsistent with the data reported by Murphy and
pudich (26) for Dictyostelium chimeric myosins hav-

ng loop 1 of rabbit skeletal or Acanthamoeba myosin,
hich showed that chimeric substitutions of loop 1 did
ot affect Vmax of actin-activated Mg21-ATPase activity.
owever, in the present study on carp, the Vmax in
ctin-activated Mg21-ATPase activity of the loop 2–10

FIG. 2. Double-reciprocal plots of actin-activated Mg21-ATPase
ctivity of Dictyostelium chimeric myosins containing carp loop 1 and
oop 2 together with those for Dictyostelium wild-type. Refer to the
egend of Fig. 1 for definition of chimeric myosins.

TABLE 1

The Maximal Initial Velocity (Vmax) of Actin-activated
g21-ATPase Activity and Apparent Affinity to F-actin (Km)

t 20°C of the Dictyostelium Chimeric Myosins Containing
arp Loop 1 and Loop 2 together with Those for Dictyoste-

ium Wild-type

Myosin* Vmax (s21)** Km (mM)**

Loop 1–10 0.80 6 0.04 1.1 6 0.2
Loop 1–30 0.80 6 0.02 0.8 6 0.2
Loop 2–10 0.95 6 0.02a 0.7 6 0.2
Loop 2–30 0.68 6 0.02a 0.6 6 0.3
Wild type 0.71 6 0.01 0.9 6 0.1

* Loop 1–10 and loop 1–30 denote Dictyostelium chimeric myosins
ith loop 1 from the 10°C- and 30°C-type myosin heavy chains,

espectively, whereas loop 2–10 and loop 2–30 indicated those with
oop 2 from corresponding isoforms of carp.

** Means 6 SE from 4 determinations for two preparations.
a Difference is significant at P , 0.001 level.
239
yosin was 1.4-fold higher than the loop 2–30 myosin,
ut without marked variation in Km for actin. Uyeda
t al. (14) constructed chimeras of Dictyostelium myo-
in by substituting loop 2 region with those from other
nimal species and demonstrated that the chimeric
yosin having rabbit skeletal loop 2 showed actin-

ctivated Mg21-ATPase activity 5.1-fold higher than
hat of Dictyostelium wild-type in the presence of 1
g/ml F-actin. Although chimeric myosins containing

arp loop 2 sequences in this study did not show such
igh activity, the differences in the activity between

oop 2–10 and loop 2–30 chimera were significant
Fig. 2, Table 1).

n Vitro Motility Assay

Table 2 shows the results obtained from in vitro
otility assay for chimeric myosins. The Dictyostelium
ild-type moved actin filaments at 1.29 6 0.22 mm/s,
hich was slightly slower than those reported previ-
usly (18, 27). However, all chimeric myosins showed
imilar sliding velocities, unlike the changes in actin-
ctivated Mg21-ATPase activity described before.

ISCUSSION

We have recently found that carp expresses fast skel-
tal myosin isoforms having different motor activities
ollowing temperature acclimation (4–9). Although
hese isoforms closely resembled each other in the pri-
ary structure, the sequences in loop 1 and loop 2

egions were markedly different among the isoforms
11). So far, it was somewhat difficult to prepare re-
ombinant skeletal myosin molecules, which facilitate
n evaluation of sequence diversity in the functional
omain. Recently, Uyeda et al. (14) have successfully
onstructed Dictyostelium myosins having loop 2 se-
uences of foreign origins and showed that resulting
himeric substitution affected actin-activated Mg21-

Sliding Velocities of Fluorescent F-actin over the Dictyo-
telium Chimeric Myosins Containing Carp Loop 1 and Loop
at 25°C Together with Those of Dictyostelium Wild-type

Myosin* Sliding velocity (mm/s)**

Loop 1–10 1.30 6 0.24
Loop 1–30 1.29 6 0.23
Loop 2–10 1.27 6 0.17
Loop 2–30 1.29 6 0.29
Wild type 1.29 6 0.22

* Loop 1–10 and loop 1–30 denote Dictyostelium chimeric myosins
ith loop 1 from the 10°C- and 30°C-type myosin heavy chains,

espectively, whereas loop 2–10 and loop 2–30 indicated those with
oop 2 from corresponding isoforms of carp.

** Means 6 SE for sliding velocity of 40 actin filaments.
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laimed that loop 1 structure affected ADP release rate
n the cross-bridge cycle using the same expression
ystem.
Such developments stimulated us to investigate the

tructure-function relationships of carp myosin heavy
hain isoforms focusing on the two surface loops by
sing Dictyostelium myosin expression system. The

oop 2–10 myosin showed Vmax 1.4-fold higher than the
oop 2–30 counterpart. These results with chimeric

yosins were consistent with our previous observation
hat fast skeletal myosin prepared from the 10°C-
cclimated carp showed Vmax 1.6-fold higher than that
f the 30°C-acclimated carp (4). It should be noted that
he 10°C- and 30°C-type myosin heavy chains are dom-
nant isoforms in the 10°C- and 30°C-acclimated carp,
espectively (9–11). Recent studies on myosin loop 2
ave revealed that it has a critical role in modulating
ctin-activated Mg21-ATPase activity. This loop is lo-
ated at one of the actin-binding sites, positively
harged amino acids of which are considered to interact
ith the negatively charged N-terminal part of the
ctin molecule (28, 29). However, amino acid sequences
f loop 2 are highly diverged among various myosins
ncluding carp isoforms. Spudich (12) claimed that loop
possibly tunes the rate of phosphate release and thus
ffect Vmax for actin-activated Mg21-ATPase activity.
lthough three positively charged residues of lysine
ere contained in both loop 2 sequence from the two

arp isoforms, the overall sequences were markedly
ifferent between the isoforms (Fig. 1A).
On the other hand, no significant differences in Vmax

ere observed between the present two loop 1 chimeric
yosins, loop 1–10 and loop 1–30. Moreover, the loop

–10 and loop 1–30 constructs, as well as the two loop
-associated chimeras, moved actin filaments in in
itro motility assay at similar sliding velocities. These
esults reported in this study were clearly different
rom previous findings that loop 1 structure affected
he sliding velocity of actin filaments (26, 30, 31). As
escribed before, myosin preparation from carp accli-
ated to 10°C moved actin filaments faster than that

rom the 30°C-acclimated carp (8). Therefore, differ-
nces in motile activity of carp myosin isoforms are
robably caused by amino acid substitutions in other
egions. However, it should be noted that Dictyostelium
nd skeletal myosins may have different properties.
In summary, the present study strongly suggests

hat the differences in Vmax values for actin-activated
g21-ATPase activity observed in myosin preparations

rom thermally acclimated carp were mostly due to the
ifferent amino acid sequences of their loop 2 regions
redominantly expressed at respective acclimation
emperatures. In addition, our data showed that two
urface loops of carp myosin heavy chain isoforms ap-
arently did not affect the change in sliding velocity of
240
esponsible for such change in sliding velocity.
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