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Fig. 4. Comparisons between biophoton image, raw image+= and pathological findings of AH109A. An ultraweak biophoton image, raw image
and histological images at week 1. The arrows drawn on the tumor corresponds to the cross-sectional line. #+ The raw image taken under very
weak illumination (3000-5000 photon counts/s) with the CCD camera used for the biophoton imagery.
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Fig. 5. Correlation between biophoton intensity and square root of
tumor size at week 1. Tumeor size and ultraweak biophoton intensity at
the first week are plotted in the graph. The correlation coefficient of
the tumor size at week 1 and ultraweak biophoton intensity is 0.73.

Results

Tumor growth and biophoton imaging. The tumors exhibited
different growth modes for each cell line. Representative
growth time courses and biophoton images are shown in Fig. 2.
The rat hepatoma cell line AH109A showed the most rapid
growth, reaching a size of about 700 mm?* in 3 weeks. The hu-
man esophageal carcinoma cell line’ TE4 grew lo the size of
about 100 mm? in 3 weeks and the human esophageal carci-
noma cell line TE9 grew to the size of about 40 mm? in a week,
but shrank thereafter. The size of TE4 at week | was 24 mm?®.

The biophoton patterns also showed differences in each tu-
mor cell strain. Although AH109A exhibited a homogeneous
biophoton pattern at week 1, it exhibited a heterogeneous pat-
tern after 2 weeks (Fig. 2). The emission intensity from TE4
was rather weak in the first week, but became more intense in
weeks 2 and 3. The biophoton pattern from TE4 showed homo-
geneity until the third week. In contrast, TE9 showed very
weak light emission; tumors were recognized as arising from
the lower biophoton intensity area compared to neighboring
normal tissue throughout the measurement period.

Nude mice showed specific biophoton emission related to in-
ternal organs and muscles in all measurements,

Comparisons of the biophoton pattern and surface appear-
ance of the tumors showed distinct differences. In Fig. 3, part
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Tahle 1. Comparison of tissue viability and hiophoton intensity of
AH109A .

Tissue viability Biophoton intensity

2.93+3.33"
:la
10.76+6.52"

Live tissue

Necrotic tissue

1) Photon counts/pixel/h.
2) P=2.30€-8.

of the tumor showed high-intensity biophoton emission despite
being covered with necrotic skin. In another area, the tumor
showed low-intensity biophoton emission despite being covered
with normal skin, Pathological findings suggest the area with
high-intensity biophoton emission contains live tissue and the
area with low-intensity biophoton emission contains necrotic
tissue (Fig. 3).

Biophoton intensity and tumor growth rate. Pathological obser-
vation of AHIO9A at week 1 revealed homogeneous tissue
(Fig. 4).

The average biophoton intensitics of the TES, TE4 and
AHIO9A tumors at week 1 were 3.3712.23, 2.42+3.09 and
13.55£8.40 counts/pixel/h, respectively. After 1 week,
AHI109A reached 167.1%55.1 mm? while TE9 grew to
414+18.7 mm? and TE4 grew to 24.1+12.7 mm?. AHI09A
showed the highest emission intensity among all the tumors.
The biophoton intensity of AHI09A was significantly higher
than those of TE9 and TE4 (P=0.0001 and P=0.00006, respec-
tively). The P value between TE4 and TE9 was 0.49.

The relationship between biophoton intensity and tumor size
at week 1 is shown in Fig. 5. The correlation coefficient of the
biophoton intensity and tumeor size at week 1 for all tumors was
0.73 and the correlation coefficient of the biophoton intensity
and the square root of tumor size was 0.82,

Biophotan intensity and tumor viability. The emission intensity
of living tissue, measured in 40 areas, amounted to 10.76+6.52
photon counts/pixel/h, and that of necrotic tissue measured in
26 areas was 2.9313.34 photon counts/pixel/h. The P value
was 0.00077 (Table 1).

Discussion

Although the biophoton images of the AHI09A tumor exhib-
ited homogeneous patterns at week 1, they exhibited heteroge-
neous patterns thereafter. This heterogeneity is not due to the
surface condition of the skin, but reflects the viability of the un-
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derlying tumor tissue, as judged by microscopic observation.

