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Cytoplasmic streaming with extremely high velocity (∼70 μm s21)
occurs in cells of the characean algae (Chara). Because cytoplasmic
streaming is caused by myosin XI, it has been suggested that a
myosin XI with a velocity of 70 μm s21, the fastest myosin mea-
sured so far, exists in Chara cells. However, the velocity of the
previously cloned Chara corallina myosin XI (CcXI) was about
20 μm s21, one-third of the cytoplasmic streaming velocity in
Chara. Recently, the genome sequence of Chara braunii has been
published, revealing that this alga has four myosin XI genes. We
cloned these four myosin XI (CbXI-1, 2, 3, and 4) and measured
their velocities. While the velocities of CbXI-3 and CbXI-4 motor
domains (MDs) were similar to that of CcXI MD, the velocities of
CbXI-1 and CbXI-2 MDs were 3.2 times and 2.8 times faster than
that of CcXI MD, respectively. The velocity of chimeric CbXI-1, a
functional, full-length CbXI-1 construct, was 60 μm s21. These
results suggest that CbXI-1 and CbXI-2 would be the main contrib-
utors to cytoplasmic streaming in Chara cells and show that these
myosins are ultrafast myosins with a velocity 10 times faster than
fast skeletal muscle myosins in animals. We also report an atomic
structure (2.8-Å resolution) of myosin XI using X-ray crystallogra-
phy. Based on this crystal structure and the recently published
cryo-electron microscopy structure of acto-myosin XI at low resolu-
tion (4.3-Å), it appears that the actin-binding region contributes to
the fast movement of Chara myosin XI. Mutation experiments of
actin-binding surface loops support this hypothesis.
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Myosins are motor proteins that convert chemical energy,
ATP, to physical force to move actin filaments. Phyloge-

netic analyses of myosin motor domain (MD) sequences have
shown that there are at least 79 myosin classes, with several
subclasses under each class (1). Myosins of different classes
and subclasses differ significantly in properties such as velocity,
ATPase activity, and duty ratio (the proportion of the ATPase
cycle in which the MD remains strongly bound to actin) and
perform different intracellular functions (2). The diversity of
properties of these classes and subclasses arise from differences
in the rates of the binding and dissociation of ATP, ADP, and
actin filaments (3).

Plants have two plant-specific myosin classes, myosin VIII
and myosin XI. Myosin VIII moves actin filaments at very slow
velocities (4) and is involved in endocytosis, cell plate forma-
tion, and plasmodesmatal functioning in plants (5–7). Myosin
XI produces an intracellular flow known as cytoplasmic stream-
ing in plant cells by moving on actin filaments while binding
organelles via its tail domain. Cytoplasmic streaming facilitates
the distribution of molecules and vesicles throughout large
plant cells (8–12). The velocities of myosin XI are generally

high, and the molecule specializes in cytoplasmic streaming.
Some cells of characean algae (Chara) are very large, being up
to 10 cm long and 0.1 cm in diameter. Very fast cytoplasmic
streaming, of up to 70 μm s�1, is required for the dispersal of
molecules and vesicles into the giant Chara cells (13).

Based on the velocity of cytoplasmic streaming in Chara cells,
it has long been suggested that Chara has a myosin moving on
actin filaments at 70 μm s�1 (13–17). This velocity is 10 times
faster than the velocity of fast skeletal muscle myosin and the
fastest of all myosins measured. A motor protein isolated from
Chara cells moved actin filaments at 60 μm s�1 (18). The devel-
opment of approaches for cloning this ultrafast myosin is
urgently needed. Details of the sequence of the protein and the
ability to work with cloned myosin constructs will allow the
investigation of the mechanisms that control the myosin velocity
and facilitate investigation of the detailed chemical–mechanical
conversion mechanism of myosin (19). Kashiyama et al. cloned
the complementary DNA (cDNA) of Chara myosin from a
Chara corallina cDNA library by immunoscreening using
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define the fast movement of Chara myosin XI are the actin-
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antibodies against purified C. corallina myosin (20). Morimatsu
et al. also cloned the cDNA of Chara myosin using the same
method as that used by Kashiyama et al. (21). The sequences of
the MD of myosins cloned by the two groups were identical, and
there was a 15 amino acid indel variation in the tail domain, a
finding that indicates potential alternative splicing in the tail
domain. The C. corallina myosin XI (CcXI) contains six isoleuci-
ne–glutamine (IQ) motifs, which are light chain–binding sites. It
was not possible to express the protein and measure its velocity
using the cloned CcXI, because the myosin light chains that bind
to the six IQ motifs of CcXI have not been identified. Therefore,
the functional expression of CcXI has been carried out using
either a CcXI MD construct that did not have the myosin light
chain–binding sites (IQ motifs) or chimeric full-length CcXI
constructs in which IQ motifs and myosin light chains of CcXI
were replaced with those of other myosins. The velocity of CcXI
was then estimated from the velocity measured using these con-
structs. The estimated velocity of CcXI was about 20 μm/s�1 or
less at 25 °C (10, 22–26), which is less than about one-third of
the velocity of cytoplasmic streaming observed in Chara cells.
Three possibilities have been suggested as to why the velocities
of CcXI obtained using the recombinant constructs were differ-
ent from that expected from cytoplasmic streaming (1). The
recombinant CcXI constructs do not have the same IQ motifs
and myosin light chains as native CcXI, and this substitution may
have affected the velocity (2). CcXI may undergo a posttransla-
tional modification in Chara cells, which may increase the velocity
of CcXI in cells (3). A myosin XI gene other than CcXI may be
present in Chara cells, and this myosin XI may be responsible for
cytoplasmic streaming with a velocity of 70 μm s�1.

