The unique insert at the end of the myosin VI motor
is the sole determinant of directionality
Hyokeun Park*, Anna Li†, Li-Qiong Chen†, Anne Houdusse‡, Paul R. Selvin§¶储, and H. Lee Sweeney†储
Departments of *Chemistry and §Physics, ¶Center for Biophysics and Computational Biology, University of Illinois, Urbana, IL 61801; †Department
of Physiology, University of Pennsylvania School of Medicine, 3700 Hamilton Walk, Philadelphia, PA 19104-6085; and ‡Structural Motility, Institut
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Myosin VI moves toward the pointed (minus) end of actin filaments, the reverse direction of other myosin classes. The myosin VI
structure demonstrates that a unique insert at the end of the motor
repositions its lever arm and is at least in part responsible for the
reversal of directionality. However, it has been proposed that there
must be additional modifications within the motor that contribute
to its large step size and to the reversal of directionality. To
ascertain the inherent directionality of the motor core, we attached
the myosin V lever arm to myosin VI, with and without the unique
insert. If the insert was maintained, the motor moved toward the
minus end of actin filaments, but if removed, movement was
redirected toward the plus end. Single-molecule studies revealed
that further adaptations within the motor increase the magnitude
and variability of the plus-end directed converter movements, and
unexpectedly provide the source of the highly variable myosin VI
step size. Thus, the unique insert is necessary and sufficient to
reverse an inherently plus-end directed myosin.
lever arm 兩 motility 兩 unconventional myosin 兩 reverse direction

T

he myosin superfamily is composed of at least 20 classes of
molecular motors that move along actin filaments (1). Actin
binding drives conformational changes in the myosin motor that
leads to sequential release of the hydrolysis products of ATP (Pi
followed by ADP). These conformational changes in the motor
are amplified by a ‘‘lever arm,’’ which is an extended ␣-helix
composed of consensus calmodulin (CaM) and/or CaM-like light
chain binding sites (IQ motifs). This lever arm is attached to a
region of the motor known as the converter, which amplifies and
directs (converts) the movements resulting from the actincoupled changes in the motor conformation. This results in a
swinging of the lever arm, roughly parallel to the actin filament
(2). This swing is known as the myosin powerstroke, which begins
when myosin binds to actin with Pi and ADP bound at the active
site (prepowerstroke), and ends when the hydrolysis products
have been released (rigor). Rigor positions of the lever arms of
class VI and V myosins are schematized in Fig. 1 A and B,
respectively.
Whereas, in general, myosin motors move toward the barbed
(plus) end of an actin filament, myosin VI was the first superfamily member shown to traffic toward the pointed (minus) end
of the actin filament (3). This allows it to fulfill a number of
unique cell biological functions (4, 5). In addition to reverse
directionality, myosin VI has a number of additional unusual
