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SUMMARY

Myosin VI challenges the prevailing theory of how
myosin motors move on actin: the lever arm hypoth-
esis. While the reverse directionality and large power-
stroke of myosin VI can be attributed to unusual
properties of a subdomain of the motor (converter
with a unique insert), these adaptations cannot
account for the large step size on actin. Either the
lever arm hypothesis needs modification, or myosin
VI has some unique form of extension of its lever
arm. We determined the structure of the regionimme-
diately distal to the lever arm of the motor and show
that it is a three-helix bundle. Based on C-terminal
truncations that display the normal range of step
sizes on actin, CD, fluorescence studies, and a partial
deletion of the bundle, we demonstrate that this
bundle unfolds upon dimerization of two myosin VI
monomers. This unconventional mechanism gener-
ates an extension of the lever arm of myosin VI.

INTRODUCTION

Within the myosin superfamily there are at least 35 classes of
molecular motors that move along actin filaments (Odronitz
and Kollmar, 2007). Myosin motor activity is initiated by actin
binding, which drives conformational changes allowing sequen-
tial release of ATP hydrolysis products coupled to movement of
the myosin “lever arm.” This is referred to as the swinging lever
arm hypothesis (Holmes and Geeves, 2000; Holmes et al., 2004).
The lever arm is a variable length, extended « helix containing
calmodulin (CaM) and/or CaM-like light-chain binding sites
(1Q motifs).

Myosin VI is the only class of myosin that has been shown to
move toward the minus end of actin filaments (Wells et al.,

1999). The myosin VI dimer is capable of processive movement
(i.e., can move as a single molecule) along an actin filament
(Park et al., 2006) as well as load-dependent anchoring (Altman
et al., 2004) and thus can fulfill a number of specialized cell bio-
logical functions (Buss et al., 2004; Frank et al., 2004; Sweeney
and Houdusse, 2007). Our two previously solved myosin VI
structures, representing the beginning (prepowerstroke state;
Ménétrey et al., 2007) and the end (rigor state; Ménétrey et al.,
2005) of the lever arm swing on actin, reveal the magnitude of
the myosin VI powerstroke. This is often referred to as the stroke
size, which is determined by the net displacement of the lever
arm from its prepowerstroke position to its rigor position.

The stepping behavior of myosin VI is also unusual compared
to other processive myosins. Instead of a narrow range of step
sizes, as seen for myosin V (Mehta et al., 1999), myosin VI has
a broad distribution of step sizes centered around 30-36 nm
(Rock et al., 2001; Nishikawa et al., 2002). Since the apparent
lever arm of myosin VI contains only two CaM-binding sites,
this stepping behavior is not easily explained. We previously
demonstrated that it requires some additional structure, distal
to the apparent lever arm (Rock et al., 2005). This structure func-
tions as a lever arm extension (LAE) and perhaps contains
greater flexibility than the standard myosin lever arm.

Intriguingly, a number of myosin classes, including VI, Vlla,
and X, contain a domain that is predicted to form an extended,
stable single a helix (SAH) following their lever arms (Knight
et al., 2005); see Figure 1. It has been suggested that these
domains are sufficiently rigid to provide functional extensions
of the lever arms of myosins such as VI, Vlla, and X (Knight
et al., 2005; Spink et al., 2008). SAH domains have also been
described in caldesmon (Wang et al., 1991) and recently were
reported to exist in more than 123 different proteins (Sivaramak-
rishnan et al., 2008).

In the case of myosin VI, there is an additional domain, which
has been referred to as the proximal tail, between the conven-
tional CaM-containing lever arm and the predicted SAH. In
a recent study, Spink et al. (2008) demonstrated that the region

Molecular Cell 35, 1-11, August 14, 2009 ©2009 Elsevier Inc. 1


mailto:anne.houdusse@curie.fr
mailto:lsweeney@mail.med.upenn.edu

Molecular Cell (2009), doi:10.1016/j.molcel.2009.07.010

Please cite this article in press as: Mukherjea et al., Myosin VI Dimerization Triggers an Unfolding of a Three-Helix Bundle in Order to Extend Its Reach,

A
Motor Insert2 Proximal
Domain Ca?* Tail
(Lever Arm
Extension)
]
770 811 835 913
B
Insert2 /

of myosin VI immediately following the lever arm is largely
o helical and forms a highly compacted domain, which the
authors postulated was most consistent with a three-helix
bundle. They further suggested that the region in between the
three-helix bundle and the cargo-binding domain is a stable
SAH that forms the bulk of the LAE necessary for the large
step sizes of myosin VI. Lastly, they postulated that the cargo-
binding domain of full-length myosin VI is solely responsible for
dimerization (see Figure 1). However, this postulate is inconsis-
tent with our earlier observations (Park et al., 2006) that some-
where proximal to the cargo-binding domain is a region that
can allow dimerization of myosin VI, resulting in processive
step sizes identical to the full-length dimer. The data of Park
et al. (2006) might be compatible with a model in which a SAH
domain provides the LAE of myosin VI if there is a residual
component of weak dimerization at the end of the constructs
examined by Park et al. (2006).

To clarify the mechanism that allows myosin VI to achieve its
large step size, we made additional C-terminal truncations in
order to further delineate the location of the LAE and the minimal
length structure that is capable of dimerizing with a normal step
size (see Figure 1). We also crystallized and solved the structure
of a truncated construct that included the region of the approx-
imately 80 amino acids immediately following the lever arm
(proximal tail). What we observe is that the region following the
lever arm is indeed a three-helix bundle in the monomeric crystal
structure. Surprisingly, we also observe that a construct extend-
ing only 28 amino acids beyond this structure is capable of form-
ing a dimer that moves processively, with step sizes identical to
that of the full-length dimer. The only way to explain all of the data
is to propose that, upon dimerization, the three-helix bundle
must unfold and form the extension of the myosin VI lever arm.
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Figure 1. Schematic of Full-Length Myo-
sin VI

(A) The N-terminal motor domain is followed by
a unique insert (Ins2) that binds the structural
CaM, followed by an 1Q motif that is bound to an
exchangeable CaM. This is adjacent to the PTD
that may form an extension of the lever arm formed
by the bound CaMs. The proximal tail is followed
by the medial tail, a region that can weakly
dimerize, as we have previously shown (Park
et al., 2006). This same region has been predicted
by Spink et al. (2008) to contain a stable SAH. In
this study, we provide evidence that the medial
tail contains a short dimerization domain (likely
coiled coil) that may be followed by a SAH. The
rest of the molecule is composed of a small distal
tail region and a cargo-binding domain.