Recently, a genome project (Chara braunii genome sequencing
project, National Center for Biotechnology Information (NCBI)
Bio Project ID: PRJDB3348) has been conducted for C. braunii
(27). C. braunii is phylogenetically close to C. corallina (28–30),
and both species have the same cytoplasmic streaming velocity, 70
μm s�1. The Chara genome project revealed that the C. braunii
genome contains four myosin XI genes.

In this study, we cloned the four C. braunii myosin XIs and
named them CbXI-1, CbXI-2, CbXI-3, and CbXI-4. Phyloge-
netic analyses indicated that the myosin XIs in Chara form a
clade in streptophyte myosin XIs, expanded independently
from seed plant myosin XIs, and gave rise to the four members
in C. braunii. CbXI-4 may be an ortholog of CcXI. We show
that the velocity of CbXI-1 (60 μm s�1) is almost the same as
the velocity of cytoplasmic streaming in Chara cells, the fastest
currently known in the biological world. We also succeeded in
crystallizing Arabidopsis myosin XI-2 (AtXI-2), an atomic struc-
ture of myosin XI and a valuable comparator for the Chara
myosin. Structural analyses and mutation experiments suggest
that the central regions that define Chara myosin XI’s fast
movement are the actin-binding sites.

Results
Phylogenetic Relationships of the Four CbXIs. Until 2018, the only
known myosin sequence in the genus Chara was that of CcXI,
which was cloned by Kashiyama (20) and Morimatsu (21) inde-
pendently in 2000. Their results suggested that Chara has only
one myosin XI gene. However, the C. braunii genome project,
published in 2018, revealed four myosin XI genes having intact
MD: g50407, g48390, g24025, and g48658 (27). We named
g50407, g48390, g24025, and g48658 as CbXI-1, CbXI-2, CbXI-3,
and CbXI-4, respectively. The originally annotated g48658 (CbXI-
4) was truncated at the N-terminal 743 amino acids. The rest of
the messenger RNA (mRNA) sequence of CbXI-4 was identified
on another scaffold, based on transcriptome assemblies (SI
Appendix, Materials and Methods and accession nos: BR001749
and BR001750 for two isoforms). CbXI-1 differed in the cloned

MD sequence (LC641776) from the prediction and the full-length
sequence (BR001757) was reconstructed based on the cloned MD
sequence. The full-length amino acid sequences of CbXI-1, CbXI-
2, CbXI-3, and CbXI-4 are shown in SI Appendix, Supplementary
Text. A schematic diagram of the CbXIs deduced from the amino
acid sequences is shown in Fig. 1. CbXIs have typical domain
structures of myosin XI: a MD, a neck domain with six IQ motifs
to which six myosin light chains bind, a coiled-coil domain for
dimer formation, and a globular tail domain (GTD).

We examined the phylogenetic relationships among the myo-
sin XIs from Chara and representative green plants (Fig. 2). The
phylogenetic tree indicated that streptophyte myosin XIs
formed a well-supported clade including genes from Klebsormi-
dium nitens and the Phragmoplastophyta, which includes Chara,
Spirogloea, and the land plants. However, the basal relationship
within Phragmoplastophyta was not clearly resolved. The four
CbXI genes and a CcXI gene formed a well-supported clade
(Fig. 2, light-yellow box; Charales myosin XI). Within the Char-
ales myosin XI clade, CbXI-1 and CbXI-2 formed a clade (sub-
group 1) sister to the remaining three genes (subgroup 2).
CbXI-4 and CcXI formed a clade, and CbXI-3 diverged earlier.
The subgroup 1 has notably longer branches compared with sub-
group 2 or other green plant myosin XIs. The proteins encoded
by these two subgroups 1 genes are apparently larger than the
subgroup 2 genes, and especially long are the regions between
coiled-coil and GTD domains (Fig. 1B).

Recombinant Constructs of CbXIs. To clarify the biochemical
properties of the four CbXIs, it was necessary to isolate and
purify each CbXI. However, it is very difficult to purify active
myosins from Chara cells, because most of the cell volume of
Chara cells is occupied by the vacuole, which is rich in proteo-
lytic enzymes, and the cytoplasm is only a small volume (31).
Furthermore, it is virtually impossible to purify each of the four
myosin XIs with similar molecular properties from C. braunii
cells. The only way to obtain each of four CbXIs is to express
and purify them using a recombinant construct. Using baculovi-
rus expression systems for the functional expression of myosins
with IQ motifs, coexpression with myosin light chains that bind
to the IQ motifs is required. Calmodulin binds IQ motifs in the
myosin neck region and functions as myosin light chains for
many animal unconventional myosins, such as myosin I, myosin
V, and myosin VI. Analysis of the IQ motif sequences of the
animal unconventional myosins, in which calmodulin acts as a
light chain, using Pfam database (http://pfam.xfam.org) (32)
shows that most of the sequences fall into the typical
calmodulin-binding IQ motif (33), especially the first IQ motif
(SI Appendix, Table S1). On the other hand, the IQ motif
sequences of some plant myosin XIs, such as CcXI, AtXI-A,
AtXI-D, AtXI-I, and AtXI-J, are far from the typical
calmodulin-binding motif (SI Appendix, Table S1). Coexpres-
sion of these myosin XIs with calmodulin in insect cells did not
yield functional myosin (23, 34). We coexpressed a CbXI-1 con-
struct containing the native IQ motifs with calmodulin in insect
cells and tried to purify the construct, but it did not work as
predicted from the IQ motifs. It is likely that calmodulin failed
to bind to the native IQ motifs of CbXI-1, exposing the hydro-
phobic region of the IQ motifs and causing the CbXI-1 to
aggregate in the cells.