TE4 grew to approximately 100 mm? in 3 weeks and the bio-
photon image exhibited a homogeneous pattern until the third
week. Pathological firdings of TE4 showed a homogeneous
pattern in accord with the biophoton image.

The biophoton intensity of TE9 at week | was greater than
that of TE4. TE9 exhibited an extremely weak biophoton inten-
sity at week 3 that was lower than the emission intensity of
TE4 or the normal tissue around the tumor. The growth pattern
of TEY, i.e., reaching maximum size during week | and shrink-
ing thereafter, is in agreement with the biophoton results.
Pathological findings showed no vessel formation in TE9.

Although the biophoton images of TE4 and TE® at week 1
cannot be easily differentiated from those of normal tissue at
present, spectral analysis may be helpful for recognition of such
tumors.t?

The non-tumor regions in the nude mice showed specific bio-
photon patterns related to the organ distribution. The lumbar
muscle and digestive organs showed enhanced biophoton emis-
sion. These phenomena suggest that studies to evaluate the rela-
tionship between physiological function and biophoton
emission would be of value.

The growth rates and biophoton intensities of AHI09A tu-
mors are significantly higher than those of TE9 and TE4. Addi-
tionally, biophoton intensity and tumor size at week | were
correlated, with a correlation coefficient of (.73 (Fig. 5). This
result suggests that ultraweak biophoton emission is related to
growth activity, presumably via metabolic activity. Thus, we
can argue that areas with high intensity of biophoton emission
contain live tissue and have high-growth activity, while areas
with low-intensity biophoton emission contain necrotic tissue
or tissue with a very low-growth rate,

Biophoton emission has been attributed to oxidative metabo-
lism in live organisms, and it was reported that electron leakage
from mitochondria results in the generation of active oxygen
species such as the superoxide anion, hydrogen peroxide, hy-
droxyl radical and singlet oxygen.'® Oxidation of cellular mole-
cules causes excitement of other fluorescent molecules that
results in biophoton emission." '"-'* In addition, cancer tissue
contains fewer reactive oxygen guenchers than normal tissues,
including superoxide dismutase (SOD) and catalase.*” In nor-
mal tissue, reactive oxygen species are immediately eliminated
by self-defence mechanisms consisting of SOD, catalase, vita-
min E, glutathione, etc., in the cells. In morbid tissue, however,
the balance between reactive oxygen generation and quenching
activity is destroyed. Although the mechanism of this phenome-
non is not clear at present, it is speculated that the relatively
fast growth of malignant tumor generates a large amount of re-
active oxygen species, leading to intense biophoton emission.
The mechanism of this phenomenon should be examined.

Inflammation is also a cause of biophoton emission owing to
active oxygen species from neutrophils, which generate singlet
oxygen. Since singlet oxygen shows specific absorption at 703
nm, spectral analysis might be useful to distinguish malignant
tissue from inflammation.

Tumor growth rate is one of the most important factors that
define malignancy. No existing imaging modality except for
positron emission tomography (PET) is able to evaluate meta-
bolic activity. Qur results suggest that biophoton measurement
can detect growth activity, and it requires no isctope-labeled
substrates, nor a cyclotron to prepare them, as is needed for
PET. Biophoton measurement requires only a completely

1. Popp FA, Gurwitsch AA, Inaba H, Slawinski J, Cilento G, van Wijk R,
Chwirot WB, Nagl W. Biophoton emission. Experiensia 1988; 44: 543-630.

2. Quickenden TI, Que Hee 88. Weak luminescence from the yeast Swcchary-
myces cerevisice and the existence of mitogenetic radiation. Biochem Bio-
phys Res Commun 1974; 60 (2): 764-70,
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shielded space and compact detectors, requiring no chemical
administration. Thus, biophoton measurement could be useful
as a simple non-invasive method to obtain pathological infor-
mation. PET is preferably used in screening of distant me-
tastases or occult lesions of malignancies. Applications of
biophoton measurement should be different from those of PET,
because biophoton emission at the body surface represents light
emission from only as deep as 3 mm from the tissue surface.
Thus, biophoton measurement might be suitable for non-inva-
stve sequential or repeated pathological diagnoses of recog-
nized tumors but not for screening. For measurement of deeper
tissue, & needle-coupled measurement probe would be needed.
Biophoton measurements also have the advantage of being in-
expensive.