(B) Model of myosin VI dimer proposed by Spink
et al. (2008), using stable single o helices (SAH)
as LAEs. The sites of truncations used for this
study are noted by the C-terminal amino acid
number.

Cargo-Binding
Domain

Finally, we performed experiments involving fluorescence
quenching and deletion of two helices of the bundle to provide
definitive evidence that this is the case.

RESULTS

The Proximal Tail Is a Three-Helix Bundle

Crystallization of a myosin VI construct (residues 1-917) coex-
pressed with CaM gave rise to a structure that surprisingly con-
tained only residues 770-913 with two bound CaMs. (Statistics
on data collection and refinement can be found in Table 1.) It is
evident that we crystallized a proteolytic fragment of the origi-
nally expressed construct. At 2.7 A resolution, the crystals al-
lowed the determination of the structure of the full lever arm
(FLA) containing two CaMs bound to Insert 2 (Ins2) and 1Q motif
followed by the 77 residues of the heavy chain (HC) (residues
835-913), which form an antiparallel three-helix bundle. As
shown in Figure 2A, the length of the FLA is 11 nm, with the
CaM-bound Ins2-1Q helix segment accounting for 7 and 4 nm
for the three-helix bundle.

From Ins2 to the end of the IQ motif, the MVI HC adopts
a conformation of an elongated and straight a-helix embraced
by the CaMs. Note that the two CaMs do not interact with one
another. As previously described (Ménétrey et al., 2005), Ins2
contains an unusual 1-6-14 motif that binds to Ca®*-CaM
through strong interactions with three key anchoring residues
(W793, W798, and L806). As predicted from the sequence of
the 1Q motif, “IQxxxRGxxxR,” the C lobe of an apo-CaM binds
to the N terminus of the myosin VI 1Q motif in a conventional
manner (Houdusse et al., 1996). In contrast, the C terminus of
the 1Q motif sequence (MQktiRMwIcK) where the N lobe of
apo-CaM binds is unusual in myosin VI. Instead of the
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Table 1. Statistics on Data Collection and Refinement

Data Collection

Space group

Cell dimensions, a, b, ¢ (A)

Resolution (;Z\)

P212121
51.79, 118.39, 182.06
50-2.7 (2.85-2.7)

Rmeas 8.3 (48.1)
/o 7.7 (1.7)
Completeness (%) 100
Redundancy 7.2
Refinement
Resolution (A) 45-2.7
Number of reflections 30,044
Rwork/Riree 22.35/27.22
Number of atoms
Protein 6,592
Heteroatoms 14
Water 87
Mean B factors (rmsd) 48.97
Bond lengths (&) 0.008
Bond angles (°) 1.068

conventional glycine, a residue with a large side chain (M826) is
found, and the last arginine of the motif is replaced by a lysine
(K830). Modeling studies proposed that this motif could recruit

CaM by interaction with the C lobe only, leaving the N lobe free
in solution (Terrak et al., 2005). However, the structure of the
FLA shows that the N lobe of CaM does interact with the HC helix
and that its position relative to the HC is analogous to that found
for classic 1Q motif/CaM complexes. (See details in the Supple-
mental Data available online.)

Structure of the Three-Helix Bundle

The three-helix bundle or proximal tail domain (PTD) starts at
P835. The proline, in part, imposes a 30° kink relative to the
HC helix that corresponds to the first part of the lever arm: the
Ins2 and 1Q helical motif (see Figure 2A). The PTD consists of
a helical bundle formed by three antiparallel amphipathic
a helices. The bundle, which is 3.8 nm long and ~1.7 nm in diam-
eter, is organized in such a way that several residues at the prox-
imal part of the bundle participate in a compact hydrophobic
core. In contrast, the distal part of the bundle is very loose and
is composed of two helices with little packing of the hydrophobic
side chains. Helix 1 is smaller, and a long loop (residues K848-
K864, for which no electron density could be observed) connects
helices 1 and 2.

There are several indications that the bundle may not be very
stable. Although the core of the bundle is mostly hydrophobic,
the side chains are short, and thus the bundle is loosely packed
(Figure 2C). While the proximal part has interactions that give
some stability, the distal part of the bundle is particularly loose.
In agreement with this, the electron density is not very well

Figure 2. The Myosin VI Full-Length Lever
Arm

K864 (A) Structure of the myosin VI lever arm with the
Ins2 (purple, Ca®*-CaM pink) and the IQ motif
(cyan, apo-CaM vyellow) helix followed by the
three-helix bundle (blue) that forms the LAE.
Note the 30° kink at the junction between the 1Q
motif and the LAE at P835 (red).

(B) Details of the interactions between the apo-
CaM bound to the 1Q motif and the triple-helix
bundle. Two hydrogen bonds mediated by the
helix 1 R836 also stabilize the bundle by interact-
ing with two carbonyls of the loop between helices

Lever arm
extension (LAE)

a e o
1-835-PRIDGLVKVGTLKKRLDKFNEVVSALKD

2 and 3 (1885 and T888).

(C) Apolar interactions that stabilize the bundle in
the proximal part. Note that helix 1 is shorter
than the other two helices, and the loop that
follows is not visible in the electron density. Fewer
interactions are found between the helices in the
distal part of the bundle, which is not well stabi-
lized.