features. Like myosin V, dimers of myosin VI are capable of
taking multiple steps (processive movement) on an actin filament without detachment (6). These steps are similar in size to
those of myosin V, even though the lever arm of myosin VI
contains only one IQ motif (CaM-binding site), whereas that of
myosin V contains six (Fig. 1 A and B). As also noted in Fig. 1 A,
it appears that the lever arm of myosin VI is extended by a
somewhat flexible structure of unknown nature that is distal to
the IQ motif (7). This lever arm extension precedes the region
responsible for dimerization (6). There is also a second calmodulin bound to one of two inserts (insert 2) that are both unique
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to class VI myosins. The calmodulin bound to insert 2 is
structural and contains four tightly bound calcium ions (8, 9).
Based on the high-resolution structure of the myosin VI motor
(Fig. 1E), this CaM and insert 2 appear to be integral components of the myosin VI converter (9).
In the initial description of reverse directionality of myosin VI,
it was postulated that the unique insert at the end of the motor
domain (insert 2) was likely a component of a redesigned
converter that allows repositioning of the lever arm and reversal
of directionality (3). The recently published structure of myosin
VI is consistent with this speculation, and reveals that the insert
wraps around the converter and binds a calmodulin that interacts
with the converter. The result is a ⬇120° repositioning of the
myosin VI lever arm. However, it was also noted that the large
movement size of the crystallized myosin VI construct could not
be explained unless myosin VI initiates its movement (powerstroke) on actin in a state (prepowerstroke state) unlike that
previously seen for plus-end directed myosins (9). This observation raises the possibility that part of the mechanism of
directionality reversal is within the motor domain itself, and that
the repositioning of the lever arm simply amplifies the magnitude of the reverse movement. This would be consistent with a
previous study on chimeras between myosin V and myosin VI
that appeared to demonstrate that it is the core of the myosin VI
motor, and not the unique insert, that is responsible for reverse
directionality (12). This conclusion of Homma et al. (12) was
based on the inability of chimeras that either removed the insert
from myosin VI and added myosin V lever arms or added the
insert to myosin V with the myosin VI lever arms to reverse
directionality. Additionally, attempts to add the myosin VI
converter plus insert 2 to myosin V failed to alter the direction
of movement. We have analyzed the chimeras that were created
in the study of Homma et al. (12) in light of the structural data
now available. Based on this, we postulate why their experiments
may not have unambiguously addressed the role of the unique
insert. Accordingly, we have used the structural information to
design new chimeras to definitively evaluate the role of the insert
in the myosin VI converter in the determination of motor
directionality.
Results
Structural Insights into Chimera Design. Our attempts to exchange

