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Myosin VI is a processive myosin that has a unique step-
ping motion, which includes three kinds of steps: a large 
forward step, a small forward step and a backward step. 
Recently, we proposed the parallel lever arms model to 
explain the adjacent binding state, which is necessary for 
the unique motion. In this model, both lever arms are 
directed the same direction. However, experimental evi-
dence has not refuted the possibility that the adjacent 
binding state emerges from myosin VI folding its lever 
arm extension (LAE). To clarify this issue, we constructed 
a myosin VI/V chimera that replaces the myosin VI LAE 
with the IQ3-6 domains of the myosin V lever arm, which 
cannot fold, and performed single molecule imaging. Our 
chimera showed the same stepping patterns as myosin 
VI, indicating the LAE is not responsible for the adjacent 
binding state.
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Myosin VI is an ATP hydrolysis coupled motor protein 
involved in many cellular functions including endocytosis, 
protein secretion and the maintenance of both the Golgi 

morphology and stereocilia [1]. It is a unique myosin in that 
it moves to the minus end of an actin filament [2], while all 
other myosins move to the plus end [3]. Recently, we pro-
posed that myosin VI moves using three types of steps: large 
and small forward steps (minus end directed), and backward 
steps (plus end directed) [4–6]. We introduced the adjacent 
binding state to explain how myosin VI generates the small 
steps and backward steps. In this state, both lever arms point 
the same direction to achieve an inter-head distance of less 
than 10 nm (parallel lever arms model; Fig. 1A) [4,5]. How-
ever, an alternative explanation of the adjacent binding state 
has the lever arm fold by the Lever Arm Extension (LAE) 
[7,8], which is unique to myosin VI (LAE folding model; 
Fig. 1B).

To clarify which model is correct, we constructed a myo-
sin VI/V chimera in which the LAE was substituted for the 
IQ3-6 domains of the myosin V lever arm. This chimera 
should be able to generate small steps or backward steps by 
taking the adjacent binding state only according to the paral-
lel lever arms model. We therefore measured chimera steps 
at the single molecule level by single molecule fluorescence 
imaging using total internal reflection fluorescence micros-
copy and found that the mutant generated small and back-
ward steps like those of myosin VI. This result demonstrates 
folding of the LAE is not necessary and suggests the adja-
cent binding state occurs by directing both lever arms the 
same direction.
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Protein purification was performed as previously described 
[4,5]. During the purification, myosin VI/V chimeras or myo-
sin VI were biotinylated at the HaloTag using a biotin- halo-
ligand. Qdot585 streptavidin conjugates and biotinylated myo-
sin VI/V chimeras or myosin VI were incubated as previously 
described [6] for single molecule fluorescence imaging.

Microscopy observation and analysis
All experiments were performed according to previously 

reported methods [6]. Briefly, a 10 μl volume microchamber 
was made by placing a small coverslip (18×18 mm, No. 1 
Thickness, Matsunami, Japan) over a larger one (22×32 mm, 
No. 1 thickness, Matsunami) using double-sided adhesive 
tape (50 μm thickness). Next, 1.5 mg/ml actinin (Sigma- 
Aldrich) in assay buffer (AB: 20 mM HEPES-KOH pH 7.8, 
25 mM KCl, 5 mM MgCl2 and 1 mM EGTA) was adsorbed 
onto the glass surface, followed by a 3 min incubation, a 
20 μl AB wash, and finally an injection of 2 μg/ml non- 
fluorescent phalloidin labeled actin filament solution in AB 
into the chamber. After another 3 min incubation and 20 μl 
AB wash, 5 mg/ml α-casein in AB was injected into the 
chamber. After a 3 min incubation and 20 μl AB wash, motil-
ity buffer (MB: AB plus an oxygen scavenger system, ATP 
regeneration system, 20 μg/ml calmodulin and 100 μM ATP) 
mixed with Qdot585-labeled myosin VI/V chimeras was 
flowed into the chamber, and the chamber was sealed with 
nail polish. Qdot585-conjugated myosin VI/V chimeras were 
imaged using total internal reflection fluorescence micros-
copy (TIRFM), and the corresponding fluorescent images 
were captured with an EMCCD camera (Andor iXon).