(D) Sequence of the LAE with the residues found
within the bundle marked by a colored dot. The
loops between the helices are highlighted in blue.

4 nm

15t helix

GKQOEMSKOVRDLEISIDATMAKIKSTMMT 27¢ helix
REQIQKEYDALVKSSAVLLSALQKKK-917  3*¢ helix
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defined for most of the side chains of the bundle. This is in
contrast to other stable triple helix bundles for which the hydro-
phobic patch between the helices tightly associate the helices
along their whole length (see Figure S2).

In addition to the hydrophobic interactions within the bundle,
two hydrogen bonds between the beginning of helix 1 (R836)
and the carbonyls at the end of helix 2 of residues 1885 and
T888 stabilize the proximal part of the bundle (Figure 2B). The
kink at the beginning of the bundle (P835) is stabilized by a
number of van der Waals interactions between the N lobe of
the CaM bound to the 1Q motif (residues L18, F19, and K21)
and the first helix of the bundle (R836, 1837, V841). Note that
these interactions with the first helix of the bundle would be
preserved if the bundle melted and would thus help define the
orientation of the elongated PTD. In contrast, no interaction
occurs with helix 3 and the CaM bound to the IQ motif, and
only a few interactions occur with the end of helix 2, although
one hydrogen bond is seen between K886 and the carbonyl of
S17 of CaM. Thus the main interactions that stabilize the CaM
bound to the IQ motif occur with the first helix of the triple helix
bundle, which would be retained even if the triple helix melted.

Truncated Constructs Can Dimerize and Step
Processively

We previously reported that a myosin VI construct truncated at
Arg991 is capable of forming dimers and taking processive steps
that are identical in size (~30 nm) to the full-length dimer and to
a zippered dimer in which a leucine zipper (GCN4) is appended
following amino acid 991 (Park et al., 2006). Based on this, we
concluded that both the LAE and dimerization domain of myosin
VI are located between residues 834 (end of the 1Q motif) and
991(see Figure 1).

We probed this further by first truncating at Arg940 (creating
MVI-940) and performed previously described (Park et al.,
2006) dimerization assays (ATPase assays, rotary shadowing,
and single-molecule analyses). As shown in Table 2, the
ATPase activity of MVI-940 reveals gating (decreased ATPase
activity per head) following actin clustering of the monomers or
binding and release of the monomers to an antibody (via a C-
terminal Flag tag), indicative of a dimer in which the lead head
cannot complete its ATPase cycle until the rear head releases
from actin. Note that the fact that this clustering of monomers
via actin or antibodies to increase the effective concentration is
necessary indicates that the dimerization is weak, requiring
concentrations greater than the low micromolar concentrations
of our ATPase assays in order for dimers to form.

As shown in Figure 3A, dimers of 940 could be visualized via
rotary shadowing. These dimers were only a small fraction of
the total population (10% + 3%) as compared to the zippered
HMM included for comparison (98% =+ 1%). In part, this appears
due to the instability of the dimers once released from actin, as
increasing the time between release from actin and spraying
onto the EM grid decreases the number of dimers detected.
We also noted that the glycerol concentrations needed for
rotary shadowing destabilize the dimerization (demonstrated
by the loss of gating of the MVI-940 at glycerol concentrations
of >10%). Nonetheless, this was a smaller percentage of dimers
than we observed (Park et al., 2006) for constructs truncated at
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Table 2. Actin-Activated ATPase Activity, V,,,.x, of Myosin VI
Constructs

After Antibody After Actin
Binding Saturation
Vmax Vmax Vmax
Construct (head 'second™") (head 'second™") (head 'second~")
MVI-917 6.0 + 1.3% 6.4 +1.5% 5.6 +1.3%
MVI-940 7.5+1.0 3.1+0.7 29+0.8
MVI-991 71 +1.6% 25+1.7% 2.9+0.8%
Zippered 2.4 +0.8% 25+1.1°2 2.4 +1.3°
dimer

Mean values (+ SD) of three to five independent protein preparations are
shown for each construct and condition.
2Values reported in Park et al. (2006).

either amino acid 991 or 1049 (50%-70%), indicating that
additional interactions distal to amino acid 940 further stabilize
dimerization.

Further evidence that these dimers were sufficiently stable to
function as processive motors was provided by single molecule
FIONA (fluorescence imaging with one nanometer accuracy)
assays. In these assays, a small percentage of monomers were
labeled with Cy3-CaM, as previously described (Park et al.,
2006). The population of sparsely labeled monomers was bound
to an actin filament in the absence of ATP to induce dimerization.
Following addition of ATP, a percentage of the labeled molecules
were observed to initiate processive movement on actin, indi-
cating dimerization with an unlabeled monomer. These actin-
induced dimers were capable of processive movement along
actin filaments with step sizes that were indistinguishable from
the full-length dimer, the zippered HMM (991 + zipper), or the
dimerized construct truncated at 991 without an added zipper
(Table 3 and Figures 3B and 3C). Additionally, the MVI-940 dimers
had average run lengths of 0.9 um, longer than any construct
other than the full-length dimer (Table 3).