We, therefore, expressed CbXIs using approaches that did
not include the sequences of the IQ motifs of Chara myosins.
We used two types of constructs: CbXI MD and chimeric CbXI
(SI Appendix, Fig. S1). CbXI MD consists of only the MD of
CbXI. Chimeric CbXI consists of the MD of CbXI and six IQ
motifs and coiled-coil of Arabidopsis XI-F (AtXI-F). Because
calmodulin binds to the six IQ motifs of AtXI-F as light chains
(34) (SI Appendix, Table S1), coexpression of the chimeric CbXI
and calmodulin would yield functional CbXIs with the same
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lever arm length as native CbXIs. These constructs were
expressed in a baculovirus system and purified by nickel-affinity
and FLAG-affinity resins (SI Appendix, Materials and Methods).
The purity and homogeneity were confirmed by SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE) (SI Appendix, Figs. S2

and S3). It was also confirmed by SDS-PAGE that calmodulin
bound to the purified chimeric CbXI (SI Appendix, Fig. S3).

Velocities of CbXIs. The sliding velocities of actin filaments by
CbXI MD were measured using an antibody-based version of

BBA

Fig. 1. CbXI structure deduced from its amino acid sequence. (A) Schematic diagrams of native CbXIs. CbXIs show typical domain structures of myosin XI.
They contain an MD with nucleotide- and actin-binding sites, six IQ motifs to which six myosin light chains bind, an α-helical coiled-coil domain leading to
dimer formation, and a GTD. (B) Domain structures of four C. braunii and one CcXIs. Domains and motifs indicated by colored boxes were predicted using
the MOTIF Search (https://www.genome.jp/tools/motif/) and COILS programs (58). Black lines are regions that were not recognized as known domains or
motif structures. The length of each box and each line is proportional to the number of amino acids occupying each region. Amino acid numbers and
sequences and full-length, MD, IQ motifs, coiled-coil, and GTD of CbXI-1, CbXI-2, CbXI-3, CbXI-4, and CcXI are shown in SI Appendix, Supplementary Text.
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the in vitro motility assay at 25 °C. CbXI-3 MD and CbXI-4
MD, belonging to the subgroup 2, moved actin filaments at
velocities of 3.0 ± 0.2 and 3.1 ± 0.3 μm s�1, respectively, which
were similar to that of CcXI MD (23, 24). The velocities of
CbXI-1 MD and CbXI-2 MD, belonging to the subgroup 1,
were 15 ± 0.7 μm s�1 and 13 ± 0.6 μm s�1, respectively, which
were about threefold faster than that of CcXI MD (23, 24)
(Table 1). Actin velocities generated by myosins are approxi-
mately proportional to the lever arm length of myosin if the
motor region is the same (35, 36). We have previously shown
that this relationship between lever arm length and actin veloci-
ties by myosin generally holds for myosin XIs. Based on the crys-
tal structure of myosin V with IQ motifs (37) (Protein Data
Bank [PDB]: 2IX7), an ortholog of myosin XI, it is estimated
that the lever arm length of myosin XI MD is 3.5 nm, which is 1/
6.6 that of full-length myosin XI (native myosin XI) containing
six IQ motifs (23 nm). The velocity of myosin XI MD was one-
fifth that of full-length myosin XI (34). Therefore, multiplying
the velocity of myosin XI MD by a factor of 5 gives the velocity

of native (full-length) myosin XI. The estimated velocities of
native (full-length) CbXI-1 and CbXI-2 were 73 μm s�1 (14.5
μm/s�1 × 5) and 66 μm s�1 (13.2 μm s�1 × 5), respectively (Fig. 3
and Table 1). The estimated velocities of CbXI-1 and CbXI-2
are therefore almost the same as the cytoplasmic streaming
velocity in members of the genus Chara (C. corallina and C.
braunii), 70 μm s�1 (13, 17).

To examine the velocity of CbXI-1 using a construct that is
structurally similar to the native CbXI-1, we used chimeric CbXI-1
(SI Appendix, Fig. S1). The velocity of chimeric CbXI-1 was 60 ±
4.1 μm s�1 (Table 1, and Movie S1). While this velocity was some-
what less than the velocity estimated from the velocity of CbXI-1
MD and the cytoplasmic streaming velocity of the Chara cells (70
μm s�1), the values are almost the same as the reported myosin
velocity purified from Chara cells (60 μm s�1) (18). The lower
velocity of the chimeric CbXI-1 may be due to improper linkage
between CbXI-1MD and the IQ motifs of AtXI-F. Another possi-
ble reason for the lower velocity of the chimeric CbXI-1 may be
due to the difference in the environment between Chara cells and
in vitro motility assay. In the in vitro motility assay, actin filaments
move on myosins coated randomly on flat surfaces. In contrast, in
Chara cells, vesicle-associated myosins move on polarized actin
filaments (38). Because myosins moving on polarized actin fila-
ments have been reported to be faster (39), the chimeric CbXI-1
may also have a velocity of 70 μm s�1 if it moves in Chara cells.
The results in this study suggest that CbXI-1 and CbXI-2 would
be the myosins causing cytoplasmic streaming in C.braunii and
demonstrate that CbXI-1 with a velocity of 60 μm s�1 is the fast-
est myosin yet measured among all organisms (Fig. 3).