This measurement technigue may also be available for recog-
nizing extremely thin tumors that are not palpable or visually
apparent.

Image aquisition took 1 h in this study, and the measurement
time should be shortened for clinical application. Recent devel-
opment of measurement apparatus with high efficiency can
shorten the image acquisition time, which is less than 30 min
with the latest detector.

Biophoton images obtained from growing tumors can pro-
vide information about tumor properties, including whether the
tumnor is alive or not and how fast it is growing. In addition,
biophoton images reveal tumor viability even when the surface
skin is necrotic.

The effectiveness of chemotherapy is generally assessed in
terms of tumor size. However, this standard parameter often
shows a slow response after application of anticancer therapies,
because the reduction of tumor size usually occurs much later
than tissue necrosis. Therefore real-time estimation is impossi-
ble using this parameter. Biophoton measurements might allow
real-time assessment of tumor viability through detection of
changes in emission intensity.

In our study, necrotic areas showed low emission intensity in
the heterogenecus mass. These results suggest that we can dis-
tinguish living area and necrotic area by biophoton measure-
ment. Moreover, sequential measurement of bigphoton
emission during chemotherapy may enable us to detect tumor
necrosis induced by chemotherapy. Becavse different chemo-
therapeutic agents have distinct mechanisms of action, charac-
teristic changes of biophoton emission during the transition
from the living state of the tumor to the necrotic state might be
observable.

In conclusion, this method could be useful to assess not only
malignancy, but also the efficacy of chemotherapy or radiother-
apy in terms of viability, rather than tumor size. Although bio-
photon emission can be detected only on the body surface at
present, deeper targets should be detected by the use of endos-
copy or needle-coupled devices. This procedure may thus pro-
vide a non-invasive or minimally invasive optical biopsy as an
adjunct to or replacement of existing diagnostic methods. We
are now trying to detect other malignant xenografts to confirm
the validity of this approach to measure tumor growth rate.
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Rapid double 8-nm steps by a kinesin mutant

Hideo Higuchi', Christian Eric Bronner?,
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The mechanism by which conventional kinesin walks
along microtubules is poorly understood, but may involve
alternate binding to the microtubule and hydrolysis of ATP
by the two heads. Here we report a single amino-acid
change that affects stepping by the motor. Under low
force or low ATP concentration, the motor moves by
successive 8-nm steps in single-motor laser-trap assays,
indicating that the mutation does not alter the basic
mechanism of kinesin walking. Remarkably, under high
force, the mutant motor takes successive 16-nm displace-
ments that can be resolved into rapid double 8-nm steps
with a short dwell between steps, followed by a longer
dwell. The zlternating short and long dwells under high
force demonstrate that the motor stepping mechanism is
inherently asymmetric, revealing an asymmetric phase in
the kinesin walking cycle. Qur findings support an asym-
metric two-headed walking model for kinesin, with co-
operative interactions between the two heads. The
sensitivity of the 16-nm displacements to nucleotide and
load raises the possibility that ADP release is a force-
producing event of the kinesin cycle.

The EMBO Journal (2004) 23, 2993-2999. doi:10.1038/
5j.emboj.7600306; Published online 15 July 2004

Subject Categories: membranes & transport; cell & tissue
architecture

Keywords: double steps; kinesin; motor mutant; stepping
mechanism

Introduction

The kinesin motor proteins bind to ATP and microtubules, and
use the energy of nucleotide hydrolysis to move along
the microtubule. The first discovered or conventional kinesin
is a highly processive motor that takes more than a hundred
steps each time it binds to a microtubule (Howard et al, 1985;
Svoboda et al, 1993; Hackney, 1995). Steps by conventional
kinesin along a microtubule are tightly coupled to ATP
hydrolysis—the motor takes a single 8-nm step for each ATP
it hydrolyzes {Schnitzer and Block, 1957; Coy et al, 1999).
The mechanism by which kinesin walks along a micro-
tubule is not well understood, although several models have
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been postulated, One model involves a hand-over-hand step-
ping mechanism in which the two heads of the motor
alternate in binding to the microtubule and hydrolyzing
ATP, each head in turn taking a step to advance the motor
towards the microtubule plus end (Howard, 2001; Schief and
Howard, 2001). This model is supported by the finding that
processivity of kinesin requires two heads (Hancock and
Howard, 1998). It accounts for the observed cooperativity
of binding to nucleotide and microtubules by the two heads
of kinesin—the finding that only one head of the dimeric
motor binds to a microtubule and releases ADP in the
absence of ATP, and that ATP hydrolysis by the bound head
is required for the other head to bind to the microtubule
(Hackney, 1994)—by postulating that both heads participate
in ATP hydrolysis in an alternating manner. If both heads
hydrolyze ATP, the tight coupling between ATP hydrolysis
and steps by the motor requires that both heads be involved
in producing force and taking steps along the microtubule,