The Three-Helix Bundle Must Unfold to Form the LAE
In Figure 4A, we illustrate that if the three-helix bundle remains
folded, then there must be additional LAEs of 9 nm per head
(18 nm/2). Even if the region between the end of the three-helix
bundle and 940 was a SAH with none of the structure partici-
pating in dimerization, this would only provide another 4 nm
and would not allow for dimer formation. A possible solution is
for the three-helix bundle to unfold and form three separate
o helices, perhaps connected by hinges, providing the bulk of
the LAE. This would require that the bundle would be stable in
the monomeric form of full-length myosin VI, but not in the dimer.
Circular dichroism (CD) data on melting of the three-helix
bundle provide further evidence for the existence of the three-
helix bundle and also suggest a mechanism in which dimerization
per se could drive unfolding of the bundle. As shown in Figure S3,
a bacterially expressed proximal tail construct that should
contain the three-helix bundle (834-917) shows high a-helical
content (deep trough at 222 nmin upper panel) and a cooperative
(steep transition) melting at 55° (lower panel), consistent with
a three-helix bundle. This is in good agreement with the results
of Spink et al. (2008) and with the crystallographic structure.
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Figure 3. Dimerization and Step Sizes of Myosin VI Constructs

(A) Rotary shadowing EM of myosin VI constructs. Representative images for
the MVI-940 construct following dimerization using actin clustering are shown
in the top panel, and images of the zippered HMM (MVI-991-GCN4) are shown
in the middle panel. These dimers show two closely spaced motor domains
with an intervening link. The bottom panel contains representative images of
MVI-940 monomers.

The CD spectrum of the medial tail (residues 906-991) also
indicates high o helix content (Figure S3A), but its melting curve
(Figure S3B) is gradual and noncooperative. This is consistent
with a stable single a-helical domain, as proposed by Spink
et al. (2008). The CD spectrum and melting curve for construct
834-991 is the sum of the individual spectra and melting curves
of the proximal and medial tail, but with the cooperative transi-
tion shifted to approximately 67°. This may indicate that interac-
tions between the three-helix bundle and the extended a helix of
the medial tail further stabilize the bundle. We confirmed that, as
expected, this construct is monomeric using analytical ultracen-
trifugation (data not shown).

To induce dimerization, we added GCN4 to the end (834-
991-GCN4), mirroring our MVI-HMM construct; confirmed the
construct was a dimer; and examined its CD spectra and melting.
(GCN4 melts at >90°C, outside of the temperature range we are
probing [Akey et al., 2001].) What we observe in the case of this
dimer is that the melting is gradual and noncooperative; the steep
transition that we ascribe to melting of the three-helix bundle is no
longer present. Thus even in the absence of the myosin head,
dimerization of the tail following residue 991 is propagated along
the helical segment to the three-helix bundle and induces unfold-
ing of the bundle. However, the a-helical content is not decreased
by formation of the dimer (Figure S3A). The data also rule out the
presence of a large segment of coiled coil. However, there
appears to be a small degree of cooperative melting centered
on ~77°C. This may represent melting of a short segment of
coiled-coil structure that has formed in addition to the short
segment of coiled coil in GCN4.

To provide definitive evidence for dimerization-induced unfold-
ing of the three-helix bundle, we introduced two cysteine resi-
dues within the three-helix bundle at positions T845 and A880
into “cys-lite” constructs (Shih et al., 2000), in which reactive
cysteines were removed. This was done for both a monomeric
construct (MVI-917) and our zippered dimer (MV1-991-GCN4),
which were then labeled with tetramethylrhodamine (TMR) to
measure the fluorescence. From the crystal structure of the
three-helix bundle, the distance between these two residues
in an intact three-helix bundle is about 18 A (Figure 4D). This

(B) Observed movements of myosin VI constructs. Representative stepping
traces, based on FIONA values as a function of time, are shown for three trun-
cated myosin VI constructs. Stepping traces for the labeled head (Cy3 on
1Q-bound CaM) are shown for MVI-940 (red), MVI-919-GCN4 (blue), and for
the full-length construct with the last two helices of the bundle deleted, MVI-
FL 848-909 del (green). Positions of the dye were tracked, and steps were
calculated using a custom Student’s t test algorithm coded for by IDL (ITT
Visual Information Solutions, Boulder, CO). In all cases, the observed steps
are actually two steps, since the probe is only on one head.

(C) Distribution of step sizes of Cy3-labeled truncated myosin VI constructs.
For MVI-940, following dimerization by binding to actin, the average forward
step (1/2 observed movement) was 27.2 + 9.7 nm (n = 87). The average back-
ward step (1/2 observed movement) of MVI-940 was —12.3 £ 1.7 nm (n = 2).
The distribution of the MVI-940 was similar to what we previously observed
for both the full-length myosin VI dimer and the zippered HMM. The average
forward step size of MVI-919-GCN4 was 23.7 + 10.6 nm (n = 108), whereas
the average backward step size was —12.5 + 2.7 nm (n = 3). For the full-length
construct with the second and third helices of the bundle deleted, the average
forward step size was 16.1 + 7.0 nm (n = 61), and the average backward step
size was —7.7 £ 4.3 nm (n = 3).
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Molecular Cell (2009), doi:10.1016/j.molcel.2009.07.010

Please cite this article in press as: Mukherjea et al., Myosin VI Dimerization Triggers an Unfolding of a Three-Helix Bundle in Order to Extend Its Reach,

Table 3. Single-Molecule Motility of Myosin VI Constructs as
Assessed by FIONA Following Actin Saturation in Rigor

Percent of Average Step

Molecules that Size (nm + SD)

Were Processive  (1/2 Observed = Average Run
Construct (Dimers) Movement) Length (um)
MVI-917 0 0 0
MVI-940 12 27.2+9.7 0.9
MVI-991 102 27.1 +£8.72 0.6%
MVI-991-GCN4 ~ >98°% 27.6 +9.8° 0.3%
(zippered dimer)
Full-length 15-30? 27.6 + 8.6° 1.12

2Values reported in Park et al. (2006).

distance should place the two rhodamines close enough to stack
with each other and quench the fluorescence via exciton coupling
(Okoh et al., 2006). However, if the bundle unfolds, the distance
could increase up to 59 A (Figure 4C), which would allow fluores-
cence to occur unquenched from both fluorophores. The results
are summarized in Table 4. Indeed, the MVI-917 (T845C, A880C)
monomer with both cysteines labeled displays low fluorescence,
consistent with the two rhodamines being in close proximity as
expected in a folded bundle, as compared to a control MVI-917
(T845C) with one cysteine labeled (Table 4). On the contrary, in
the zippered dimer with the same two cysteines labeled, a high
fluorescence signal was observed, indicative of fluorescence
from two rhodamines that are now too far apart to allow stacking.
This fluorescence was the same in the presence or absence
of actin, demonstrating that upon dimerization the three-helix
bundle unfolds.