the entire converter of myosin VI with that of either myosin II
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Fig. 1. Myosin constructs. (A–D) Schematics of wild-type and chimeric myosin
constructs. Both bar representation and cartoons of the wild-type myosin VI
and myosin V, as well as the chimeric proteins are depicted. Wild-type myosin
VI:S1 and myosin V:S1 constructs (single-headed constructs truncated proximal to their respective coiled coil dimerization domains) are depicted in A and
B. The bar diagrams indicate the position of the respective motor domains,
converters, insert 2 (myosin VI only), and the CaM-binding IQ motifs for myosin
VI and myosin V. In the cartoons, the motor domains are shown as solid colored
(blue, gray, green/red) large ovals, to which the lever arms are attached. (The
small yellow and red cylinders within each motor domain represent the relay
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helix and SH1 helix, respectively; see E.) The lever arms (IQ motifs with bound
CaMs) are depicted by the sequential yellow ovals, representing individual
CaM molecules. Note that, as shown in A, for the wild-type myosin VI:S1, the
lever arm consists of one IQ-bound CaM that is extended by a region of
unknown structure (7). This is denoted by a ‘‘?’’ in the cartoon and labeled LAE
(lever arm extension) in the bar diagram. For the cartoons, the converter
subdomain of each motor (shown in detail in Fig. 2) is represented by a green
circle in myosin VI (A, C, and D) and by a red circle in myosin V (B). This is
consistent with the coloring of the myosin VI and myosin V converters shown
in Fig. 2. The unique myosin VI insert (insert 2) and bound CaM are in purple
(A and C), followed by the IQ-bound CaMs in yellow. In the chimeras (C and D),
the myosin V lever arms are fused onto the myosin VI converter with (C) or
without (D) the myosin VI-specific insert (insert 2). The junction for each of the
chimeras is indicated in the bar diagrams. The splice junction is at Lys-809 from
myosin VI (followed by Ala-764 from myosin V) in C (insert 2 maintained). The
splice junction is at Lys-771 from myosin VI (followed by Ala-764 from myosin
V) in D (insert 2 removed). In all cartoons (A–D), the motor domains are docked
onto two actin monomers positioned as in the Holmes model of the actin
filament (10). The positioning is based on the high-resolution structures of
myosin VI and myosin V (9, 11) and cryo-EM reconstructions of actin-myosin
rigor complexes (3, 10). (E) Ribbon diagram of the myosin VI motor with insert
2, the IQ motif and associated CaMs. The structural elements of the myosin VI
motor are indicated in different colors, maintaining the same color-coding as
in A–D. The subdomains of the motor, which move relative to each other in
different states of the motor cycle, are: upper 50 kDa subdomain (blue); lower
50 kDa subdomain (light gray); N-terminal subdomain (dark gray/black); and
the converter (green). Within the motor, the relay (dark yellow) and SH1-helix
(red) are elements that determine the positioning of the converter, and insert
1 (orange) is involved in altering nucleotide binding (9). The unique myosin VI
insert (insert 2) and bound CaM are in purple (red balls indicating Ca2⫹ ions),
followed by the IQ-motif (cyan) and bound CaM (yellow).
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(chicken smooth) or myosin V (chicken) resulted in constructs
with either no or poor movement and low enzymatic activity,
making directionality determination impossible (data not
shown). We did not attempt to duplicate the chimera of Homma
et al. (12) that added insert 2 from myosin VI into the myosin V
converter (junction at Gly-761 of myosin VI and Ala-753 of
myosin V, marked by the yellow star in Fig. 2), as it is clear from
the structure of myosin VI that this would not lead to a reversal
of direction due to two structural mismatches. The first is a steric
clash between W702 of the myosin V converter and F763 of the
last helix of the myosin VI converter (shown in Fig. 2), which
would have prevented the last helix to be oriented as found in
myosin VI. Secondly, to be positioned properly, the insert
requires specific interactions with the variable loop of the
converter (depicted in Fig. 2), which only the myosin VI converter provides. Unable to wrap around the converter, the insert
in the context of a myosin V/myosin VI chimera likely would
simply have lengthened the lever arm of a plus-end motor,
consistent with the observations of Homma et al. (12).
The one type of chimera that would seem simple to design
would entail removal of the unique insert of myosin VI and
simply extending the lever arm in the manner of a plus-enddirected myosin motor, similar to what is shown in the cartoon
of Fig. 1D. Although the earlier study of Homma et al. (12) did
create a chimera in which insert 2 from myosin VI was removed
and the myosin V lever arm was added to the myosin VI
converter, the junction between the myosin VI and myosin V
sequences created a structural incompatibility. The junction was
again at the position marked by the yellow star in Fig. 2 (Gly-761
in myosin VI), which likely detached the last helix of the
converter from the myosin VI motor due to the loss of myosin
VI-specific interactions (F763 and F766, shown in Fig. 2). Not
surprisingly, their construct displayed a 6-fold slowing of velocity, but inexplicably was reported to move toward the minus end
of the actin filament, like wild-type myosin VI. We also constructed similar chimeras before the solving of the myosin VI
structure, but observed either no movement, or movement so

