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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

Fig. 1. Hand-over-hand

versus inchworm model Catalvii
of myosin V motility. A domaﬁ'c
calmodulin light chain is \ y's
labeled with a single flu- e
orescent dye and ex- BN
changed into the myosin
V light chain domain,
where it binds in one of
several possible positions
(black dot, schematic
representation of dye po- :
sition). In the hand-over- i
hand model, the rear !

head moves 74-nm for-

Hand over hand

-a— Cargo binding domain
Light chain domain

1!

:3_7nm—2

| L— g 74 nm
i ¥
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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

Inchworm

ward but the front head ; [
does not move, the stalk 37nm ' 37nm ©37nm ' 37nm i,
moves 37 nm, and the A—>B—A A——>B——A

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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curve-fitting the image [also called the point-
spread function (PSF)] to a Gaussian function
(20, 21). The fundamental goal is to deter-
mine the center or mean value of the distri-
bution, w = (x,, ¥,), and its uncertainty, the
standard error of the mean, ¢ ,. By measuring
the position before and after a step, the step
size can be determined. The relation between
o, and the number of collected photons (W),
the pixel size of the imaging detector (a), the
standard deviation of the background (b,
which includes background fluorescence
noise and detector noise), and the width of the
distribution (standard deviation, s, in direc-
tion i), was derived by Thompson et al. in
two dimensions (/8)
a*/12 8rs!bh?

s?
%=\/(N+ N an

where the index i refers to the x

(1)
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direction. The first term (s,*/N) is the pho-
ton noise, the second term is the effect of
finite pixel size of the detector, and the last
term is the effect of background.

Cy3 DNA localization and nanometric
steps. Control experiments were done to dem-
onstrate the ability to localize an immobile dye.
Figure 2A shows the PSF of several individual
Cy3 dyes attached to a coverslip via a DNA-
biotin-streptavidin linkage, immersed in an aque-
ous buffer, and imaged with objective-type TIRF
with an integration time of 0.5 s (/4). For the
highlighted PSF, N = 14,200 photons, a = 86
nm, b = 11, s, = 122 nm, s_ = 125 nm [the
full-width at half-maximum (FWHM) of the dis-
tribution, I', = 2.354; s, ~ 287 nm]. On the
basis of Eq. 1, the expected o, is 1.24 nm in
each direction. Photon noise only (first term,
Eq. 1) leads to o, = 1.02 nm, pixelation
(second term, Eq. 1) increases o, to 1.04 nm,
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Fig. 2. PSF with 0.5-s integration time of several individual Cy3-dyes attached to a coverslip. (A) The
intensity of each peak varies due to nonuniform illumination. (B) A Gaussian curve-fit (solid lines) to the
PSF circled in (A) fits the PSF very well (r 2 =0.994), enabling the center to be determined to 1.3 nm. The
width of the PSF is 287 nm, and the SNR is 32 at the pixel with maximum intensity (/, photons): SNR =
I/ \/Io+b2; Iy = 1134, b = 11. The fit contains small systematic errors due to the difference between
a Gaussian and Airy function, leading to x?, > 1 (x2, = 1.48) (74). The dye lasted for 100 images, or 50 s
(fig. S1). Discernable 30-nm and ~7-nm steps are readily observed (C and D) upon moving the coverslip,
either at a constant rate or a Poisson-distributed rate, with a nanometric stage and plotting the PSF
center versus time. Red lines show the average position between each step. The precision (SD, o, of the
step size) is approximately 1 nm, and the accuracy [difference between the measured step size via PSF
fitting () and the expected step size (j,,) based on the calibrated stage] is better than 1 nm (74).

and background noise (third term, Eq. 1)
increases ¢, to 1.24 nm, showing that photon
noise is the dominant contributor to o,. A
two-dimensional (2D) Gaussian analysis
(Fig. 2B) yields an excellent fit (r> = 0.994;
x>, = 1.48) (fig. 82), with ¢, = 1.3 nm, in
excellent agreement with the expected value.