A Leucine Zipper Immediately Following the Three-Helix
Bundle Allows Large Steps
In the publication of Spink et al. (2008), addition of GCN4 imme-
diately following the three-helix bundle resulted in nonprocessive
molecules with measured stroke sizes of ~23 nm. They offered
this as evidence that the region beyond the three-helix bundle
is responsible for extending the step of myosin VI. However, we
previously noted (Rock et al., 2005) that GCN4 alone does not
maintain dimers when diluted to the concentrations of single-
molecule assays. We cited this as evidence that there must be
some additional dimerization domain prior to residue 991 that
in conjunction with GCN4 allows our myosin VI HMM to remain
dimeric at pM concentrations. Thus Spink et al. (2008) must
have been examining the behavior of monomers, not dimers.
To address this point, we created a nearly identical construct
(myosin VI truncated at GIn919 followed by GCN4 and GFP). In
ATPase assays with this construct, with or without clustering on
actin, there was no gating present. The Vpax was 7.2/s/head,
virtually identical to the monomeric form of MVI-940 (Table 2).
This does not necessarily imply loss of dimerization, and indeed
native gels (data not shown) revealed that the construct was
a dimer. Thus the construct had lost communication between
the heads for unknown structural reasons. As we have previously
demonstrated, a loss of gating not only results in an increase in
ATPase activity but also decreases actin filament sliding veloci-
ties in in vitro motility assays (Morris et al., 2003). This is consis-
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tent with the decreased velocity reported by Spink et al. (2008)
for their nearly identical construct.

Loss of gating will not abolish processive movement if the
motor possesses a high duty ratio unless both heads cannot
simultaneously bind to actin due to structural constraints. Thus
we next examined the construct in single-molecule stepping
assays (using FIONA). Without actin clustering, no molecules
exhibited processive movement. However, this would be
expected, since GCN4 alone cannot maintain dimerization at
subnanomolar concentrations. In order to increase the effective
concentration, we bound the MVI-919-GCN4 molecules to actin
filaments in the absence of ATP. Following this clustering on actin
in rigor, addition of ATP revealed processive molecules. These
molecules displayed a shorter average step size (decreased by
~4 nm) than either MVI-940 or the zippered HMM (Figures 3B
and 3C). Interestingly, the distribution of step sizes was just as
broad as for the longer constructs, but the mean step size was
reduced due to a large increase in the number of extremely small
steps (~12-15 nm), which might be expected if the three-helix
bundles remain folded. This could be an indication of dynamic
folding and unfolding of the three-helix bundles due to inappro-
priate structure and/or inappropriate steric hindrance of the
flanking residues between GCN4 and the last helix of the bundle.
It also could indicate that dynamic folding and unfolding of the
bundle normally occurs and in part is responsible for the large
distribution of myosin VI step sizes. The local structural perturba-
tion due to insertion of GCN4 may have simply shifted the equilib-
rium more toward the folded conformation.

Deletion of the Last Two Helices of the Bundle Greatly
Reduces the Step Size

To provide a final piece of evidence for unfolding of the bundle,
we deleted the second and third helices and their connecting
loops (deletion of residues 849-909 within the full-length mole-
cule). The rationale was that if the three-helix bundle does not
unfold, then this deletion would have minimal impact on the
step size, whereas if it does unfold, the step size would be greatly
decreased. As shown in the model in Figure 4E, the step size
would be predicted to decrease from 30-36 nm to ~15 nm (three
actin monomers). Stepping data in single-molecule (FIONA)
assays revealed the average step size to be 16.1 + 7.0 nm (n =
61), in good agreement with the model (Figures 3B and 3C).
The step size distribution is still broad, however. There are a large
number of smaller steps, centered on a step size indicative of
stepping two actin monomers, as well as occasional larger
steps, which may be possible if the weak dimerization occasion-
ally dissociates. Dissociation of the weak dimerization may also
underlie the extremely large steps occasionally seen for the
native molecule (Park et al., 2006).

DISCUSSION

Myosin VI Contains a Dimerization Domain Outside

of the Cargo-Binding Region

Spink et al. (2008) concluded that dimerization of the full-length
molecule is exclusively due to cargo-binding domain interac-
tions. However, this cannot explain our previously reported data
showing that constructs truncated at Arg991 can be induced
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Figure 4. Dimerization-Mediated Unfolding of the Three-Helix
Bundle of Myosin VI

Our working model for myosin VI in a cell is that the full-length protein exists as
a monomer if not bound to cargo. Binding of myosin VI monomers to cargo
alters the conformation of the molecule, possibly exposing a region capable
of dimerization. The dimerization in turn triggers an unfolding of the three-helix
bundle that follows the CaM, generating a LAE.

(A) The lead head (left) and the rear head (right) are bound to the actin filament
(yellow spheres) 36 nm apart. If the triple helix is not unfolded, the bundle
covers only 4 nm out of the 13 nm necessary. Thus unaccounted for are 18 nm.

to dimerize, as evidenced by gating in ATPase assays, rotary
shadowing, or single-molecule processivity (Park et al., 2006).
This dimerization is weak and is only seen if the monomers are
held in close proximity, either by binding to actin in rigor or by
being bound to an antibody, creating extremely high effective
concentrations. Furthermore, once removed from actin or from
antibody, the dimers dissociate within minutes to hours, as previ-
ously noted (Park et al., 2006), making true estimates of the
percentage of dimers difficult, especially in EM. However, in
ATPase assays in which the molecules remain bound to actin,
decreases in the bulk actin-activated ATPase to levels of the
zippered HMM assays are indicative of a very high percentage
of dimers that are gating.