ATPase Activities. The ATPase activities of CbXI-1, CbXI-2,
CbXI-3, and CbXI-4 MDs were plotted as a function of actin
concentration and fit to the Michaels–Menten equation to
determine the maximum rate of ATP turnover (Vmax) and the
actin concentration at which the ATPase rates were one-half of
the maximal rate (Kapp). The Vmax and Kapp values of CbXI-1
MD were 410 Pi s�1head�1 and 46 μM, respectively (Table 1).
This Vmax value is similar to that of CcXI MD (22, 23),
although the actin velocity of CbXI-1 MD is three times faster
than that of CcXI MD. The Vmax of actin-activated ATPase
activities was not correlated with actin velocity among the four
CbXIs. This discrepancy may arise because the rate-limiting
step of Vmax of actin-activated ATPase activities (phosphate dis-
sociation from actin–myosin–ADP�Pi complex) and the rate-
limiting step of actin velocity (ADP dissociation from
actin–myosin–ADP complex) are different (23).

Crystal Structure of the Myosin XI MD. To investigate the molecu-
lar mechanism of the ultrafast movement of CbXI-1, we tried
to crystallize CbXI-1 MD. However, we were unsuccessful,
probably because CbXI-1 MD is unstable and prone to semi-

Table 1. Vmax and Kapp of actin-activated ATPase activity and actin-sliding velocity of Chara myosin*

CbXI-1 CbXI-2 CbXI-3 CbXI-4 CcXI†

Vmax (Pi/s
�1/head�1) 410 200 260 230 580

Kapp (μM) 46 45 15 8.7 23
Velocity of MD (μm/s�1)‡ 15 ± 0.7 13 ± 0.6 3.0 ± 0.2 3.1 ± 0.3 4.7 ± 0.3
Estimated velocity of full-length myosin§ (μm/s�1) 73 66 15 16 24
Velocity of chimeric full-length myosin (μm/s�1) 60 ± 4.1¶ ND ND ND 16 ± 0.9#

Duty ratio‖ (%) 9.6 5.4 30 26 43

*Measured at 25 °C.
†Vmax, Kapp, velocity of CcXI MD (24), and velocity of the chimeric full-length CcXI (10).
‡mean ± SD; n = 30.
§Estimated values from the velocity of the MD constructs, which are calculated by the method described in ref. 34.
¶Value of the chimeric CbXI-1, mean ± SD, and n = 30.
#Value of the chimeric CcXI (10), mean ± SD, and n = 30.
‖Calculated by the Vmax values of the actin-activated ATPase activities and the velocities of MD as described in ref. 34.

Fig. 3. Velocities of various classes of myosins. CbXI: Chara braunii myosin
XI (this paper), CcXI: Chara corallina myosin XI (23, 24), At XI: Arabidopsis
thaliana myosin XI (10, 34), At VIII: Arabidopsis thaliana myosin VIII (4),
Chick Ia: Chicken myosin Ia (59), Rat Ib: Rat myosin Ib (60), Rb FskII: Rabbit
fast skeletal myosin II (61), Dd II: Dictyostelium discoideum myosin II (62),
Chick Sm II: Chicken gizzard smooth muscle myosin II (63), Hs IIa: Homo
sapiens myosin IIa (64), Mm IIc, Mus musculus myosin IIc (65), Hs III: Homo
sapiens myosin III (66), Chick V: Chicken myosin Va (67), Hs Vb: Homo sapi-
ens myosin Vb (68), Pig VI: Pig myosin VI (69), Mm VIIa: Mus musculus myo-
sin VIIa (70), Hs IXb: Homo sapiens myosin IXb (71), Bovine X: Bovine myo-
sin X (72), and Tg XIV: Toxoplasma gondii myosin XIV (73). *Estimated
value from the velocity of MD constructs. ‡Value of the chimeric CbXI-
1construct.
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denaturation. ATPase activity of CbXI-1 tends to drop in a rela-
tively short time compared with other myosins, which makes it
difficult to obtain the crystal structure. Such instability of
ATPase activity was observed for all Chara myosins. Although
class XI myosin is the fastest myosin class in the myosin super-
family (Fig. 3), the atomic structure of the class XI myosin MD
has yet to be solved. Therefore, in this study, we decided to clarify
the structural features responsible for the high velocity of class XI
myosins by crystallographic analysis of other class XI myosins.
We chose Arabidopsis myosin MYA2 (AtXI-2) as the crystalliza-
tion target, because AtXI-2 has a standard velocity among class
XI myosins, it is faster than most animal myosins (Fig. 3) (34),
and its ATPase activity is more stable than those of Chara myo-
sins. AtXI-2 has an amino acid sequence relatively similar to that
of CbXI-1 MD, having 63% identity and 87% similarity.

We succeeded in solving the crystal structure of AtXI-2 MD
bound with ADP and AlF4

� at 2.8-Å resolution, which is the
first atomic structure of the class XI myosin MD (Fig. 4 A and
B, and SI Appendix, Table S2). Fig. 4 C and D show compari-
sons of the structure of ADP�AlF4

�–bound AtXI-2 with the
structures of other ADP�AlF4

�–bound classes of myosins.
Although there are some deviations in the position of the main
chain, the nucleotide interaction region including switch I and
switch II is almost identical (Fig. 4C). The backdoor size for
phosphate dissociation of AtXI-2 was also very similar to those
of myosins of other classes (Fig. 4D). Thus, the structure near
the nucleotide-binding region of myosin XI was not markedly
different from those of myosins of other classes (myosin II,
myosin VI, and myosin XIV).