Fig. 2. The converter regions of myosin VI and myosin V. The converter
subdomain of the myosin motor immediately follows the SH1 helix and
precedes the lever arm. The myosin VI converter (green) is extended by insert
2 (dark purple) plus a CaM (light purple; with Ca2⫹ ions as red balls), which
function to redirect the lever arm helix (beginning at green star; Lys-809). For
comparison, the SH1 helix and converter of myosin V (red) are overlaid. To
create the myosin VI/myosin V chimeras for this study, the myosin V lever arm
was fused onto the myosin VI converter either following insert 2 (green star),
or at the end of the last helix of the converter preceding the insert (red star;
Lys-771 of myosin VI). The former should position the beginning of the lever
arm as in myosin VI, whereas the latter should position it as in myosin V, as
schematized in Fig. 1 C and D, respectively. Note that the chimeras of Homma
et al. (12) that involved either removal of insert 2 from myosin VI or insertion
of insert 2 into myosin V were joined at the position of the yellow star
(Gly-761), which is the beginning of the last helix of the converter, as discussed
in the text.

slow that directionality could not be unambiguously assigned
(data not shown).
Based on these considerations, we created redesigned chimeras of myosin VI with myosin V lever arms, either with insert 2
maintained (Fig. 1C), or without insert 2 (Fig. 1D). First we
sought to avoid the problems associated with removing insert 2
from the myosin VI converter (Fig. 1D) that were created in the
earlier chimeras (12) by moving the myosin VI/myosin V splice
junction to the end of the last helix of the converter. This insures
that the last helix of the converter remains coupled to the myosin
VI converter and positions the six IQ-containing myosin V lever
arm as in a plus-end motor when insert 2 is removed (compare
Fig. 1D and Fig. 1B). Thus, the chimera that deleted the insert
2 (Fig. 1D) was made at the position of the red star in Fig. 2 (end
of the last helix of the myosin VI converter). This entailed joining
myosin VI residue K771 to myosin V residue A764. To construct
the chimera that maintained insert 2 (Fig. 1C), the first IQ of
myosin V replaced the IQ of myosin VI and was followed by the
rest of the myosin V lever arm. Fusion took place at the position
of the green star (K809 of myosin VI) in Fig. 2.
The Unique Insert Alters Directionality. The directional movement

of monomeric constructs is summarized in the histogram in Fig.
3A [see supporting information (SI) Movies 1–4]. The wild-type
myosin V single-headed construct (S1) moved actin filaments
with the gelsolin (plus) end trailing, and thus with the myosin
motor directing movement toward the plus end (average velocity
of 190 ⫾ 37 nm/s). For the myosin VI wild-type S1, the opposite
movement (average velocity of 245 ⫾ 30 nm/s) was observed
(Fig. 3A), with the gelsolin (plus) end of the filament leading
(minus-end directed movement). For the chimera depicted in
Fig. 1C, the results summarized in Fig. 3B demonstrate that
780 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0610066104

Fig. 3. Histograms of directionality and velocities of actin filament sliding by
wild type and chimeric myosin VI and myosin V motors. (A) Plotted are the
sliding velocities of individual actin filaments that contained labeled gelsolin.
The direction of movement was determined based on gelsolin labeling of the
plus-end of the actin filament. Filaments moved by the wild-type myosin VI:S1
(Fig. 1 A) are represented by red bars, and green bars are used for the wild-type
myosin V:S1 (Fig. 1B). (B) Filaments moved by the chimera between the myosin
VI motor and myosin V lever arm in which insert 2 was retained (Fig. 1C) are
represented by red bars, whereas those moved by the chimera in which insert
2 was removed (Fig. 1D) are shown as green bars. Minus velocity signifies
minus end-directed actin movement and positive velocity signifies plus-end
directed movement.

replacement of the IQ-CaM of myosin VI with the six IQ
motif-lever arm of myosin V (Myosin VI ⫹ 6IQ) maintained
minus-end movement, but the velocity of actin filament translocation was slowed (129 ⫾ 27 nm/s) as compared with the wild
type (one IQ-lever arm plus extension). This difference is
explained mostly by the fact that the kinetics are altered in the
chimera, which has a maximal actin-activated ATPase activity of
3.1 ⫾ 0.14 s⫺1, as opposed to 5.3 ⫾ 0.21 s⫺1 for the wild type
(Myosin VI:S1⫹extension) at 20°C. Although it is unclear what
effect strain may have on the kinetics and motility, the difference
in kinetics suggests that the two constructs have similar unitary
displacements.
Removal of the insert from myosin VI and addition of the
myosin V lever arm (Myosin VI-insert ⫹ 6IQ; depicted in Fig.
1D) resulted in reversal of directionality (Fig. 3B) and a further
slowing of the maximal actin-activated ATPase activity (2.3⫾.08
s⫺1) and motility (121 ⫾ 42 nm/s). Given the kinetic differences,
the unitary step size is likely similar (or greater) to that of the
wild-type myosin VI and the other chimera.
Movements of the Myosin VI Converter Lead to the Variable Step Sizes
of the Dimer. To gain further insight into the movements of the