Herein we have extended the earlier work and demonstrate
that dimerization must occur between Leu913 (last residue of
the three helix bundle) and Arg940. The construct truncated at
Arg940 can be induced to dimerize and display gated ATPase
activity, dimers in EM, and processive stepping with steps iden-
tical to those of the full-length molecule. As previously noted
(Knight et al., 2005; Spink et al., 2008), most of the myosin VI
medial tail sequence (from Leu913 to Arg980) is characterized by
alternating clusters of positively and negatively charged amino
acids that are predicted to form stable single o helices. However,
there is a short sequence between amino acids Leu913 and
Lys936 that may contain a sufficient number of appropriately
spaced hydrophobic and polar amino acids to form a short
coiled coil. Furthermore, the experiment described above, in-
volving deletion of the last two helices of the bundle (deletion of
residues 849-909), provides strong evidence that the sequence
immediately following the three-helix bundle participates in
dimerization. It is also possible that this putative coiled coil
extends into the third helix of the unfolded bundle. Additional
work is needed to define the exact nature of the dimerization in
this region. Between Arg937 and Arg980, the sequence consists
exclusively of alternating positive and negative clusters of four
amino acids, which would be predicted to form a SAH.

Role of the Cargo-Binding Domain in Dimerization

The conclusion of Spink et al. (2008) that dimerization is solely
via the cargo-binding domain was based on dimerization of a
construct beginning at 835 and thus containing not only the

(B) When the triple helix unfolds, three helices separated by segments of unde-
fined structure account for the 13 nm necessary to extend the lever arm.

(C) Model of the dimerized molecule showing that the region immediately
following the LAE, the most proximal part of the medial tail, participates in
dimerization, as do segments of the distal tail (orange) and the cargo-binding
domain (magenta). Note that most of the medial tail (green) is shown as a SAH
and acting as a spacer between motor and cargo. Thus the SAH is not contrib-
uting to the LAE or to dimerization. The distance between the two cysteines
introduced for fluorescence measurements at 845 and 880 are shown in the
unfolded bundle with maximal extension of the helices.

(D) The positions of the cysteines that were introduced into the three-helix
bundle of myosin VI for fluorescence measurements (T845C and A880C) are
shown in red. The distance between the two residues (Ca), to which two
TMR 5-iodoacetamide fluorophores were attached, is 18 Aas depicted.

(E) Model of the dimerized full-length molecule in which the last two helices of
the three-helix bundle have been removed. If dimerization occurs immediately
following this remaining helix, then the step size will be greatly decreased, as
illustrated.

Molecular Cell 35, 1-11, August 14, 2009 ©2009 Elsevier Inc. 7
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Table 4. Evidence for Unfolding of the Three-Helix Bundle

Fluorescence Ratio

Molar Ratio of Labeling

Construct Without Actin or ATP With Actin With Actin +ATP per Myosin Head
MVI-917 T845C 266.2 + 28.1 213.3+15.8 2328+ 11.4 1.02
MVI-917 T845C, A880C 245+4.6 18.3+7.8 23.1 £6.2 2.06
MVI-991-GCN4 A880C 248.4 + 34.9 253.7 + 19.2 230.5 + 30.3 1.14
MVI-991-GCN4 T845C, A880C 196.7 + 20.7 215.6 + .23.2 2249 + .14.6 2.30

Fluorescence observed by TMR labeling of one or two cysteine residues inserted into the three-helix bundle of monomers and dimers as shown in
Figure 4D. Fluorescence was analyzed by a ratio of the emission values to that of the absorption values for each construct from at least four indepen-
dent measurements. Mean values (+SD) are reported. The molar ratio was calculated by comparing the myosin concentration to the concentration of

the incorporated TMR.

cargo-binding domain (residues 1035-1285) but the three-helix
bundle (which they call the proximal tail), the region that they
call the medial tail (residues 907-980), and residues 980-1035
(which they refer to as the distal tail). They also demonstrated
that constructs missing the cargo-binding domain but contain-
ing residues 907-980 did not dimerize at uM concentrations,
which is consistent with our data. We only see dimerization of
MVI-940 upon actin clustering, which greatly increases the effec-
tive concentration. Thus it is possible that two cargo-binding
domains may interact and dimerize, which then promotes dimer-
ization within the region from amino acids 907-940. We previ-
ously noted that inclusion of the sequence between 991 and
1049 greatly increased the percentage (from 10% to 90%) of
processive dimers (Park et al., 2006). The region from 991 to
1049 also inhibits the ATPase activity of the monomer to the
same degree as seen in the full-length construct (Park et al.,
2006), suggesting that head-tail interactions inhibit ATPase
activity. Head-tail interactions may also inhibit dimerization in
the absence of cargo as suggested by Spink et al. (2008). In
our model of cargo-mediated dimerization, it is the cargo itself
that brings the two myosin VI monomers together (likely breaking
interactions between the cargo-binding domain and the rest of
the myosin VI molecule), promoting internal dimerization. It is
likely that interactions within either the cargo-binding domains
or the sequence just proximal to it initiate internal dimerization
that propagates to the region immediately distal to the three-
helix bundle, triggering its unfolding.