Myosins of different classes have significantly different motor
properties, such as velocity, ATPase activity, and duty ratio.
Even within the same class, the motor properties are different
for each myosin. The differences in the properties of each myo-
sin motor are due to differences in the MD’s amino acid
sequence. Therefore, we investigated the structural regions in
the MD with large variations in amino acid sequence among
various myosin classes (Fig. 5). A comparison of the amino
acids of different myosins showed that the central part of the
MD is highly conserved, and these regions are responsible for
basic chemical–mechanical energy conversion. In addition to
the Src homology 3 region of the N-terminal subdomain, the
actin-binding regions of the upper 50k and lower 50k subdo-
mains have high amino acid diversity among various myosin
classes (Fig. 5B, various classes and SI Appendix, Fig. S4). The
same tendency was observed among myosin XIs, although
weaker than among various myosin classes (Fig. 5B, XIs).
These regions would be responsible for the diversity of motor
properties among myosins.

The amino acid sequences of CbXI-1 MD and CcXI MD are
similar (identity and similarity are 65% and 89%, respectively).
Thus, we built a homology model of acto-CbXI-1 rigor struc-
ture based on the recently reported acto-CcXI rigor structure
(PDB: 7KCH) (26). We then compared the actin-binding
modes of six myosins (CbXI-1, CcXI, NM2c, Myosin VI, Myo-
sin 1b, and Pf MyoA) using acto-myosin rigor structures (SI
Appendix, Fig. S4). Footprint analyses of loop 4 and CM loop
of six myosins show that the amino acid residues of actin and
myosin in the binding region differed in different classes of
myosin but also between CcXI and CbXI-1 in the same class
(SI Appendix, Table S3). These results indicate that actin-
binding modes differ depending on myosins, even for the same
class of myosins. Differences in the actin-binding modes may
give rise to the diversity in myosin properties such as velocity
and ATP activity.

Velocities of Actin-Binding Surface Loop Mutants of CcXI. The
actin-binding region of myosin consists mainly of four actin-
binding surface loops of variable length and composition (loop

2, loop 3, loop 4, and CM loop) and a relatively conserved
helix-turn-helix of the Lower 50k subdomain (40–43). Many
studies have been conducted on the effects of these actin-
binding surface loops on the motor activities using various myo-
sins and have shown that these loops affect the actin-activated
ATPase and the velocity (24, 44–51). To investigate the relation-
ship between the diversity of actin-binding regions of myosin
and the diversity of myosin velocities among Chara myosins, we
changed loop 2, loop 3, loop 4, and CM loop of CcXI (sub-
group 2) MD to those of CbXI-1 (subgroup 1) and examined
whether the velocities of CcXI MD with the loops of CbXI-1
would increase. When the sequences of these four loops were
compared among Chara myosins, loop 3 sequences were the
same except for the amino acid at the C terminus, but loop
2, loop 4, and the CM loop differed variously in length and
composition among Chara myosins (Table 2). The velocity of
CcXI MD with loop 3 of CbXI-1, in which loop 3 of CcXI
was replaced with loop 3 of CbXI-1, was almost the same as
that of CcXI MD. On the other hand, the velocities of CcXI
MD with loop 2 of CbXI-1, CcXI MD with loop 4 of CbXI-1,
and CcXI MD with CM loop of CbXI-1 were 1.3, 1.1, and 1.3
times higher than that of CcXI MD, respectively. Further-
more, CcXI MD with double mutation of loop 2 and CM
loop showed an even-more-significant increase in velocity
(1.4-fold) (Table 3). These results indicate that half of the dif-
ference in velocity between CcXI and CbXI-1 (about three-
fold) was due to the differences in the actin-binding surface
loops between CcXI and CbXI-1 and that the diversity of the
actin-binding region accounts for the diversity of the myo-
sin velocity.

Discussion
In this work, we successfully cloned the fastest myosin currently
known in the biological world, CbXI-1 with an expected velocity
of 60 μm s�1. We also succeeded in solving the atomic crystal
structure of the MD of class XI myosin. The amino acid
sequence features of CbXI-1, mutation experiments, and the
crystal structure of class XI myosin indicate that the actin-
binding sites are crucial for defining the myosin velocity.

The myosin superfamily currently has 79 classes, each con-
taining several subclasses (1). Of the 79 myosin classes, 17 clas-
ses are found in animals and two are found in green plants.
Other myosin classes are found in fungi and Protista. The
velocities and ATPase activities of most of the 19 myosin classes
present in vertebrates and plants have been measured. The
velocities of myosins differ greatly depending on the class and
subclass. Although skeletal muscle myosin II is exceptionally
fast, most animal myosin has a velocity of less than 1 μm s�1. In
contrast, plant-specific class XI myosins have velocities of 5 μm
s�1 or higher (Fig. 3). The high velocity of class XI myosins is
thought to be related to the plant-specific role; the main role of
class XI myosins is to drive cytoplasmic streaming, whereas the
role of most animal myosins is the generation of force. The
force generated by class XI myosin is smaller than that pro-
duced by animal myosins (52). Because plant cytoplasmic
streaming is caused by myosin XI-bound organelle movement
along actin filaments, the velocity of cytoplasmic streaming in
plants is thought to be approximately equal to the velocity of
the class XI myosin of that plant. Based on the cytoplasmic
streaming velocity in the aquatic genus Chara, it has long been
proposed that Chara possesses a myosin with a velocity of 70
μm s�1 (13–18), but the myosin responsible for this had not
been identified. This work revealed that CbXI-1 and CbXI-2
are the sought-after fast myosins.