myosin VI converter, in the absence of both insert 2 and the lever
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arm extension, we extended the myosin V sequence of the two
myosin VI / myosin V (6IQ) chimeras through most of the native
coiled coil to create two-headed (dimeric) chimeras. We first
examined the directionality of the dimers in the actin gliding
assays, as was done for the single-headed constructs. The dimeric
construct without insert 2 moved toward the plus-end of the actin
filaments and the dimer with the insert maintained moved to the
minus-end of actin filaments, as had their single-headed counterparts. We then used the single molecule technique known as
FIONA (13, 14) to measure the step sizes of single dimeric
molecules moving on a stationary actin filament. The centroid of
movement was monitored by binding a Cy3-conjugated antibody
(anti-FLAG) to the C terminus of the chimera, following the
coiled coil. As shown in the histogram of Fig. 4, the average step
size of the myosin VI (minus insert)/myosin V chimera was 36.0
nm (⫾14.7 nm), which is similar to the published average values
for two-headed wild-type myosin V (13, 15). For the myosin VI
(plus insert)/myosin V chimera, the average step size was 39.7 nm
(⫾15.6 nm). Thus, not only is the rotation of the myosin VI
converter plus-end directed, but the amplitude of the rotation
(powerstroke) must be at least as large or larger than that of the
myosin V converter.
Thus, as summarized in Fig. 4, the average step size for both of
the dimeric chimeras was similar to that of myosin V (somewhat
larger in the case of the dimeric chimera with insert 2 maintained).
However, the distribution of step sizes was much broader, and
appeared more like the distribution that had been previously
published for dimers of myosin VI (14, 16–18). To verify this
finding, we used the FIONA technique to track the centroid of a
Cy3-labeled antibody bound to the C terminus of dimers of
wild-type myosin V or myosin VI under the same assay conditions
used for the dimeric chimeras. Indeed, as shown in Fig. 4, the
distribution of step sizes was broader than for myosin V (36.0 ⫾ 7.2)
for both the myosin VI (minus insert)/myosin V chimera (36.0 ⫾
14.7 nm) and myosin VI (plus insert)/myosin V chimera (39.7 ⫾ 15.6
nm). In both cases, the broadness of the distribution was similar to
that of wild-type myosin VI (35.5 ⫾ 12.4 nm). Also in both cases a
small number of backward (opposite direction) steps were observed
as for wild-type myosin VI.
Discussion
The data clearly indicate that insert 2 is the origin of reverse
directionality in myosin VI. The use of the myosin V lever arm,
Park et al.

Fig. 5. Comparison of the rigor (A) and hypothetical prepowerstroke (B)
states of myosin VI. The structures are oriented as in Fig. 1, as if they were
docked onto an actin filament, which is represented by an arrow with polarity
noted. The first part of the myosin VI-specific insert (insert 2) is in purple and
a blue line represents the axis for the rest of the insert 2 helix that binds
Ca2⫹–CaM. The converter is in green with its last helix in bright pink. (A) The
published rigor-like structure (9). (B) A model of the prepowerstroke state of
myosin VI in which the converter (including insert 2) from the myosin VI rigor
structure (9) is positioned in the scallop myosin II prepowerstroke state structure (19). Note how this would position the insert 2-helix perpendicular to the
actin filament. This would result in a small movement at the end of the helix
(marked by red stars), in disagreement with the large movements that have
been measured (7). Ideally, a novel myosin VI prepowerstroke state would
orient the insert 2-helix parallel to the actin filament, directed toward the plus
end of the filament, as indicated by the green line with a green star at the end.
This positioning would correctly predict the 11-nm stroke size of the myosin
VI:S1 (7). How this might be accomplished will require additional structural
information.