Materials and Methods
Preparation of protein samples

Human myosin Va cDNA (product ID: ORK07567),  human 
myosin VI cDNA (product ID: ORK01080) and human 
calmodulin cDNA (product ID: ORK01403) were purchased 
from Kazusa DNA, Japan. To create myosin VI/V chimera 
constructs, myosin VI cDNA (1 to 830 amino acids) was 
intro duced into pFastBac (Life Technologies) to make a 
baculo virus. This myosin VI fragment included the motor 
domain, the unique myosin VI insertion and the core of the 
IQ domain (see Results for definition). For biotin labeling, a 
HaloTag (Promega) fragment was attached at the N-terminal 
of myosin VI via the linker. To construct the myosin VI/V 
chimera, myosin V cDNA (807 to 1099 amino acids) was 
inserted after the above myosin VI sequence using the In- 
Fusion HD cloning kit (Clontech). This myosin V fragment 
included the lever arm domain just after the IQ2 motif and 
coiled-coil domain (Fig. 2A, B). Furthermore, a GCN4 se-
quence, which ensures dimerization, and His6-tag, which 
enables affinity protein purification, were also inserted at 
the C-terminus (Fig. 2A). Calmodulin was introduced into 
another pFastBac plasmid, and myosin VI/V chimeras were 
expressed using sf9 cells and two kinds of baculoviruses 
from the above pFastBac plasmids. For myosin VI expres-
sion and purification, myosin VI cDNA (1-1021) and 
 calmodulin were introduced into a single pFastBac Dual 
plasmid (Life Technologies). A HaloTag was attached at 
the N-terminal of myosin VI, while GCN4, SNAP-Tag and 
His6-tag were attached at the C-terminal.

Figure 1 Two models for the adjacent binding state. (A) In the parallel lever arms model, myosin VI takes the adjacent binding state by direct-
ing both lever arms the same direction. (B) In the lever arms folding model, myosin VI takes the adjacent binding state by folding the lever arm 
extension (LAE). 
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Steps were detected using a MATLAB program for 
 Kerssemaker’s chi-square based algorithm [10]. Distribu-
tions of steps were fitted to Gaussian functions using 
 OriginLab, while dwell times and run lengths distributions 
were fitted to exponential decay functions.

Data analysis
The center of a fluorescent spot in each frame was deter-

mined using a two-dimensional Gaussian fit according to a 
published method [9] using the custom written ImageJ 
plugin “PTA” (https://github.com/arayoshipta/projectPTAj). 

Figure 2 The myosin VI/V chimera construct and experimental setup for observing chimera steps. (A) Schematic drawing of each domain in 
the myosin VI/V chimera. (B) The amino acid sequence around the junction between myosin VI and V in the chimera. The myosin V sequence 
(CYAKF….) immediately after its IQ2 motif (MQRYVRGYQAR) was inserted just after the myosin VI IQ motif (MQKTIRMWLCK). (C, D) 
Schematic drawings of myosin VI (C) and the chimera (D). The motor domain, calmodulin binding to the myosin VI sequence, calmodulin binding 
to the myosin V sequence and LAEs are described in red, purple, yellow and grey, respectively. (E) Cartoon of Qdot 585-labeled chimeras moving 
along an actin filament based on total internal reflection microscopy (TIRFM) observations. Images not to scale.
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chimera was 1:1.3, indicating that myosin VI/V chimera 
retain their binding capacity to calmodulin and have rigid 
lever arms like that of myosin V.

To visualize the stepping motion of the chimeras at the 
single molecular level, the N-terminus was labeled with 
Qdot585 using HaloTag, biotin-Halo ligand and streptavidin- 
coated Qdot585 (Fig. 2E). Here, one of the two motor 
domains of myosin VI/V chimera was labeled with a Qdot585. 
Since the Qdot labeling of both myosin motor domains was 
a rare event [5], we could observe movement with single 
molecule resolution using TIRFM (Fig.3B).

Motile properties of myosin VI /V chimeras
Myosin VI/V chimeras generated processive steps that 

included three step types: large steps of 68 nm, small steps of 
32 nm and backward steps of –34 nm (Fig. 3B and 4; Supple-
mentary Movie S2). These steps were very similar to those 
previously reported for myosin VI: 76 nm, 41 nm and –40 nm 
(Fig. 3A; Supplementary Movie S1) [4]. Furthermore, since 
a single trace of myosin VI or myosin V/VI chimera contains 
all three step types, we could confirm that one of the two 
motor domains of the myosin VI/V chimera was labeled with 
a single Qdot and that the small and backward steps were not 
caused by Qdot-labeling of both motor domains from the 

