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Cloning and Characterization of a Myosin from Characean Alga, the
Fastest Motor Protein in the World1
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In characean algae, very rapid cytoplasmic streaming is generated by sliding movement
of an unconventional myosin on fixed actin cables. The speed of this sliding movement is
the fastest among many molecular motors known so far. We have cloned a set of overlap-
ping cDNAs encoding the heavy chain of this myosin by immunoscreening with anti-
body raised against characean myosin. The molecular mass of this heavy chain is 248
kDa, and the protein has a conserved motor domain, six IQ motifs, an extensive a-helical
coiled-coil domain, and a C-terminal globular domain. Phylogenetic analysis suggested
that this myosin belongs to class XL
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Cytoplasmic streaming in characean algae is known to be
extremely fast (about 70 jxm/s at 20*C). It is generated by
an unconventional myosin which, bound to endoplasmic
reticulum, runs on the track of actin bundles attached to
chloroplasts lying under the plasma membrane (1, 2). We
purified this unique myosin from Chara corallina (3). The
myosin can translocate fluorescently labeled F-actin at a
velocity of about 50 ujn/s in the in vitro motility assay. This
sliding velocity is about 10 times higher than that of mus-
cle myosin and is the highest of all achieved not only by
myosins but also by other motor proteins. Electron micro-
scopic study revealed that this myosin has two heads with
similar size and shape to those of muscle myosin. But its
tail is shorter than that of muscle myosin and it has a glob-
ular structure at the distal end, which is probably the site
of interaction with the membrane (4). The actin-activated
Mg-ATPase activity of characean myosin is not higher than
that of muscle myosin. Since the head size and the turn-
over rate of this myosin are not so different from those of
muscle myosin, its high velocity may be accomplished by
rapid conformational change during the power stroke.
Therefore, determination of its primary structure and com-
parison with that of muscle myosin are essential to under-
stand why this myosin can support such fast movement of
actin filaments. In this study, we cloned a set of overlapping
cDNAs encoding the full-length amino acid sequence of this
myosin. The structure predicted from its amino acid se-
quence agreed well with that observed previously by elec-
tron microscopy. Several interesting differences and simi-
larities in sequence were found between this myosin and
muscle myosin.
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MATERIALS AND METHODS

Cloning—Total RNA of C. corallina was obtained by a
procedure combining the acid guam'dinium-phenol-chloro-
form (AGPC) method for animal cells and the cetyltrimeth-
ylammonium bromide (CTAB) method for plant cells.
Poly(A)+ RNA was isolated from total RNA using an oligo-
dT column [poly(A)+ RNA purification kit, Pharmacia] ac-
cording to the manufacturer's instructions. Double-strand-
ed cDNA was synthesized with both random and oligo-dT
primer from poly(A)+ RNA using Superscript™ Choice Sys-
tem for cDNA Synthesis (Gibco BRL), and ligated into
XZAP II expression vector (Stratagene). Then the vector
was packaged in vitro using a Gigapack III Gold Packaging
Extract (Stratagene) according to the manufacturer's in-
structions.

The initial set of characean myosin cDNA clones was
immunoscreened from a C. corallina cDNA library with a
polyclonal antibody raised in rabbit against characean my-
osin (3). Immunoscreening was done according to standard
procedure. Membranes were incubated with primary anti-
body, and alkaline phosphatase-conjugated goat anti-rabbit
IgG (Promega) was used to detect positive plaques. Nucle-
otide sequencing was carried out by the dideoxy chain ter-
mination method (5) using Thermo Sequenase (Amersham)
and a DNA sequencer (ALF Express DNA sequencer, Phar-
macia). Alignment of nucleotide sequences and comparison
were performed by use of GENETYX-MAC Ver. 8 (Software
Development). Databank searching was carried out using
the BLAST program in the DDBJ (DNA Data Bank of
Japan). Predictions for coiled-coil structure were carried
out using the COILS Ver. 2.2 (6, 7). Two overlapping clones
(106 and 107) were isolated from 600,000 phage plaques by
immunoscreening using polyclonal antibody against chara-
cean myosin. These clones contained single open reading
frame, which encodes the C-terminal region of C. corallina
myosin (CCM), and the complete 3' noncoding sequence
with poly(A) tail. The BLAST search suggested that the C-
terminal sequence had some homology to those of class V
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and XI myosins. To extend sequences obtained by immuno-
screening in the 5' direction rapidly, degenerated PCR was
performed. In view of the similarity between the obtained
cDNA and class V and XI myosins, degenerated primer
LDIY-5' (5'-YTNGAYATHTAYGGNTTYGA-3') encoding
amino acid sequence LDIYGFE, which is conserved among
class V and XI myosins, and gene-specific primer CCM-3'
(5'-TGCCTCCCIXjrATCCTTTTCGCAGA-3') were synthe-
sized. PCR product was subcloned into pBluescript II plas-
mid (Stratagene) by TA cloning. IQ (1,692 bp) clone was
obtained by this procedure. DNA sequence of the PCR
product was identical to that of 106 in the overlapping
region. To obtain the complete sequence, the Pstl fragment
of IQ was used as a probe to screen the same library. Hy-
bridization and detection were carried out using DIG DNA
labeling and detection kit (Boehringer Mannheim). The
positive recombinant phage was subjected to in vivo exci-
sion to yield pBluescript phagemid using the ExAssist™/
SOLR™ system (Stratagene). Two clones \Q1 and AT2
were obtained by this procedure. These overlapping clones
contained both 5' and 3' noncoding sequences and a long
open reading frame of 2,182 amino acids with a calculated
molecular mass of 247 723 (accession number: AB007459).