The Chara myosin XIs have expanded independently of the
expansion of the land plants (53), resulting in four genes.
CbXI-1 and CbXI-2, the members of subgroup 1, form a clade
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having a longer branch than that of a clade formed by CbXI-3,
CbXI-4, and CcXI, which are in subgroup 2 (Fig. 2). Because
CbXI-4 and CcXI form a clade, they are putative orthologs.

The longer branch lengths in the CbXI-1 and CbXI-2 clade
imply the action of adaptive evolution to increase the velocity,
as they have fastest movement and do not seem to have lost

Fig. 4. Crystal structure of AtXI-2 MD bound with ADP and AlF4
�. Upper 50k, Lower 50k, N-terminal, and converter subdomains are colored in red,

orange, blue, and green, respectively. Switch I and switch II in the Upper 50k domain are shown in cyan and moss green. (A) Four subdomains (Upper
50k, Lower 50k, N-terminal, and converter subdomains) and four actin-coupled surface loops (loop2, loop3, loop4, and CM loop) in AtXI-2 MD are shown.
(B) The nucleotide-binding region of AtXI-2 MD. The jFoj-jFcj map calculated without ADP:Mg2+ and AlF4

� at the binding pocket contoured at 4.0 sigma
are shown in red (negative) and green (positive). (C) Comparison of the nucleotide-binding regions in various myosins (gray) bound to ADP and AlF4

�

shows that the positions of switch I and switch II are almost the same between different classes of myosins. (D) Comparison of the size of the backdoor
for the Pi release in various myosins bound to ADP and AlF4

� shows that the size of the backdoor, which is the space between E439 and R214, is almost
the same. Dictyostelium myosin II (PDB: 1MND), Pig myosin VI (PDB: 4ANJ), and Toxoplasma gondii myosin XIV (PDB: 6DUE).
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any functionality. The genome project found that CbXI-1 is the
most-highly expressed myosin XI in the whole plant (SI
Appendix, Table S4) (27). Thus, CbXI-1 appears to be the main
contributor to cytoplasmic streaming in C. braunii. CbXI-2,
which has almost the same velocity as CbXI-1, would provide
redundancy of the function of CbXI-1.

We estimated the duty ratio of CbXI myosins from the Vmax

values of the actin-activated ATPase activities and the velocities
of MD (Table 1). The duty ratios of subgroup 2 myosins are
much higher than those of subgroup 1. In order for a myosin-
bound vesicle to remain associated with actin filaments and to
move continuously along the actin filaments, at least one of the
myosin MDs on the vesicle must always be strongly bound to
the actin filaments. Therefore, the reciprocal of the duty ratio
is the lowest number of MDs on a vesicle required for continu-
ous movements of the myosin-bound vesicle on the actin fila-
ments. Subgroup 2 myosins, which have a high duty ratio, can
transport vesicles with fewer myosin MDs than can subgroup 1
myosins. Subgroup 2 myosins may function in small vesicle
transport, in which the number of bound myosins is limited.

We have obtained a crystal structure of class XI myosin at
2.8-Å resolution, which is the fastest of all the measured myosin
classes. The structure of class XI myosin, AtXI-2, near the
nucleotide-binding region was similar to those of other classes
of myosins: Dictyostelium myosin II, pig myosin VI, and Toxo-
plasma myosin XIV (Fig. 4 C and D). This finding is consistent
with a previous report that the central part of the myosin struc-
ture is similar among different classes of myosins, even though
their velocities and ATPases are very different (54). On the
other hand, there is considerable diversity among the amino
acids in the actin-binding sites of myosins, both among the
myosin classes and among myosin XIs (Fig. 5). Most recently,
the rigor structure (postpower stroke and nonnucleotide state)
of acto-CcXI MD determined by cryo-electron microscopy at
4.3-Å resolution was reported (26). Because the amino acid
sequences of CcXI MD and CbXI-1 MD are similar, we created
a homology model of acto-CbXI-1 MD based on the reported
structure of the acto-CcXI MD. Comparing acto-CcXI and
acto-CbXI-1, the binding modes of CcXI and CbXI-1 to actin
was different (SI Appendix, Fig. S4). Footprint analyses showed
that the amino acids in the actin-binding sites of loop 4 and
CM loop differed between CcXI and CbXI. In addition, the
amino acids of actin to which these loops bind are also different
between CcXI and CbXI (SI Appendix, Table S3). In order to
investigate the relationship between the differences in the actin-
binding regions and the differences in the myosin velocity, we
made CcXI MD with loop 4 of CbXI-1 and CcXI MD with CM
loop of CbXI-1. The velocities of CcXI MD with loop 4 of CbXI-
1 and CcXI MD with CM loop of CbXI-1 were higher than that
of CcXI MD (Table 3).

The velocity of CcXI with loop 2 of CbXI-1 was also higher
than that of CcXI (Table 3). It is not possible to determine from
the acto-MD structure whether the actin-binding mode of CcXI
loop 2 is different from that of CbXI-1 loop 2, because loop 2
was not visible in the reported acto-CcXI structure (26). Loop 2
of CbXI-1 (subgroup 1) is characterized by three consecutive
proline and five glycine clusters (Table 2), which are not present
in loop 2 of subgroup 2 of Chara myosins, such as CcXI. Proline
and glycine clusters are known to disrupt the secondary structure
(55, 56), so loop 2 of CbXI-1 with this feature would be a
completely free loop structure, resulting in increased flexibility.
The increased flexibility of loop 2 may allow for fast ADP disso-
ciation from acto-myosin, which increases the myosin velocity.