A hand-over-hand model could involve either a symmetric
mechanism in which the rear head always steps to the same
side of the forward head to take the next step along the
microtubule (Howard, 1996}, er an asymmetric mechanism
in which the rear head steps to either side of the forward head
(Hirose et al, 2000; Hoenger et al, 2000; Schliwa, 2003). The
rationale underlying the proposal of a symmetri¢ hand-over-
hand mechanism is that the two heads of the dimeric motor
are functionally equivalent and should undergo the same
movements and conformational changes during the nucleo-
tide hydrolysis cycle (Howard, 1996). The only available
crystal structure of dimeric kinesin shows a rotational sym-
metry of the two heads around the axis of the coiled-coil stalk
that causes the microtubule-binding regions of the heads to
be on opposite sides of the motor (Kozielski et al, 1997).
Thus, a symmetric hand-over-hand model would require that
the motor rotate ~ 180° each time an unbeund head binds to
the microtubule to take a step. This should produce rotations
during processive movement that are detectable experimen-
tally.

Failure to observe the rotational movement predicted by
a hand-over-hand mechanism has led to the proposal of an
‘inchworm’ mode! in which only one head binds to the
microtubule and hydrolyzes ATP, dragging the second head
along (Hua et al, 2002). This model is consistent with the
failure to observe 180° rotations of microtubules bound to
single kinesin motors, but does not account for the coopera-
tivity of nucleotide and microtubule binding by the two heads
of the motor {Hackney, 1994), which requires that both heads
of the motor hydrolyze ATP and produce force. Further, the
experimental results do not compel an inchworm meodel, as
they could also be accounted for by an asymmetric hand-
over-hand model in which conformational changes of the
neck linker or another structural element, together with
stepping by the rear head to either side of the forward head
in successive steps, produce net rotations too small to be
detected in the previous experiments (Hua et al, 2002).

Here we report a single amino-acid change of conventional
kinesin that affects stepping by the motor. The mutant motor
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moves processively along the micretubule by taking succes-
sive 8-nm steps, like wild-type kinesin, but under high force
the motor moves by 16-nm displacements instead of 8-nm
steps. Analysis of the 16-nm displacements reveals that the
motor stepping mechanism is asymmetric. The asymmetry is
not stochastic, but recurs in a regular pattern that compels an
asymmetric mechanism for kinesin walking. The load sensi-
tivity of the 16-nm displacements identifies a potential force-
producing event of the kinesin cycle.

Results

Mutant design

The kinesin-T94S mutant was designed to make the highly
conserved nucleotide-binding motif or P-loop of Drosophila
kinesin heavy chain, GQTSSGKT, resemble more closely the
P-loop of the myosins, GESGAGKT, in amino-acid sequence.
The change of T94 to S causes only a small predicted
structural change in the motor (Figure 1); however, T94
interacts with the B-phosphate of ADP in the kinesin motors
and may help stabilize ADP binding. The point mutation was
thus expected to open the nucleotide-binding cleft and permit
more rapid nucleotide binding or release by the motor. The
mutant motor was expressed in bacteria as a fusion to a
biotin-binding protein and tested for ADP release in biocherm-
ical assays and velocity of movement along microtubules in
in vitro motility assays.