In addition, conditions have been found in
which the dye is extremely photostable, often
lasting for 1 to 3 min, enabling hundreds of
0.5-s images to be acquired (fig. S1). The use
of an oxygen-scavenging system containing
glucose oxidase and catalase (22) was an
essential component in this photostability.
The oxygen scavenging is similar to that
reported previously (23, 24), although an ex-
act comparison is not possible because essen-
tial details were not previously reported.

Under these conditions, the highlighted PSF
lasted 50 s, or 100 images, before photobleach-
ing in a single step, for a total of ~1.4 million
collected photons (fig. S1). We measured the
center position of the PSF in each image and
calculated the standard deviation for the 100
images. This should equal o, of one PSF
image if there is no drift or systematic error.
We found the standard deviation is 1.46 nm,
showing that the positional change of our sys-
tem due to thermal fluctuations and vibrations
is less than a nanometer and does not signifi-
cantly affect our measurements on the “several
minutes” time scale.

We then horizontally moved the coverslip
containing the Cy3-DNA molecules via a nano-
metric stage in user-defined increments to test
our ability to accurately and precisely measure
step sizes. Figure 2, C and D, show measure-
ments of 30 nm and <§ nm steps, with either a
constant dwell time between steps or an expo-
nentially distributed dwell time between steps.
The latter is expected for a biomolecular motor
that takes a step upon interaction with diffusing
ATP. The precision is better than 1.3 nm, and the
accuracy, determined by comparison to a cali-
brated stage, is better than 1 nm (/4). Similar
quality results were also achieved with 12-nm
steps (fig. S3).

Step sizes of myosin V head. Next, we
labeled myosin V on the light chain domain of
the head (Fig. 1) with a single bifunctional rho-
damine [bisiodoacetamidorhodamine (BR)] (6,
25) or with monofunctional Cy3 (26). The la-
beled myosin V was added to F-actin filaments
immobilized on a coverslip and observed using
TIRF. Fluorescent images were collected with
0.5-s integration time. Roughly 20 individual spots,
corresponding to different myosin V’s, were ob-
served per 40 wm by 40 pm area. Each had a
FWHM of ~280 nm. Approximately 5,000 to
10,000 photons per spot per image were collect-
ed, enabling us to locate the center to within * 3
nm typically, and, for brighter spots, = 1.5 nm.
Some variation in intensity due to dye blinking
was observed (Movie S1). After many images
were analyzed, we found that the vast majority
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of spots displayed single quantal bleaching, in-
dicative of a single molecule. Step sizes were
analyzed only for singly labeled myosins.

In the absence of ATP, the fluorescent spots
were immobile. The addition of ~300 nM ATP
led to discernable steps, and the average step-
ping rate increased with increasing ATP con-
centration. In total, we observed 49 different
BR-labeled myosin V molecules and detected
552 total steps. We observed three different
populations of myosin V molecules, exhibiting
either uniform 74-nm steps, alternating 52- and
23-nm (52-23) steps, or alternating 42- and 33-
nm (42-33) steps. Uniform 37-nm steps were
not observed.

Specifically we detected 365 steps from 38
myosin V’s, each of which stepped ~ 74 nm
(Fig. 3; Movie S1). Thirty-two of these mole-
cules were bright enough to yield a
signal-to-noise ratio (SNR) > 10 for a total of
231 steps. A histogram of these steps showed that
the step size is 73.8 = 5.3 nm (mean * SD), with
an excellent fit to a normal distribution (> =
0.994, x>, = 1.67) (Fig. 3). We also detected six
molecules that took a total of 92 alternating 52-23
steps (Fig. 4), and six other molecules that took a
total of 69 alternating 42-33 steps (Fig. 5). The
histogram of the step size data shows three very
distinct peaks for both the 52-23 and 42-33 data
sets. For the 52-23 data, the averages of these
peaks are 51.7 = 4.1 nm, 23.1 * 3.4 nm, and
73.6 = 5.3 nm (mean * SD). For the 42-33 data,
the averages are 42.4 * 2.9 nm, 32.8 = 2.1 nm,
and 74.1 = 2.2 nm. The peak centered around 74
nm is consistent with myosin V molecules taking
two steps (e.g., 52 nm + 23 nm = 75 nm) within
0.5 or 1 s, which could not be fully resolved
because of the 0.5-s time resolution. The percent-
age of such missed steps is consistent with a
probability distribution corresponding to expo-
nentially distributed dwell times with an average
step rate of 0.3 s~' (Fig. 6).