Results
Experimental setup

To clarify whether the folding of the myosin VI LAE is 
responsible for the adjacent binding state, we constructed 
myosin VI/V chimeras where amino acids 1–830 of myosin 
VI were followed by amino acids 807–1099 of myosin V 
(Fig. 2A–D). Calmodulins bind to a myosin lever arm by 
mainly recognizing the IQ-motif of the consensus sequence 
of I(L/M)Q xxx RG(M) xxxR(K) amino acids with X being 
any amino acids sequence as reviewed [11,12]. In myosin 
VI, the core amino acids sequence of the IQ motif 
 (MQKTIRMWLCK) ends at 830 a.a., while the core amino 
acids sequence of the IQ2 motif (MQRYVRGYQAR) in 
myosin V ends at 806 a.a. Since in this study we used chime-
ras, the amino acids sequence between the IQ motif of myo-
sin VI and the IQ3 motif of myosin V is the same as that 
between the IQ2 and IQ3 motif in myosin V, meaning that 
there exists no excessive or shortage of amino acids, which 
might otherwise compromise calmodulin binding capacity 
or rigidity of the lever arms. We evaluated the amount of 
bound calmodulin using SYPRO Red Protein Gel Stain and 
4–15% acrylamide SDS-PAGE gels (Supplementary Fig. 
S1). The ratio of calmodulin on myosin V to myosin VI/V 

Figure 3 Stepping traces of myosin VI and chimeras. (A) Stepping trace of myosin VI. Examples of large, small and backward steps are indi-
cated by the red, blue and green arrows, respectively. (B) Same as (A) but for the chimera.
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erated by intramolecular strain [16]. Therefore, since the 
intra molecular strain was decreased in our chimeras, we 
concluded it caused the ATP-binding rate in myosin VI/V 
chimera to decrease.

same chimera or an aggregation of myosin VI/V chimeras.
The run length of the myosin VI/V chimera (81 nm; Fig. 

5A) was less than half the previously reported run length of 
myosin VI (~200 nm) [4]. Processive movement in myosin 
is often considered the result of coordinating the ATP- 
hydrolysis cycle between the two motor domains via intra-
molecular strain [11]. We concluded that removing the LAE 
lowered the intramolecular strain and thus the run length too. 
However, a previous study examining chimera mutants of 
myosin V that retained the SAH (single alpha helix) domain, 
which is equivalent to the myosin VI LAE domain, from the 
dictyostelium myosin MyoM, had lower intramolecular 
strain because of decreased rigidness in the lever arm region 
[13]. The lower intramolecular strain seen in our myosin 
VI/V chimera despite a more rigid lever arm can be explained 
by the actomyosin geometry [14].

The rate constants of the large, small and backward steps 
of our chimera were 1.3 s–1, 2.2 s–1 and 1.3 s–1 at 100 μM ATP, 
respectively (Fig. 5B–D), while those of myosin VI were 
about 3 s–1 for all step types at 100 μM ATP [6]. The de-
creased stepping rates for the myosin VI/V chimera might be 
explained by the reduced intramolecular strain. At 100 μM 
ATP, the rate limiting process for myosin VI stepping is ATP 
binding to the rear motor domain [15]. This binding is accel-

Figure 4 Distribution of chimera steps. The step size distribution 
of the myosin VI/V chimera at 100 μM ATP was fitted with the convo-
lution of three Gaussian functions (black dashed line) of –34±17 (green 
solid line), 32±13 (blue solid line) and 68±15 (the red solid line) 
(mean±standard deviation (nm); n=219).

Figure 5 Distribution of dwell times and run lengths of the chimera. (A) The run length distribution of the myosin VI/V chimera at 100 μM ATP 
over 150 nm was fitted with a single exponential function of mean±standard error (s.e.) = 81±12 nm (n=38). (B–D) The dwell time distributions of 
the myosin VI/V chimera for large (B) and small steps (C) at 100 μM ATP were fitted with a convolution of two exponentials for successive steps 
of the same rate constant (Atk2exp-kt; t = dwell time, k=mean rate constant) of mean rate constants±s.e.=1.3±0.32 s–1 (n=45) and 2.2±0.10 s–1 
(n=99), while that for backward steps (D) was fitted with a single exponential decay function (A exp-kt; t=dwell time, k = mean rate constant) of 
mean rate constant±s.e. = 1.3±0.34 s–1 (n=23). Since the rate limiting state for myosin VI stepping at 100 μM ATP is the ATP-binding rate, this rate 
constant is consistent with rate ATP binds to the motor domain of the myosin VI/V chimera.
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