which is unlikely to have multiple conformations, as has been
suggested for the myosin VI lever arm plus extension (7),
provides an easily interpreted amplification of the movements of
the myosin VI converter. With insert 2 removed, myosin VI is a
plus-end directed motor, and thus the core of the motor is not
involved in directionality reversal. However, it was somewhat
unexpected (discussed below) that the movements of the chimeras would be similar in velocity, and likely in unitary displacements. It was also unexpected that the removal of the native
myosin VI IQ-CaM would have an impact on the kinetics of the
motor. This finding suggests that CaM–converter and CaM–
CaM interactions may influence the conformation of the converter and kinetics of the myosin VI motor in some yet-to-bedetermined manner.
As we previously pointed out (9), the large movement associated with the myosin VI construct truncated after its IQ-bound
calmodulin (7) is impossible to reconcile with the prepowerstroke structure that has been characterized for other myosins
and the rigor-like structure of myosin VI (beginning and end of
powerstroke, respectively), because it predicts a much smaller
powerstroke than measured (2.5 nm predicted vs. 11 nm measured). It also would predict that the end of the lever arm would
be positioned close to the actin filament in the prepowerstroke
state, which could interfere with processive movement in a
two-headed motor. These points are illustrated in Fig. 5. This
prompted us to postulate two fundamentally different mechaPNAS 兩 January 16, 2007 兩 vol. 104 兩 no. 3 兩 781
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Fig. 4. Comparison of step sizes of dimeric constructs. Plotted are the
distributions of the sizes of individual steps taken by single molecules moving
along a stationary actin filament for wild-type myosin VI (yellow) and myosin
V (red) dimers, as well as the myosin VI (minus insert)/myosin V chimeric dimer
(blue) or the myosin VI (plus insert)/myosin V chimeric dimer (purple). Step
sizes were determined by using the FIONA technique (13, 14), but in this case,
the centroid of motion was measured by attaching a Cy3-labeled antibody to
the C terminus of the individual molecules. Positive steps denote movements
toward the plus end of the actin filament, whereas negative steps indicate
movements toward the minus end of the filament.

nisms by which myosin VI movements could be accomplished:
that myosin VI either has a unique prepowerstroke state in which
the converter positioning is unlike that of other myosins, or that
the converter may uncouple from the motor domain in the
prepowerstroke state (essentially disrupting the normal prepowerstroke positioning of the converter), leading to a plus endbiased positioning. The latter mechanism (uncoupling) would
predict that the movement of a construct with the insert removed
would be much smaller than with the insert maintained, and
minus-end directed movement might even be maintained with
insert 2 removed. Because we see similar velocities of movement
(and step sizes) with or without the insert, but in opposite
directions, we now exclude the uncoupling model and favor a
model in which myosin VI has a unique converter position in its
prepowerstroke state. Based on the step size data summarized in
Fig. 4, this unique converter position generates a powerstroke
that must be similar in amplitude to that of myosin V. In this
model, the unique prepowerstroke state does not alter the
directionality of the motor, but merely alters the amplitude of the
lever arm swing. This may explain why earlier attempts (12) to
use the myosin VI converter plus insert to reverse the direction
of myosin V were not successful. The motor domain of myosin
V simply may not accommodate the unique myosin VI converter
conformation. Further structural studies of the myosin VI
prepowerstroke state will be required to provide additional
insights into the mechanism of myosin VI movement, and to
allow the design of chimeras in which the entire converter is
exchanged.
The step size histogram of Fig. 4 reveals that not only is the
large size of the myosin VI step primarily a function of the
movements of the converter, but so is the variability of the step
size. We previously speculated that the step size variability might
come from either a transient uncoupling of insert 2 (16) and/or
from flexibility within the lever arm extension (7). Note that not
only do we observe steps larger in size than any seen for myosin
V, but back-steps are also seen (Fig. 4), as is characteristic for
wild-type myosin VI. Because both insert 2 and the lever arm
extension have been removed and replaced by the myosin V lever
arm in one of the chimeric dimers (dimer based on monomer
shown in Fig. 1D), the large and variable step size must come
primarily from variable conformations and/or structural states
involving positioning of the converter. This, in turn, leads to a
variable positioning of the lever arm during hand-over-hand
processive stepping, which we have directly observed (14).
Ultimately, this creates a variable biasing of the lead head
attachment site on the actin filament. How this converter
movement is achieved is unclear. It does, however, imply that the
lever arm extension may not be extensible, as we previously have
speculated solely on the basis of the variable step size (7, 16, 20).
This more easily explains the fact that the step size is not load
dependent below the stall force (20). The structure of the lever
arm extension remains unresolved, as is the reason for myosin VI
adopting such a divergent lever arm design.
The implication of our results is that the myosin VI insert
(insert 2) and converter are not portable elements that can
reverse the directionality of other classes of myosin. They are
specifically adapted to optimize minus-end directed actin movement of the myosin VI motor. In the myosin VI context, the
unique insert reverses the motor core’s intrinsic plus-end directed and highly variable movements.
Materials and Methods
Design of the Chimeras. Myosin V lever arms were attached to the
myosin VI converter with or without insert 2. The use of the long
(six CaM-containing) myosin V lever arms was to allow a large
amplification of the motions of the myosin VI converter, without
the possible complications in interpretation that could arise if we
used the myosin VI lever arm plus extension. The lever arm
782 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0610066104