Expression of Fusion Protein and Antibody Production—
DNA fragments encoding distinct domains of characean
myosin heavy chain were obtained by digesting with appro-
priate restriction enzymes, subcloned into pRSET expres-
sion vector (Invitrogen), and expressed in Escherichia. coli
BL21. Peptides in the cells were separated from other pro-
teins by SDS-PAGE. These peptides in the gel slices were
collected electrophoretically and injected into rabbit.

Immunoblotting—Frozen, ground, and dried C. corallina
was dissolved in SDS solution. This characean whole sam-
ple was subjected to electrophoresis on 10% SDS—polyacryl-
amide gel. Proteins in the gel were transferred to nitro-
cellulose membrane and immunoblotted according to stan-
dard procedure. The primary antibody was allowed to react

for 1 h and its location was detected by alkaline phos-
phatase-conjugated goat anti-rabbit IgG (1:5,000 dilution,
Promega).

Phylogenetic Analysis—Multiple alignment was perform-
ed and an unrooted phylogenetic tree was created based on
the neighbor-joining method using the program in Clustal
X (8). Bootstrap resampling (1,000 trials) was used to esti-
mate the degree of confidence in the branching order.

Inhibition of Motile Activity by Antibody—The effect of
antibody on the motile activity of characean myosin was
studied as follows. Crude extract of characean cytoplasm
was briefly centrifuged to remove chloroplasts and loaded
into a flow cell (3). After incubation with blocking solution
containing 0.5 mg/ml BSA, characean myosin adsorbed on
the cover slip was treated with either anti-myosin head IgG
or control nonimmune IgG for 15 min at room temperature.
In vitro motility assay was performed as described previ-
ously (3).

RESULTS

Domain Structure of the Characean Myosin—Amino acid
sequence analysis revealed that the C. corallina myosin
(CCM) was composed of a head domain, a neck domain, a
coiled-coil rod domain, and a globular tail domain (Fig. 1).
Comparison of the amino acid sequence of CCM with those
of other myosins revealed that Arabidopsis MYA1 (9) has
the most closely related sequence. The head domain (amino
acids 1 to 740) shared 62.8% sequence identity with that of
MYA1. Although the whole domain structure was similar to
that of class V myosin from chicken (P190) (10), sequence
identity with the head domain of P190 was lower than that
with MYA.1 (Fig. 1). Several sequence motifs conserved in
the head domain of all myosins were also seen in CCM
(Fig. 2). These are a loop around a phosphate group (P-
loop), switch I, switch II, and a helix following switch II.
Highly reactive cysteine residues known as SHt and

ecu

HYA1

P190

Fig. 1. Structure of Chara coral-
lina myosin (CCM) deduced from
its amino acid sequence, and ho-
mology of the sequence to those of
type XI myosin (MYA1, accession
number Z28389) and type V myo-
sin (pl90, accession number
Z11718). Regions predicted to form a
coiled-coil structure with probability of
more than 90% are shaded. The per-
cent amino acid identity of the head
and globular tail domains as compared
to CCM is indicated.
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are also found in the corresponding location.
The neck domain of CCM (amino acids 741 to 883) had

six imperfect tandem repeats of the 23-25 amino acid se-
quence referred to as the IQ motif These are probably sites
for light chain binding. Directly following the neck region
was a region (amino acids 884 to 1635) predicted to form an
extensive coiled-coil structure. In particular, the region be-
tween residues 1073 to 1635 was composed of highly con-
served 33aa tandem repeats (3 to 5 times), which are pre-
dicted to form the coiled-coil structure. These four repeats
were separated at three regions by another 33 aa motif
that is predicted to break coiled-coil structure.

The distal C-terminal sequence (amino acids 1636 to
2182) of CCM shared 52.8% sequence identity with that of
MYA1 (Fig. 1). Like those of class V and XI myosins, this
region was predicted to form a globular structure. This

region also contained a motif conserved in these classes of
myosins (9,10).