ADP relsase assays
Single-turnover mant-ADP release experiments using FPLC-
purified mutant or wild-type motor protein without micro-
tubules showed that, upon addition of 500uM Mg ATP, the
kinesin-T94S mutant releases ADP ~3.6-fold faster
(0.0128+0.00t3s™', n=11) than wildtype kinesin
(0.00353+0.00017s~", n=12) (Table ). When no nucleotide
was added, the mutant motor released ADP at the same rate
(0.00319£0.00079s~", n=4) as the wild-type motor with
added Mg- ATP, indicating that release of ADP by the kinesin-
T945 motor is not dependent on binding of ATP or micro-
tubules. The wild-type motor without added nucleotide
released ADP more slowly (0.00154+0.00080s7", n=3),
with poorer curve fits (linear correlation coefficient,
R>0.75) than the kinesin-T945 mutant (R> 0.95).
Single-turnover assays with microtubules were performed
by mixing 0.2pM kinesin-T94S or wild-type kinesin with
1 uM microtubules and meonitoring the release of mant-ADP
in a fluorometer. Results of these assays showed an accelera-
tion of ADP release by microtubules (9- to 10-fold), which
was comparable for the mutant and wild type. The dissocia-
tion rate for the kinesin-T94S motor (0.0287+0.0187s7,
n=9) was higher than that of wildtype Kkinesin
{0.0162 +0.0062s~", n=8) (Table I), but the overall values

did not differ significantly due to the variability from assay
to assay. Attempts to measure the k,, of the mutant and wild-
type motors in ATPase assays with microtubules gave vari-
able values that were lower than normal for wild type and
somewhat higher for the mutant. The high variability in
manl-ADP release rates in the presence of microtubules and
microtubule-stimulated k.., values may be due to the effects
of the BIO fusion protein on motor-microtubule interactions
when the motor is not bound te a glass surface or bead, as
motor velocities in gliding and laser-trap assays were in the
normal range for wild-type kinesin (see below). The k.,
values with microtubules are not reported here to avoid
misinterpretation of the mutant effects. Detailed studies of
nonfusion mutant and wild-type motors in the presence of

il

Figure 1 Kinesin-T94S mutant. (A) Structure of wild-type kinesin.
The atomic structure of the dimeric motor is shown as a ribbon
diagram (rat kinesin heavy chain, PDB 3KIN) (Kozielski et al, 1997).
The conserved T94 in the nucleotide-binding P-loop is space-filled
{purple} and the P-loop (GQTSSCKT) is green. (B) Close-up of the
active site with the residue corresponding to Drosophila kinesin T4
in purple. (C) The active site with 594 (cyan) modeled into the wild-
type structure in place of T94. ADP, wire diagram; helices a4 and
«5, black.

Table I Kinetic properties of the kinesin-T945 and wild-type kinesin motors

Kinesin-T945

Wild-type kinesin

kg4, ADP release— ATP
ka, ADP telease + ATP
k4. ADP release + MTs

Velocity. MT gliding 255+13nm/s, n=20

0.00319+40.000795", n=4, R>0.95
0.0128+0.001357%, n=11, R=0.90
0.0287+0.018757", n=9,R>0.73

000154 +0.00030s~", n=3, R>0.75
0.00353 +£0.0001757, n =12, R>0.93
0.0162+0.00625, n=8, R>0.65

853+25nm/s, n=19

Values are the mean +5.e.m.; R, linear correlation coefficient for the curve fit (values closer to 1.00 indicate a better fit); MT, microtubules.
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microtubules will be required to determine the effects of the
T945 mutation on motor binding to nucleotide in the pre-
sence of microtubules. The altered rate of ADP release by the
kinesin-T945 mutant in the absence of microtubules and the
initial data presented here for assays with microtubules raise
the possibility that ADP release in the presence of micro-
tubules is also altered.

Gliding assays

Microtubule gliding assays (Song et al, 1997) were performed
with lysates of the kinesin-T945 or wild-type motor. The
assays showed good binding to microtubules by the motors
attached to the coverslip, but a slower gliding velocity by
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~3.3-fold for the mutant (255+13 nm/s, n=20) compared
to wild type (853 +25nm/s, n=19) (Table I.