When the myosin V was labeled with a Cy3-
calmodulin, the observed step sizes were consis-
tent with those measured with BR (Figs. 3 and 5).
This acts as a control to ensure that the stepping
characteristics we see are not specific to a partic-
ular dye. In particular, BR, which is attached by
two points to the light chain, is highly polarized
on the 0.5-s time scale (6), whereas Cy3, a
monofunctional dye, is expected to have signifi-
cantly lower polarization on this time scale and
its residual orientation to be at a different angle
with respect to the myosin than BR. For highly
immobile single dyes, Bartko and Dickson (27)
have shown that the PSF can take unusual shapes,
including asymmetric ones, if spherical aberra-
tions are present. However, the agreement be-
tween BR- and Cy3-labeled myosin V implies
this is not a problem. Furthermore, in all cases,
our PSFs are highly symmetric and are well fit by
a Gaussian. This indicates that spherical aber-
rations are insignificant and that fluorophore
orientation does not affect our ability to accu-
rately measure translational motion.

www.sciencemag.org SCIENCE VOL 300 27 JUNE 2003

These results strongly support a hand-over-
hand model and are not consistent with an inch-
worm model. The hand-over-hand model pre-
dicts the dye will take alternating steps equal to
the stalk-step-size = 2x, and we interpret the
uniform 74-nm steps arising from a dye attached
to a light chain near the catalytic domain (stalk-
step-size = 37 nm; x = 18.5 nm), perhaps on the
first light chain. Using the same model, we in-
terpret the 52-23 steps arising from a dye 6.5 to

RESEARCH ARTICLES

7 nm from the midpoint in the direction of
motion, probably corresponding to a dye on the
fifth light chain, and the 42-33 steps arising from
a dye 2 to 2.5 nm from the midpoint, probably
corresponding to a dye on the sixth light chain
(Fig. 1).

The hand-over-hand model predicts that
for a dye very close to, or on, one catalytic
domain, the steps will alternate between 74
nm and 0 nm (74-0) (Fig. 1). The 0-nm steps
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Fig. 3. Stepping traces of three different myosin V molecules displaying 74-nm steps and histogram
(inset) of a total of 32 myosin V's taking 231 steps. Calculation of the standard deviation of step sizes
can be found (74). Traces are for BR-labeled myosin V unless noted as Cy3 Myosin V. Lower right trace,

see Movie S1.
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Fig. 4. Stepping traces of two different BR-labeled myosin V molecules displaying alternating 52-23 steps,
and histogram of a total of six myosin V's taking 92 steps. Due to the 0.5-s time resolution of
measurements, some steps are missed and yield 74-nm apparent steps, the sum of two steps. On the
basis of the alternating step size, we infer that the dye is 7 nm from the center of mass along the direction

of motion.
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are not seen directly but can be inferred from
a kinetic analysis of the stepping rate in two
ways (Fig. 6). First, the apparent step rate for
myosin V’s displaying uniform 74-nm steps
should be half that of the 42-33 or 52-23 steps
at the same ATP concentration, because for
every 74-nm step there is a hidden 0-nm step.
This is indeed found: an average stepping rate
of 0.35 s~ ! for the myosins displaying 42-33
and 52-23 steps, and an average rate of 0.17
s~ ! for the myosins displaying 74-nm steps.