Phylogenetic Analysis—Recent phylogenetdc analysis
using myosin head sequence indicated that the myosin
molecules sequenced to date could be classified into at least
13 distinct classes {11). The same analysis was performed
including sequence data of CCM. The resulting phyloge-
netic tree is shown in Fig. 3. A bootstrap value of 1,000 at
the node that joins the higher plant Class XI myosins
(MYA1, MYA2 etc) and CCM strongly supports the idea
that CCM can be classified as a Class XI myosin.

Immunochemical Analysis of CCM—Antibodies raised
against the coiled-coil region (amino acids 1050 to 1642)
and the globular tailpiece (amino acids 1639 to 2182) were
used. Immunoblot analysis showed that these antibodies
recognized the same protein band out of whole characean
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Fig. 2. Comparison of the primary structure of the head do-
main of Chora corallina myosin (CCM, upper sequence) with
that of chicken skeletal muscle myosin (Sk, lower sequence).
Identical and similar residues are indicated by asterisks and periods,
respectively. Characteristic sequence motifs are boxed. Reactive cys-
teine residues (SH, and SHj) of skeletal muscle myosin and corre-

• . . * . • • • *

761
802

sponding residues of CCM are indicated by bold typeface. The
arrowhead between SH; and SHj denotes a glycine residue, which is
the putative pivot point of swinging lever motion. The light chain
binding site is also boxed. Loop 1 and loop 2 of CCM are shorter than
those of skeletal muscle myosin.
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Fig. 3. An unrooted phylogenetic tree was generated using
the neighbor-joining program Clustal X package. The se-
quence divergence between any pair of sequences is equal to the
sum of the horizontal branch lengths connecting the two sequencea
The bootstrap values at each node indicate the number of times out
of 1,000 data resamplings that the sequences below a given node
clustered together. The accession numbers are described below: Bt
X, gb[U55042; Dm95f, sp|Q01989; por VI, pir|A54818; AcHMW,
spfP47808; DdIC, sp|P42522; AcIC, sp|P10569; BBMI, sp|P10568;
myrl, pirjC45439; DdMys2, sp|P08799; Chick Sk, sp)P13538; Chick
Giz, emb|X06546; P190, sp|Q02440; Myo2, sp|P19524; Myo4,
sp|P32492; ATM1, embpC69505; ATM2, emb|Z34292; AcMyol,
emb|U94397; AcMyo2, emb|U94398; CCM, emb|AB0O7459; haroy4,
emb|U94789; hamy5, emb|U94785; MYA1, emb|Z28389; MYA2,
emb|Z34293; Myr5, embfX77609; NinaC, sp|P10676.

proteins (Fig. 4, lanes C and D). This band was also identi-
cal to that recognized by the antibody raised against bio-
chemically purified characean myosin (Fig. 4, lane B).

Immunolocalization of characean myosin was done using
an antibody against a coiled-coil region of this myosin
heavy chain, because the sequence was quite unique. With
appropriate caution to prevent non-specific binding of IgG
to cytoplasmic components of characean cells, it was found
that the antibody localized myosin on the bundles of actin
filaments running parallel to the direction of streaming
(data not shown).

Inhibition of Motile Activity by Antibody—An antibody
against the head portion (amino acids 202 to 574) was
raised and used to examine if the motile activity of charac-
ean myosin was impaired. When the myosin on a cover slip
was treated with the antibody (0.35 mg/ml) for 15 min at
room temperature, its motile activity was completely lost

(kDa)

2 2 0 -

97 -

67 -

43 -

30 -

A B C D
Fig. 4. Binding of Chora coraUina myosin and antibodies
raised against bacterially expressed peptides. Proteins were
extracted from frozen and dried powder of C. condlina with SDS so-
lution, run on 10% gel, and transferred to nitroceUurose membrane
Lane A shows protein bands stained with amido black. Lanes B to D
show protein bands detected by antibodies against biochemically
purified C. corallina myosin (B), antibodies against coiled-coil region
peptide (C), and antibodies against distal tail domain peptide (D).
All antibodies recognize the same protein band with a molecular
mass of about 230 kDa (arrowhead).

(data not shown). An antibody against the globular tail-
piece did not impair the motility.

DISCUSSION

The molecular weight and domain structure predicted from
the sequence of this protein agreed very well with those of
characean myosin purified biochemically and observed by
electron microscopy. The molecular mass of the heavy chain
estimated by SDS polyacrylamide gel electrophoresis was
about 230 kDa (3), and the difference between this value
and that determined in this study (247 723) is within ex-
perimental error in this high molecular mass range. Chara-
cean myosin observed by electron microscopy showed two
heads, a relatively short rod portion, and a globular tail-
piece (4). The presence of a central sequence that tends to
form a coiled-coil structure indicates that this polypeptide
can self-associate to form dimers. Together with the data of
immunoblotting, immunolocalization, and the effect of anti-
body on the motile activity in vitro, these findings strongly
suggest that the gene cloned in this study is that for the
heavy chain of characean myosin, which drives the fast
movement in vivo and in vitro.