Laser-trap assays

The increased ADP release rate in the absence of micro-
tubules, but decreased velocity in gliding assays, suggested
that stepping of the kinesin-T945 mutant along microtubules
might be altered. Traces of single kinesin-T945 motors in
laser-trap assays showed slow movement compared to wild
type (Figure 2A and B). The velocity of the mutant at low load
(~1pN]) was 250nm/s, which was about one-third the
velocity of wild type, 760 nm/s, consistent with the gliding
assays. The stall force of ~ 8 pN for the mutant was similar to
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Figure 2 Single-molecule laser-trap assays of kinesin-T%4S and wild-type kinesin. (A, B) The traces show processive movement by single
kinesin-T945 (magenta) and wild-type kinesin (green) motors, (C, D} Single kinesin-T945 motors showed successive 8-nm steps at forces
< ~4pN, but exhibited successive 16-nm displacements, consisting of rapid double 8-nm steps, at forces > ~ 4 pN. Single wild-type kinesin
motors under the same conditions showed sequential 8-nm steps. (E, F) A plot of dwell time versus force shows alternating short and long
dwells following sequential 8-nm steps by the kinesin-T945 mutant. The wild type shows variable dwells following sequential 8-nm steps.
(G, H) The ratios of the long dwell times divided by the short dwell times at different forces, calculated by averaging overlapping sets of three
successive odd and even steps (see Materials and methoeds) corresponding to the traces in (C, D). The dwell time ratios or limp factors L of the
mutant are significanily greater than those of wild type at forces > ~4 pN. Note the difference in Y-axis scales in (G, H).
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wild type. The mutant was processive with a step size of 8nm
at low load { < ~4 pN) (Figure 2C). Remarkably, at high load,
the mutant showed frequent 16-nm displacements, which
could be resolved into two rapid 8-nm steps with a shert
dwell between steps followed by a longer dwell, with the
short and long dwells alternating between successive 8-nm
steps {Figure 2C and E). The wild-type motor showed 8-nm
steps, as reported by others (Svoboda et al, 1993; Nishiyama
et al, 2002), with variable dwells between steps {Figure 2D
and F).

The dwell times between steps by the mutant and wild-
type motors were analyzed statistically, Steps in traces were
assigned as odd or even, and the dwell times for three
sequential odd steps and three sequential even steps were
averaged (total =6 steps}. The longer mean dwell time was
divided by the shorter one to obtain the ratio. Two steps were
then slipped from the first step, the next dwell time ratio was
calculated, and this process was reiterated for the length
of the run. Analysis of the traces for the mutant and wild
type in Figure 2C and D is shown in Figure 2G and H.

In all, 31 traces of the mutant and 20 traces of wild type
were analyzed in this way without selecting for 8- or 16-nm
displacements (Figure 3). The dwell time ratio, referred to as
the limp factor L (Asbury et al, 2003), increased sharply for
the mutant from 2.99 to 6.35 with 2.4-6.9pN force
(Figure 3A). By contrast, the limp factor of wild-type kinesin
increased slowly from 1.88 to 2.57 with 2.4-6.7pN force,
remaining at a low ratio of <3 (Figure 3A}.

The average dwell time of the kinesin-T945 mutant was
~2.5 times longer than that of wild type (mutant=37 ms and
wild type=14.6ms at 2.4pN; mutant=159ms and wild
type =61 ms at 6.7-6.9pN) (Figure 3B and C). For the mu-
tant, the long dwell times increased sharply with force,
whereas the short dwell times increased more gradually.
The short dwell times of the mutant were longer than the
average dwell times of wild type at low force, but they were
shorter at high force.

The 16-nm displacements, characterized by short dwell
times and high L values, appeared clearly at high force
(=4pN), where they were observed frequently for single
kinesin-T94S motors (L>5, 32% of dwell time ratios,
totat = 149, compared to 22% at <4pN, total=74). The
16-nm displacements were observed infrequently for wild
type (2% of dwell time ratios, total = 148).

At low force, single kinesin-T945 motors showed 8-nm
steps at higher frequency than at high force, rather than
16-nm displacements. The appearance of the 16-nm displace-
ments at high force indicates the existence of a phase in
the kinesin-T94S walking cycle that can be accelerated by
force, resulting in the rapid double 8-nm steps. The 8§-nm
steps by the mutant were also observed at low ATP concen-
tration (10pM) (L=2.37 at 2.3-6.2pN force). The low
frequency of 16-nm displacements by the mutant at low
ATP concentration (L>5, 5% of dwell times, total=99)
is probably due to the time required to release ADP and
bind ATP. The rate-limiting step of the kinesin cycle is
thought to be the release of ADP (Hackney, 1988).
But because the dwell time for the mutant at 10uM ATP
was ~3 times that at 1 mM ATP, the rate-limiting step at low
ATP concentration is likely to be ATP binding rather than
ADP release, making the dwell time between steps by the
mutant close to that of wild type.
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Figure 3 Dwell times versus force for steps by kinesin-T94S and
wild-type kinesin. (A) The dwell time ratio or limp factor for 8-nm
steps by the kinesin-T945 mutant (magenta) or wild-type kinesin
(green) increases linearly with force, but the increase is significantly
greater for the mutant than wild type. (B) The increase in long dwelt
times of the mutant with increasing force is paralleled by the
increase in the average dwell times, while the short dwell times
increase more slowly. {C} The long and short dwell times of wild-
type increase in parallel with one another and with the average
dwell times with increasing force. The error bars show the standard
error of the mean (s.e.m.) for the dwell time ratios and average
dwell times.