Unfolding of a Three-Helix Bundle Extends
the Reach of Myosin VI
The structure of the myosin VI fragment containing amino acids
835-913 confirms the prediction of Spink et al. (2008) that the
region that immediately follows the lever arm, formerly referred
to as the proximal tail, is in fact a three-helix bundle. However,
in the functional dimer, this bundle must unfold to form the exten-
sion of the lever arm (Figure 4). From a detailed examination of
the structure, we conclude that the bundle is lacking in stabilizing
interactions, especially toward the distal end (Figure 2C).
Based on CD (Figure S3) and fluorescence data (Table 4), we
demonstrate that dimerization disrupts the bundle. Dimer for-
mation could recruit residues either immediately following or
perhaps even within the last helix, which would destabilize the
three-helix bundle. Alternatively, the bundle could be induced
to unfold by steric hindrance when the two bundles are placed
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in close proximity. Either mechanism would provide a means
for the bundle to be stable in a monomer but unfold in a dimer.
That this is the case is evident from the fluorescence data
(Table 4), which show ~10-fold fluorescence quenching between
the two rhodamines (indicative of a folded bundle structure) in
monomeric MVI-917 compared to the unfolded bundle in the
dimeric MVI-991-GCN4. As described above, the working model
is that dimerization initiates distally upon cargo binding. Either
due to steric constraints or by participation of residues of the
last helix of the bundle in dimerization, the bundles are forced
to unfold, remaining as extended a helices connected by flexible
hinges, as diagrammed in Figure 4. Maintenance of the o helices
would provide a much stiffer structure than a random coil. In-
deed, Spink et al. (2008) demonstrated that perturbing the
sequence of this region, likely generating a random coil, resulted
in a greatly diminished myosin VI step size in a zippered dimer.
Both the construct truncated at GIn919 with a leucine zipper
appended and the full-length construct in which the last two
helices of the bundle (residues 849-909) are deleted provide
further evidence for this. First, the construct truncated at
GIn919 dimerizes very poorly, likely due to the fact that the
leucine zipper is too close to the bundle to efficiently initiate
dimerization. However, the few molecules that do dimerize can
step processively with as broad a distribution of steps as the
longer constructs (Figure 3C). An important difference is that
MVI-919-GCN4 displays a large increase in the number of
extremely small steps that could represent steps made with
the bundles folded. There are seven amino acids (913-919, inclu-
sive) on each HC to act as spacers between the bundles. This
may be enough of a spacer for the bundles to dynamically fold
and unfold during processive movement. This may imply that
these amino acids normally contribute to a coiled coil but are
not in proper phasing with GCN4. Deletion of the last two helices
of the bundle greatly reduced the step size of the full-length
molecule (Figure 3C) to that predicted in a model in which dimer-
ization occurs immediately following the first helix of the bundle
(Figure 4E), also indicating that dimerization occurs immediately
following the three-helix bundle in the native molecule.

Model for Function of the Myosin VI Dimer

Our current model of the myosin VI dimer, shown in Figure 4C,
requires only that there be a short dimerization region at the
end of the LAE that forms upon distal coupling (cargo binding)
of two myosin VI monomers, leading to unfolding of the bundle.



Molecular Cell (2009), doi:10.1016/j.molcel.2009.07.010

Please cite this article in press as: Mukherjea et al., Myosin VI Dimerization Triggers an Unfolding of a Three-Helix Bundle in Order to Extend Its Reach,

Molecular Cell
How Myosin VI Extends Its Reach

The remainder of the medial tail may indeed be SAH, with addi-
tional interactions occurring between segments of the distal tail
and cargo-binding domains. These distal interactions may be
critical to initiate the weak dimerization adjacent to the three-
helix bundle, triggering its unfolding to form the LAE. Note that
in this model, the SAH domains are primarily spacers between
the functional motors and cargo and have no impact on step
size, consistent with our data. In this manner, the SAH would
play a role more like that suggested in caldesmon (Wang et al.,
1991), rather than as a force-bearing extension of the lever arm.

Why Such a Design?

A relevant cell biological question is this: why design a myosin
motor that forms a multifolded, compact monomer that only
unfolds and dimerizes upon cargo binding? In the case of myosin
VI, the answer may lie in where it must function. For many of its
functions, its cargo (or binding target) is located at the plasma
membrane. Myosin VI must diffuse through a network of cortical
actin in order to reach these targets, and thus a compact struc-
ture will diffuse more readily. This may be one reason that a
“normal” lever arm consisting of multiple CaM/light-chain
binding sites is not used by myosin VI, even though we have
demonstrated that single molecules of engineered myosin VI
can function with myosin V lever arms in in vitro experiments
(Park et al., 2007). Diffusion through the actin network would
likely be extremely difficult if the myosin VI had to diffuse as an
active dimer with the LAEs unfolded. Not only would the size
pose a problem, but as soon as the myosin VI encountered an
actin filament, it would walk processively away from the plasma
membrane. This could account for the inability of a forced dimer
of myosin VI to stabilize actin during spermatid individualization
in Drosophila melanogaster (Noguchi et al., 2009). The fact that
the full-length monomer is not inactive but maintains actin-acti-
vated ATPase activity may be advantageous, since reversible
actin interactions of the monomer could create facilitated diffu-
sion of myosin VI, concentrating it in regions where F-actin is
most abundant.

In summary, the effective lever arm of myosin VI consists of
its two CaM-containing lever arm and a LAE that is formed by
the unfolding of a three-helix bundle. While most of the region
following this bundle (medial tail) is likely an extended o helix,
there is a region near to, and perhaps even encompassing at
least part of, the last helix of the three-helix bundle that dimer-
izes. Dimerization, presumably initiated by cargo binding ina cell,
destabilizes the bundles and extends the myosin VI lever arms. In
the monomer, the three-helix bundle remains folded and may
contribute to interactions that participate in the compact folding
of the full-length (monomeric) molecule. Whether myosin VI ever
functions as a monomeric motor in the cell, or whether this form
simply allows for optimal diffusion in the cell, remains to be eluci-
dated. It would appear that if monomers bind to cargoes in close
proximity to each other, then they will dimerize.