Phylogenetic analysis suggests that characean myosin
belongs to class XI. The role of class XI myosin in higher
plant cells is not clear, but it seems to play a part in vesicle
transport or cytoplasmic streaming, because its globular
tail sequence has a similar motif to that of characean myo-
sin, which is known to draw endoplasmic reticulum to gen-
erate streaming.

As mentioned earlier, the characean myosin supports
very fast sliding movement of actin filaments. The aim of
this study is to elucidate the mechanism of this movement
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by comparing the primary structure of characean myosin
with those of other slower myosins. The important compo-
nents in the myosin motor domain that are deduced from
the three-dimensional structure comparison of myosin, ki-
nesin, Ras, and elongation factor Tu (12), are all preserved
in this myosin. Amino acid sequences of a loop around a
phosphate group (P-loop), switch I, switch II, and the helix
following switch II are quite similar to those of muscle myo-
sin (Fig. 2).

Definite differences were observed at the junctions be-
tween the 25- and 50-kDa domains (loop 1) and the 50- and
20-kDa domains (loop 2). These loops are known to be strik-
ingly divergent among myosins. Loop 1 is close to the ATP
binding site and, in the case of muscle myosin, ATP affects
its susceptibility to various proteolytic enzymes (23).
Change in this loop may alter the release rate of ADP and,
therefore, the speed of the power stroke. Loop 2 of muscle
myosin is protected from proteolysis by the binding of actin
(14, 15) and can be cross-linked to the negatively charged
ammo-terminus of actin (16,17). Cleavage of this loop low-
ers the affinity of muscle myosin to actin (18-20). Replacing
this loop of Dictyostelium myosin with the corresponding
loop of muscle myosin makes the actin-activated Mg
ATPase activity of the chimera several-fold higher than
that of the wild type (21). Loop 2 is important for the weak
interaction with actin (19, 22). These two loops are very
short in characean myosin compared to muscle myosin. The
short loop 1 may increase the speed of the power stroke by
facilitating the release of ADP during the interaction with
actin. Tawada and Sekimoto suggested that the "weak
interaction" may also have a profound effect on the sliding
velocity by exerting a molecular drag force (23, 24). The
sliding velocity is determined not simply by the speed of
the power stroke. It is determined by the balance between
the force generated by active heads and the velocity depen-
dent drag force exerted by weakly interacting heads under
one actin filament. If the drag force is low, then the final
velocity will be high. The short and less positively charged
loop 2 may confer the high translocating activity on charac-
ean myosin by reducing the weak interaction. Of course,
the reason can not be so simpla Replacing these loops of
Dictyostelium myosin with those of characean myosin will
provide information about its high translocating activity.
Study in this line is now in progress.

Characean cytoplasmic streaming is sensitive to SH
reagents such as 7V-ethylmaleimide, and myosin was sug-
gested to be the target of the reagent (25). The existence of
cysteine residues at corresponding sites of reactive cysteine
residues (SHj and SHj) of muscle myosin supports the idea
that the SH reagent stops the streaming by directly inacti-
vating myosin.

The sequence showed six IQ motifs next to the head
domain (Fig. 1). If this region is fully occupied by light
chain or calmodulin, the head must be much larger than
that of muscle myosin, which is the case in pl90 (26). How-
ever, we did not observe such a long head by electron
microscopy (4). The head size was similar to that of muscle
myosin. It has been suggested that muscle myosin head
changes shape in the presence of ATP or ADP (27). Since
characean myosin was kept in a solution containing ATP
during purification, we might have observed a kinked head.

The length of the coiled-coil region predicted from the
sequence was much longer than that observed by electron

microscopy (90 vs. 50 nm). We noticed the same discrepancy
in the case of class V myosin pl90. The length of the coiled-
coil region predicted from the sequence was about 53 nm
(10) and that observed by electron microscopy was about 30
nm (26). These discrepancies can be explained if the globu-
lar tailpiece bends back toward the head.

The tailpiece of characean myosin also has a sequence
motif conserved among class V and XI myosins (9,10). The
function of this conserved motif is not known, but it might
play an important role in the interaction with membrane
proteins, because it is conserved from animals to lower
plants.

Further characterization of this unique myosin will help
to expand our understanding not only about the mecha-
nism of force generation but also about the regulation of
intracellular transport of membranous structures.

We thank Dr. Y. Aoyama for the advice on immunoscreening. We
also thank Drs E. Kamitsubo and M. Kikuyama for providing
Chara corcdlina.
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