Second, we can also detect the 0-nm
steps indirectly via a kinetic analysis. If the
step rate of one head is k, (A — B, Fig. 1)
and the step rate of the other head is k, (B
— A’, Fig. 1), then the dwell time proba-
bility distribution function for the A — B tran-
sition is f(7) = ke and for the B — A’

transition is g(f) = k,e ™. In the 42-33 and
52-23 cases, the total probability of dwell times
is the sum of two exponentials: P() = (ke
+ kze*kz’)/Z. If each head has the same step-
ping rate, P(f) reduces to a single exponential
P(f) = k,e” ™ In the 74-nm case, the observ-
able is A — A’, which is the convolution
of two processes. If A — A’ takes ¢ s, and
A — B takes u s, then B — A’ will take 7 —
u s with 0 < u < ¢. Integration over all possi-
ble values of u gives the convolution P(¢) =

t
({f(u)-g(t — wdu = k k(74 —e )k, —k,).

If the two rates are equal, then P(f) = tk?e .
Note that P(0) = 0 and that P(?) initially increas-
es and then decreases for the 74-nm data if they
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Fig. 5. Stepping traces of three different myosin V molecules displaying alternating 42-33 steps, and
histogram of a total of six myosin V's taking 69 steps. These step sizes indicate that the dye is 2 to 3
nm from the center of mass along the direction of motion. The bottom right trace is for a Cy3-labeled
myosin V, whereas the other two are for BR-labeled myosin V’s. Due to the 0.5-s time resolution of
measurements, some steps are missed and yield 74-nm apparent steps, the sum of two steps.
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ing at this low [ATP]; i.e., myosin V velocity is proportional to [ATP] (6). The rise at short times for the
74-nm data is indicative of a 0-nm intermediate step, i.e, 74-0-74-0 nm stepping sequence.

contain hidden 0-nm steps, whereas the 42-33 or
52-23 data are expected to decay monotonically.

In Fig. 6, the histograms and theoretical fits
show the expected convolution of two exponen-
tials for alternating 74-0 steps and the exponen-
tial decay for the 42-33 and 52-23 steps; the
histograms for the latter two are combined for
improved statistics. The dwell time histogram of
74-nm steps fits well to a convolution with a
single rate constant, k = 0.328 * 0.007 (> =
0.986). Fitting to two different rate constants
does not appreciably improve the curve fit (28).
The histogram for the combined 42-33 and 52-
23 steps was also well fit to a single rate con-
stant, k = 0.283 = 0.025 (r? = 0.984). Fitting
the dwell time histogram of the long (52 and 42)
steps separately from the short (33 and 23) steps,
the former gives a single rate constant of 0.25 =
0.04 (> = 0.85) and the latter gives a single rate
constant of 0.32 = 0.03 s™! (#> = 0.96). Be-
cause these two rates are similar and because a
single rate fits the combined data well, the step-
ping rates of the labeled and the unlabeled head
are likely to be similar.

The above data were taken from multiple
myosin V’s observed simultaneously at the
same ATP concentration ([ATP]) (300 nM).
The resulting rates for the 74-0, 52-23, and
42-33 are in excellent agreement with each
other and with expectations based on previ-
ously measured rate constants of ~0.3 s~ at
300 nM ATP (6, 7).

For the individual traces shown in the 74-0
data in Fig. 3, the fluctuations in step size are
significantly larger than the uncertainties due to
finite spatial resolution. For example, in the low-
er right trace of Fig. 3, the first step is 65.1 = 1.3
nm and the second step is 83.5 £ 1.5 nm (/4).
The most straightforward interpretation is that the
myoV is indeed taking different step sizes. The
most likely step is 74 nm, corresponding to the
two heads binding 13 actin monomers apart, but
steps resulting in two heads separated by 11 and
15 monomers are also possible, leading to small-
er or larger steps, respectively. Such a distribu-
tion of distances between bound heads has been
observed by cryogenic electron microscopy (29).

Two other conclusions can be inferred from
our data. The first is that the stalk-step-size is an
average of 37 nm. This is inferred from the step
size & 2x analysis and from dividing the sum of
two steps (74 + 0, 52 + 23, or 42 + 33 nm) by
2. Our 37-nm value is in good agreement with
the 36 to 37 nm measured from the kinetics of
calmodulin tilting rates (6) and the 40 nm mea-
sured in an optical trap (30), both of which were
measured when actin was bound to a surface.
The value is also similar to the 35 nm measured
when actin was suspended above the surface (9,
10). The second conclusion is that the dye in
some myosin V molecules is located 18.5 nm
from the center of mass along the direction of
motion, which we infer from the 74-0 stepping
pattern. This large distance can be explained by
a “broken neck” model, in which the light chain
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domain of the leading head is angled forward
and has a kink shortly after emerging from the
catalytic domain. This has been observed via
electron microscopy (29), but is at odds with
later work by the same group (31).