A

B

loop2

CM loop
loop3

loop4

Nucleotide-binding site

actin

Various classes

XIs
actin binding sites

1 2 3 4 5 6 7 8 9
Variable Average Conserved

Fig. 5. Actin-binding region with high amino acid diversity among myo-
sins. (A) Docking model of AtXI-2 MD and actin. This model was created
by replacing myosin X in 5KG8 (Rigor myosin X cocomplex with an actin
filament) with AtXI-2 MD. The actin in 5KG8 was replaced by 6BNO (struc-
ture of bare actin filament). (B) Heat map visualization of AtXI-2 MD
showing amino acid conservation and diversity, generated using ConSurf
(https://consurf.tau.ac.il/). The conservation score is calculated using the
Maximum Likelihood paradigm. The amino acids of myosins are colored by
conservation score ranging from green (1, most variable) to purple (9,
most conserved residues), as shown in the color legend. The rate was
changed to 1 for residues with four or fewer sequence overlaps in the
alignment. Various classes showing amino acid comparison of 10 classes of
myosins: class I (human Ic and Rat Ib), class II (Dictyostelium II, chicken fast
skeletal muscle, chicken smooth muscle, and rabbit skeletal muscle), class
V (chicken Va and human Vb), class VI (pig VI), class VII (Drosophila VIIa
and mouse VIIb), class VIII (Arabidopsis VIIIa and Arabidopsis VIIIb), class IX
(human IXa and human IXb), class X (cow X), class XI (Arabidopsis XI-2,
Chara corallina XI, and Chara braunii XI-1), and class XIV (Toxoplasma
XIV). XIs showing the amino acid comparison of 18 myosins belonging to
class XI: Arabidopsis XI-1, Arabidopsis XI-2, Arabidopsis XI-A, Arabidopsis
XI-B, Arabidopsis XI-C, Arabidopsis XI-D, Arabidopsis XI-E, Arabidopsis XI-F,

Arabidopsis XI-G, Arabidopsis XI-H, Arabidopsis XI-I, Arabidopsis XI-J, Ara-
bidopsis XI-K, Chara corallina XI, Chara braunii XI-1, Chara braunii XI-2,
Chara braunii XI-3, and Chara braunii XI-4.
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The difference in velocity between CcXI and CbXI-1 was
about threefold (Table 1). About half of this difference was
accounted for by the difference in the amino acid sequence of
the actin-binding surface loops between CcXI and CbXI-1,
because the velocity of CcXI with loop 2 and CM loop of CbXI-
1 was 1.4-fold higher than that of CcXI (Table 3). Actin-binding
sites other than loops may also be involved in the variation of
actin velocity. The L50k subdomain, one of the most-important
actin-binding sites and constituting the tertiary structure, shows
diversity among myosin classes (Fig. 5). This region may be

responsible for the diversity of myosin properties among myosin
classes. However, because mutations in the tertiary structure can
disrupt the overall structure, mutation experiments on the L50k
subdomain may be difficult. A recent paper also reported that
the amino acids of actin and myosin in the acto-myosin binding
regions vary depending on the type of myosins, similar to our
present work (42). Kinetic data from various myosin classes also
suggest that actin-binding sites are crucial for the diversity of
velocities among the classes and subclasses of myosins. The
ADP dissociation rate from the myosin–ADP complex in the

Table 2. Loop 2, loop 3, loop 4, and CM loop sequences of Chara myosins

Myosin (subgroup) Loops Length Net charge Amino acid sequence

CbXI-1 (Subgroup 1) Loop 2 23 1 YPPPEEPKQGGKGGGKSSFSSIG
Loop 3 6 5 KHKFKK
Loop 4 15 �2 DFKPGKEADSSQLAD
CM loop 15 2 QRIMVTRGEAITKLL

CbXI-2 (Subgroup 1) Loop 2 25 1 YPPPPEEPKQGGGKGGSKSSFSSIG
Loop 3 6 5 KHKFKK
Loop 4 15 �2 EFAPGKDADSSKIAD
CM loop 15 3 QRVMMTGTEKIKKLL

CbXI-3 (Subgroup 2) Loop 2 17 0 FPPDEGTKAPSKFASIG
Loop 3 6 4 RPKFKR
Loop 4 14 �3 EFSTGASEASEVSS
CM loop 16 3 TRIMRASRTESITKIL

CbXI-4 (Subgroup 2) Loop 2 17 0 FPLDEGAKAPSKFMSIG
Loop 3 6 5 KHKFKR
Loop 4 14 �4 EFNSGESEASEVST
CM loop 16 3 TRIMKATRTESITKIL

CcXI (Subgroup 2) Loop 2 17 0 FPADEGTKAPSKFMSIG
Loop 3 6 5 KHKFKR
Loop 4 14 �5 EFDSGESDASEVST
CM loop 16 3 TRIMKATRTESITKIL

Acidic and basic residues are highlighted in bold and italic, respectively.