extension of myosin VI appears to be of variable length and
possess an undetermined structure (7). The structure and function of the myosin V lever arm is well understood compared with
the myosin VI lever arm plus extension (15).
To create the myosin VI:S1 construct (Fig. 1 A), the porcine
myosin VI cDNA was truncated at amino acid 917, as described
(6). This truncation is at the end of the lever arm extension and
precedes the dimerization domain of myosin VI. The myosin
V:S1 (Fig. 1B) was formed as described (15) by truncating the
chicken myosin V heavy chain at the beginning of the coiled coil,
preserving the entire 6-IQ-containing myosin V lever arm. To
create the myosin VI/V chimera in which the myosin V lever arm
replaced the myosin VI lever arm plus extension (Fig. 1C),
myosin VI was truncated after insert 2 at residue K809 and joined
to the myosin V lever arm at myosin V residue A764. The myosin
V (6IQ) lever arm ended at K909. To form the myosin VI/V
chimera with insert 2 removed (Fig. 1D), myosin VI residue K771
was joined to myosin V residue A764 through the end of the 6-IQ
lever arm (K909). All constructs had a GFP followed by a Flag
tag (encoding GDYKDDDDK) appended to the C terminus.
The GFP provided an antibody-binding site for motility assays,
whereas the FLAG tag was used to facilitate purification.
The wild-type myosin V and myosin VI dimers were those
described in refs. 15 and 16, respectively. The only difference was
the removal of GFP ⫹ FLAG at the C terminus, which was
replaced by the FLAG epitope alone (following the coiled coil).
The chimeric dimers simply extended the myosin V sequence of
the monomers (Fig. 1 C and D) through the coiled coil found in
our wild-type myosin V dimer (15).
Expression and ATPase Assays. The constructs described above were
used to create recombinant baculovirus for expression in SF9 cells,
as described (21). The myosin-expressing viruses were coinfected
with a virus encoding chicken calmodulin, and the expressed
calmodulin-containing myosin molecules were purified as described
(21). ATPase assays (three to four separate preparations for each
construct) were performed as described (22).