The idea of a motor being monomeric until it interacts with
cargo also has been proposed for a kinesin superfamily member,
Unc104 (Al-Bassam et al., 2003), and thus may be a recurring
design within a subset of the myosin and kinesin superfamilies.
A common feature of the myosins VI, Vlla, and X that contain
SAH regions may be their ability to form tightly folded monomers

in the absence of being bound to cargo, and to unfold and
dimerize upon cargo binding. Spink et al. (2008) present a model
for the folding of the myosin VI monomer that is consistent with
their small-angle X-ray scattering (SAXS) data and previous EM
data (Lister et al., 2004) in which the SAH provides many of the
interactions necessary for intramolecular folding. More recently,
myosin Vlla has been shown to form a compact folded monomer
(Yang et al., 2009). Thus it is possible that the myosin SAH
domains serve as scaffolds on which to fold the proteins. It is
unclear if in some cases they can also serve as LAEs. While
this latter role has been proposed for the SAH of myosin X (Knight
et al., 2005), and could be the case if myosin VI ever functions as
a monomer, the myosin VI dimer uses the unprecedented mech-
anism of triggering a three-helix bundle unfolding to extend its
reach on actin.

EXPERIMENTAL PROCEDURES

Protein Constructs, Expression, and ATPase Assays

A series of truncations of porcine myosin VI cDNA were generated. As depicted
in Figure 1, C-terminal truncations were made corresponding to amino acids
GIn919 and Arg940. Each of these had a Flag tag (encoding GDYKDDDDK)
appended to the C terminus to facilitate purification as described previously
(Sweeney et al., 1998). The construct that was used to crystallize the FLA
was the construct truncated at Lys917 followed by myc and Flag tags. As
previously described (De La Cruz et al., 2001), a “zippered” dimer myosin VI
construct was created by truncation at Arg991, followed by a leucine zipper
(GCN4; Lumb et al., 1994) to ensure dimerization. These constructs were
used to create a baculovirus for expression in SF9 cells (Sweeney et al.,
1998). ATPase assays were performed as previously described (De La Cruz
et al., 2001).

Crystallization, Data Collection, and Structure Determination
Crystals of the FLA of myosin VI (residues 770-917 with two bound CaMs)
grew spontaneously at 4°C by the vapor diffusion method in hanging drops
with a 1:1 mixture of 15 mg/ml protein and precipitant solution (16% PEG
2K, 50 mM Tris [pH 8.5], and 100 mM MgCl,) equilibrated against 0.5 ml
precipitant. Crystals were improved by addition of 2% PEG 20K. Prior to
freezing and data collection, the crystals were transferred stepwise into a final
cryoprotectant solution containing 30% ethylene glycol. X-ray data sets were
collected at 100K on the ID23-1 beamline of the European Synchrotron Radi-
ation Facility. Data sets were integrated with XDS package (Kabsch, 1988) and
scaled with SCALA (CCP4, 1994; Evans, 2006). The structure was solved by
molecular replacement with Phaser (McCoy et al., 2007) using the structure
of the Ins2 and the 1Q motif of myosin VI bound to their respective CaMs
(from the nucleotide-free structure, 2BKH) as a model. Model building and
refinement were performed with Coot (Emsley and Cowtan, 2004) and Phenix
(Adams et al., 2002). Note that all figures were computed using PyMOL
(DeLano, 2002).

Dimerization Initiation Procedures

Dimerization was initiated in the truncated myosin constructs by either anti-
body binding to the C-terminal Flag tag or by saturating F-actin filaments as
previously described (Park et al., 2006). By these methods, we create a high
local concentration of myosin monomers bound to either actin or antibody,
allowing weak dimerization to take place that would not occur at the bulk
solution concentration.

Electron Microscopy, Rotary Shadowing

Electron microscopy was carried out as described previously in Park et al.
(2006). Details can be found in the Supplemental Data. Myosin dimers are
removed from actin by centrifugation in the presence of ATP prior to rotary
shadowing EM.

Molecular Cell 35, 1-11, August 14, 2009 ©2009 Elsevier Inc. 9
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Single-Molecule FIONA Assays

To selectively label only one of the two myosin VI CaMs, we incubated labeled
(Cy3) CaM with myosin VI, and then raised and lowered the free calcium
concentration, as previously described (Yildiz et al., 2004). This procedure
resulted in 10%-20% labeling of the 1Q motifs of myosin VI, so that when
dimers were created, no more than one head carried label. Single-molecule
FIONA assays were performed as previously described (Park et al., 2006; Yildiz
et al., 2003). To assess the ability of monomeric constructs to dimerize when
held in close proximity (mimicking cargo binding), the actin clustering tech-
nique was applied. The microscope chamber was coated with 5 mg/ml casein
to block nonspecific binding, and PCA/PCD/trolox was used as an oxygen
scavenging system (Aitken et al., 2008). Under these conditions, nonspecific
binding of myosin to the surface is minimal. The optics used were as previously
described (Yildiz et al., 2004).

Absorbance and Fluorescence Measurements

Cysteine residues were introduced to replace T845 and A880 (Figure 4D) in
MVI-917 and MVI-991-GCN4 constructs with no reactive cysteines, referred
to as cys-lite constructs (Shih et al., 2000). Control constructs contained one
reactive cysteine, T845C or A880C. The proteins (1 mg each) were labeled
with a 10-fold molar excess of TMR 5-iodoacetamide (5-TMRIA; Anaspec,
San Jose, CA) per cysteine (from a stock concentration of 20 mM in dimethyl-
formamide) at 4°C for 1-3 hr (Okoh et al., 2006). Unbound rhodamine was
removed by gel filtration and overnight dialysis. Absorption spectra were
measured in a HP Diode Array Spectrophotometer, and fluorescence spectra
were obtained in a PTI QM3 luminescence spectrofluorometer. The excitation
and emission spectra were measured at 552 and 575 nm, respectively.
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The coordinates for the myosin VI lever arm have been deposited in the Protein
Data Bank under ID code 3GN4.
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Supplemental Data include Supplemental Experimental Procedures, three
figures, and Supplemental References and can be found with this article online
at http://www.cell.com/molecular-cell/supplemental/S1097-2765(09)00505-X.
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