Table 3. Amino acid sequence and velocity of CcXI MD (wild type) and CcXI MD mutants with actin-binding surface loops of CcXI†

Myosin Loops Length Net charge Amino acid sequence Velocity(μm/s�1)

CcXI MD (wild type) Loop 2 17 0 FPADEGTKAPSKFMSIG 4.3 ± 0.6
Loop 3 6 5 KHKFKR‡

Loop 4 14 �5 EFDSGESDASEVST
CM loop 16 3 TRIMKATRTESITKIL

CcXI MD with Loop 2 of CbXI-1 Loop 2 23 1 YPPPEEPKQGGKGGGKSSFSSIG 5.5 ± 0.5*
Loop 3 (same as CcXI)
Loop 4 (same as CcXI)
CM loop (same as CcXI)

CcXI MD with Loop 3 of CbXI-1 Loop 2 (same as CcXI) 4.1 ± 0.4
Loop 3 6 5 KHKFKK2

Loop 4 (same as CcXI)
CM loop (same as CcXI)

CcXI MD with Loop 4 of CbXI-1 Loop 2 (same as CcXI) 4.9 ± 0.3*
Loop 3 (same as CcXI)
Loop 4 15 �2 DFKPGKEADSSQLAD
CM loop (same as CcXI)

CcXI MD with CM loop of CbXI-1 Loop 2 (same as CcXI) 5.4 ± 0.3*
Loop 3 (same as CcXI)
Loop 4 (same as CcXI)
CM loop 15 2 QRIMVTRGEAITKLL

CcXI MD with Loop 2 and CM loop of CbXI-1 Loop 2 23 1 YPPPEEPKQGGKGGGKSSFSSIG 6.1 ± 0.2*
Loop 3 (same as CcXI)
Loop 4 (same as CcXI)
CM loop 15 2 QRIMVTRGEAITKLL

Acidic and basic residues are highlighted in bold and italic, respectively. *P < 0.001 by Student’s t test compared with CcXI MD.
†Measured at 25 °C, mean ± SD, and n = 30.
‡Loop 3 sequences of CcXI and CbXI-1 are almost identical, so the only different amino acid residue of loop 3 is underlined.
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absence of actin is nearly identical among myosins with different
velocities. In contrast, the ADP dissociation rate from the
actin–myosin–ADP complex, the rate-limiting step in myosin
velocity, differs depending on the classes and subclasses of myo-
sins (23). Different classes and subclasses of myosins bind to
actin in somewhat different ways, which probably cause different
changes in the nucleotide-binding site through communication
between the actin- and the nucleotide-binging sites within the
MD, resulting in different kinetics.

AtXI-2 MD and CcXI MD are similar in the structures and
the amino acid sequences (identity and similarity are 63% and
91%, respectively). Therefore, we estimated the angular change
of the converter domain during the power stroke of CcXI using
AtXI-2�ADP (prepower stroke) and CcXI (rigor) structures.
The estimated angular angle of CcXI is 85 degrees, which is
similar to those of pig myosin VI, Scallop myosin II, and Plas-
modium myosin XIV (SI Appendix, Fig. S5). This result sug-
gests that the magnitude of the angular change in the converter
domain is not related to the fast velocity of class XI myosin.

Detailed kinetics analyses and single-molecule assays using
the fastest myosin, CbXI-1, would provide further insights into
the detailed chemical–mechanical conversion mechanism of
myosin. The gene for CcXI, the fast myosin, has contributed to
the development of nanomachines (25, 26) and the enhance-
ment of plant growth (10, 57). The gene for CbXI-1, the ultra-
fast myosin, will greatly contribute to a variety of research and
development.

Materials and Methods
RNA Extraction. Thalli of strain S276 were harvested in soil-water medium for
the Charales (SWC-3) (27). Further details are described in SI Appendix,
Materials andMethods.

Cloning of MD of C. braunii Myosins. cDNA of CbXI-1 (g50407), CbXI-2
(g48390), CbXI-3 (g24025), and CbXI-4 (g48658) MDs were amplified from
total RNA of C.braunii. Further details are described in SI Appendix, Materials
andMethods.

Identification of Full-Length Sequence of CbXI-4. Detailed information is
described in SI Appendix,Materials andMethods.

Protein Engineering, Expression, and Purification. Myosins were expressed
using a baculovirus expression system and purified using Ni-affinity and FLAG-

affinity resins as previously described (4, 23, 24). Further details are described
in SI Appendix,Materials andMethods.

ATPase Activity. ATPase activities were determined by measuring released
phosphate as previously described (22). The reaction mixtures for the assay of
actin-activated Mg2+-ATPase activity contained were done in 25 mM KCl, 4
mMMgCl2, 25 mMHepes-KOH (pH 7.4), 2 mMATP, 1 mM dithiothreitol (DTT),
and 1 mg/mL bovine serum albumin and at 25 °C and 0.125 to 4 mg/mL
F-actin. Values of ATPase activities are averages of two measurements on two
independent preparations.

In Vitro Motility Assay. The velocity was measured using an anti-Myc anti-
body-based version of the in vitro actin filament-gliding assay as previously
described (23). The velocity of actin filaments was measured in 150 mM KCl, 4
mM MgCl2, 25 mM Hepes-KOH (pH 7.4), 2 mM ATP, 10 mM DTT, and oxygen
scavenger system (120 μg/mL glucose oxidase, 12.8 mM glucose, and 20 μg/mL
catalase) at 25 °C. Average sliding velocities are determined by measuring the
displacements of actin filaments. Values of actin velocities are averages of 30
measurements from two independent preparations.

Crystallization and Data Collection. Detailed information is described in SI
Appendix, Materials andMethods.

The Phylogenetic Tree of Chara Myosin XIs and the Whole of Myosin XIs.
Detailed information is described in SI Appendix,Materials andMethods.

Data Availability. Full-length nucleotide sequence, atomic coordinate, and
structure factor data have been deposited in DNA Data Bank of Japan (DDBJ)
and the Protein Data Bank (DDBJ: LC641776, BR001757, BR001749, and
BR001750; Protein Data Bank: https://dx.doi.org/10.2210/pdb7dhw/pdb). All
other study data are included in the article and/or supporting information.
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