Conclusion. The specificity and sensitivity
of single molecule fluorescence, combined with
the nanometer spatial localization and enhanced
photostability presented here, have enabled us to
see step sizes of individual myosin V heads. The
improvement in localization results from collect-
ing a sufficiently high number of photons within
the relevant time period (0.5 s) with high SNR,
made possible by the high-efficiency, low-noise
detector, and TIRF excitation minimizing back-
ground (/4). Extended observation was possible
through deoxygenation conditions that led to
highly photostable dyes. Our results lead to the
conclusion that myosin V moves in a hand-over-
hand fashion, in agreement with the recent work
of Forkey et al., who measured tilting of BR-
calmodulin in myosin V (6). Our conclusion is
based on results at low [ATP] but likely holds at
physiological [ATP] as well. Other tightly cou-
pled motors, such as kinesin, may follow a sim-
ilar scheme, and we now have the tools to ex-
amine this and other molecular motors.

Two types of hand-over-hand models have
previously been proposed: an asymmetric model
where each head is not functionally equivalent
and where the stalk need not twist, and a sym-
metric model where each head is functionally
equivalent and the stalk twists 180° on each step.
Hua et al. found that the coiled-coil stalk of
kinesin does not systematically twist as the mo-
tor steps (8), a result also reported for myosin V
(9). Such asymmetric hand-over-hand models
are attractive for cargo-carrying motors because
they do not require a twisting of a large cargo or,
conversely, a large torque that would tend to
twist the motor. A definitive conclusion, howev-
er, between a symmetric and asymmetric hand-
over-hand mechanism for myosin V—and per-
haps other biomolecular motors—will need to
await further experiments.
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Carbohydrate Cluster Recognition
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Human antibody 2G12 neutralizes a broad range of human immunodeficiency virus
type 1 (HIV-1) isolates by binding an unusually dense cluster of carbohydrate
moieties on the “silent” face of the gp120 envelope glycoprotein. Crystal structures
of Fab 2G12 and its complexes with the disaccharide Mana1-2Man and with the
oligosaccharide Man,GlcNAc, revealed that two Fabs assemble into an interlocked
V,, domain-swapped dimer. Further biochemical, biophysical, and mutagenesis data
strongly support a Fab-dimerized antibody as the prevalent form that recognizes
gp120. The extraordinary configuration of this antibody provides an extended
surface, with newly described binding sites, for multivalent interaction with a
conserved cluster of oligomannose type sugars on the surface of gp120. The unique
interdigitation of Fab domains within an antibody uncovers a previously unappre-
ciated mechanism for high-affinity recognition of carbohydrate or other repeating

epitopes on cell or microbial surfaces.

Neutralizing antibodies are elicited by most, if
not all, successful vaccines (/, 2). However,
immunogens that are able to elicit neutralizing
antibodies to a broad range of primary HIV-1
isolates have not been found. Nevertheless, a
few rare, broadly neutralizing monoclonal anti-
bodies that have been isolated from patients
protect against viral challenge in animal models
(3). Their epitopes include regions on gp4l
[2F5 (4-6) and 4E10 (6, 7)], the CD4-binding

site of gpl120 [bl2 (8-10)], and part of the
carbohydrate-masked “silent” face of gp120
[2G12 (11, 12)]. A molecular understanding of
the binding of these broadly neutralizing anti-
bodies to their cognate envelope epitopes
should facilitate rational HIV-1 vaccine design.

In this research article, we focus on the
broadly neutralizing human antibody 2G12,
which binds with nanomolar affinity to
gp120. This antibody recognizes terminal
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