In Vitro Motility Assay. All directionality assays with actin–myosin

have used actin filaments that have one end of the filament
differentially labeled (3, 12, 23). Although this provides reliable
determination if the filaments are used immediately after being
produced, over time, breaking and reannealing of filaments can
lead to mismarked filaments, complicating directionality determination. For this study, we labeled the ends of the actin filament with
a single, heavily Cy3-labeled N-terminal fragment of a gelsolin
molecule (a plus-end actin capping protein), to unambiguously
determine actin filament polarity. We then determined their velocity and direction of movement in a standard actin-gliding motility
assay (24). In this assay, actin filaments are translocated by myosin
motors that are held stationary on the surface.
The in vitro motility assay was performed following a previously described protocol (25) with modification. First, a sample
chamber was prepared as described (26). Myosin was attached to
a nitrocellulose-coated coverslip with anti-GFP (Sigma-Aldrich,
St. Louis, MO) antibodies. A solution (20 mM Hepes/2 mM
NaCl/25 mM KCl/1 mM EGTA/10 mM DTT/6.25 mM CaM)
with 4 mg/ml casein was used to wash out unbound antibody and
myosin. Actin filaments were visualized by using Alexa Fluor
647-labeled phalloidin, with Cy3-labeled gelsolin at the barbed
(plus) end. Images were taken as described (27), and an oxygen
scavenger system was used (13). An HQ615/130M emission filter
(Chroma, Rockingham, VT) and CCD camera (MicroMax,
Photometrics, Tucson, AZ) were used for fluorescence acquisition. The center of F-actin was calculated by weighting the
position by signal intensity, allowing the speed to be calculated
by the center’s displacement divided by elapsed time.
Park et al.

DNA encoding human gelsolin residues 1–406 in the expression
vector pMW172 was the generous gift of Alan Weeds (Medical
Research Council Laboratory for Molecular Biology, Cambridge, U.K.). This construct corresponds to segments 1–3 of
cytoplasmic gelsolin. The protein was expressed in Escherichia
coli strain BL21 (DE3) and purified as described by Way et al.
(28). Fluorescent labeling of this N-terminal fragment of gelsolin
was carried out in 20 mM Hepes/1 mM DTT/1 mM NaN3, pH 7.5,
with an ⬇10-fold molar excess of monofunctional amino-reactive
Cy3 (GE Healthcare, Piscataway, NJ) at 4°C for 3.5 h, in the
dark. The labeled protein was separated from excess free dye by
dialysis. Dye incorporation was measured spectrophotometrically, and the dye-to-protein ratio was determined to be 9.6:1.
Preparation of Doubly Labeled Actin Filaments. Doubly labeled
F-actin was prepared by adding 13 nM of Cy3-labeled gelsolin
with 2 mM g-actin in F-buffer (300 mM KCl/10 mM MgCl2/40
mM Hepes, pH 7.1), and incubated for 10 min. Then, 9.9 mM
phalloidin labeled with Alexa Fluor 647 (Invitrogen, Carlsbad,
CA) was added in F-buffer at a ratio of 1:5 (phalloidin/actin).
Polymerization was allowed to proceed overnight.

were labeled with Cy3 via anti-FLAG Cy3 conjugate antibody
with three to six Cy3 molecules per antibody. Unlabeled FLAGtagged myosin dimers were incubated with monoclonal antiFLAG Cy3 conjugate antibody (Sigma-Aldrich) at the ratio of
1:2 overnight. The single molecule motility assay was performed
as described (13, 14).
We have used a dynamical Student’s t test approach to find the
best global fit to a given data set by optimizing two parameters,
the ‘‘probability threshold’’, p, and the ‘‘group’’, g, that are not
known a priori for the particular motility recording. In a standard
t test, the probability threshold or the so-called p value is an
indicator for the statistical significance of the quantity 具x1典 ⫺ 具x2典
of the two populations under consideration with mean values 具x1典
and 具x2典. In our case, the distributions are neighboring clusters of
position data. The lower the threshold the greater the significance of 具x1典 ⫺ 具x2典 and typically values of p ⬍ 0.05 are suggestive
of a highly probable difference in the mean values. In our
algorithm, we generate a sequence of kinetic events with the data
for each pair of parameters p and g and calculate the reduced 2
r2 for that sequence. Here, p varies between 0.01 and 0.05, and
g ranges from 2 to 10. The parameters that result in minimizing
r2 are used to create the best fit to the data.

ies, we applied the previously described technique termed
FIONA (fluorescence imaging with one nanometer accuracy)
that can track the position of a single fluorophore with ⬇1.5-nm
resolution (13). The assay was modified to track the centroid of
movement of a processive dimer. To do so, FLAG-tagged dimers
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