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Myosin V Walks Hand-Over-Hand:
Single Fluorophore Imaging with
1.5-nm Localization

Ahmet Yildiz,” Joseph N. Forkey, Sean A. McKinney,"-?
Taekjip Ha,"? Yale E. Goldman,? Paul R. Selvin'-?*

Myosin V is a dimeric molecular motor that moves processively on actin, with
the center of mass moving ~37 nanometers for each adenosine triphosphate
hydrolyzed. We have labeled myosin V with a single fluorophore at different
positions in the light-chain domain and measured the step size with a standard
deviation of <1.5 nanometers, with 0.5-second temporal resolution, and ob-
servation times of minutes. The step size alternates between 37 + 2x nm and
37 - 2x, where x is the distance along the direction of motion between the dye
and the midpoint between the two heads. These results strongly support a
hand-over-hand model of motility, not an inchworm model.

Myosin V is a cargo-carrying processive motor
that takes ~37-nm center of mass steps along
actin filaments (/—3). Defects in this protein
lead to immunological and neurological diseas-
es (4). Like many other processive motors, it
has two heads held together by a coiled-coil
stalk (Fig. 1). Each head of myosin V contains
a catalytic domain responsible for actin binding
and ATP hydrolysis and a light chain—binding
domain that likely acts as a lever arm to amplify
small nucleotide-dependent conformational
changes in the catalytic domain (3, 3, 6).

How the two heads of myosin V are coor-
dinated to produce steps is a central, unresolved
question. Biochemical and biophysical studies
(3, 6, 7) suggest a hand-over-hand “walking”
model in which the two heads alternate in the
lead (Fig. 1, left). Another possibility is the
so-called “inchworm” model in which one head
always leads (Fig. 1, right). A biophysical study
of kinesin, another processive motor, concluded
an inchworm model was more likely, although
it could not rule out an asymmetric type hand-
over-hand mechanism (8).

The hand-over-hand and inchworm models
make different, testable predictions for the mo-
tions of each individual head (Fig. 1). For ex-
ample, the inchworm model predicts that the
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step size of each catalytic domain is equal to the
step size of the stalk [35 to 40 nm (9, 10) or ~37
nm]. In contrast, the hand-over-hand model pre-
dicts that the trailing catalytic domain takes a
step that is twice the step size of the stalk while
the leading catalytic domain does not move. For
a single fluorophore attached to the light chain
domain of myosin V, the inchworm model pre-
dicts a uniform step size of 37 nm, whereas the
hand-over-hand model predicts alternating steps
of 37 — 2x, 37 + 2x, where x is the in-plane
distance of the dye from the midpoint of the
myosin (Fig. 1).

To test these models, we have developed a
single molecule fluorescence imaging technique
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capable of locating a single molecule in two
dimensions to within 1.5 nm, with subsecond
temporal resolution and with a photostability that
allows observation for several minutes. Total in-
ternal reflection epifluorescence microscopy
(TIRF) (11-13) was used to excite and image
many individual fluorophores onto a slow-scan
back-thinned charge-coupled device (CCD)
with frame-transfer capability, enabling acqui-
sition of multiple sequential images with no
interframe deadtime (/4). Our technique [flu-
orescence imaging with one-nanometer accu-
racy (FIONA)] is a 20-fold improvement in the
localization accuracy of single fluorophores at
room temperature using wide-field methods
(15, 16) and a ~10-fold improvement in pho-
tostability. Scanning confocal microscopy
methods using two nanocrystals of different
emission  wavelengths have previously
achieved a precision of *6 nm with a total
integration time of 20 s (/7). Fluorescence (18)
and scattering (/9) from large (30 and 150 nm,
respectively) beads have achieved ~2-nm lo-
calization within unspecified time resolution
and 30 ms, respectively.

FIONA. A single fluorescent molecule
forms a diffraction-limited image of width ~
N2 N.A., or = 250 nm for visible light,
where N.A. is the numerical aperture of the
collection lens. The center of the image,
which, under appropriate conditions, corre-
sponds to the position of the dye, can be
located to arbitrarily high precision by col-
lecting a sufficient number of photons. Our
method for determining the center relies on
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dye takes alternating

37 + 2x nm steps. (If the dye is a different distance from the stalk in the forward versus rear light chain
domains, due to asymmetry in the myosin V structure, then x is the average distance of the dye from
the stalk.) In the inchworm model, all parts of the myosin move 37-nm forward, and one head always

leads. Adapted with permission from (32).
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