Discussion

A kinesin stepping mutant

We report here a new mutant of Drosophila kinesin heavy
chain that was rationally designed to make the nucleotide-
binding P-loop resemble more closely that of the myosins.
The mutant motor has a change of T945 in the P-loop, which
was expected to open the nuclectide-binding cleft and in-
crease the rate of nucleotide binding or release by the motor.
This relatively minor structural change causes the motor to
release ADP ~ 3.6-fold faster than wild type in the absence
of microtubules and to translocate microtubules in gliding
assays with a velocity ~3.3-fold slower than wild type. In
single-molecule laser-trap assays, the mutant motor shows
frequent 16-nm displacements under high force, which are
resolvable into rapid double 8nm steps, consisting of
alternating slow and fast steps. At low force or low ATP
concentration, successive 8-nm steps were observed instead
of 16-nm displacements. The wild-type motor showed infre-
quent 16-nm displacements due to rapid double 8-nm steps.
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The frequency of rapid double 8-nm steps is thus enhanced in
the mutant compared to wild type.

The 16-nm displacements arise by alternating fast and
slow dwell times, causing alternate steps to be fast and
slow. The structural basis of a slow step by the kinesin-
T94S mutant that alternates with a fast step could be due to
an inherent asymmetry of stepping to the right or left of the
forward head caused by the handedness of the twist of the
coiled coil. Stepping to the right might be constrained by the
twist of the coiled coil, whereas stepping to the left might not
be, and might be accelerated by interactions of the rear head
with the forward head.

The successive 16-nm displacements in the kinesin-T945
traces with alternating short and long dwell times indicate
that a step in the kinesin walking cycle is asymmetric, as
predicted by asymmetric two-headed walking models, but not
by symmetric ones such as hand-over-hand models in which
the rear head always steps to the same side of the forward
head (Howard, 1996), or inchworm models, in which only
one head steps, dragging the other head along (Hua et al,
2002}, Our results favor an asymmetric walking model in
which the two heads of kinesin alternate in binding to the
microtubule and hydrolyzing ATP.

Stepping by heterodimeric kinesin

Recently, others have reported 16-nm displacements by a
heterodimeric kinesin protein consisting of kinetically differ-
ent mutant and wild-type motor subunits (Kaseda et al,
2003}, providing evidence that the two heads of the hetero-
dimeric motor alternate in stepping. The interactions of the
two heads of a heterodimeric motor with one another could
differ from that of the native motor, however, due to the
mutation in one head or due to the different proteins to which
they were fused. The results we report here differ from those
of Kaseda er al {2003) in that we observe asymmetry of
movement for 2 homodimeric kinesin motor, This substanti-
ates these previous findings by showing that the asymmetric
steps of the heterodimer must have been due to an inherent
asymmetry of stepping by the motor and were not dependent
on the differences in the motor subunits.

Limping by wild-type kinesin motors
Our findings differ from those reported recently by others
(Asbury et al, 2003) for wild-type Drosophila and native
squid kinesin. These workers found evidence for alternating
slow and fast steps under high force (4pN) for truncated
Drosophila kinesin proteins, whereas we did not observe
frequent 16-nm displacements for our truncated wild-type
kinesin, which was expressed as a fusion to a 106-residue BIO
protein with two linker residues. The basis of these conflict-
ing results could be a difference in the kinesin preparations
used in the assays, a dependence of limping on the total
length of the proteins analyzed, such that shorter proteins
show a greater tendency to limp because they interact asym-
metrically with the surface of the bead rather than the
microtubule, or the conditions of the laser-trap assays. In
the present work, we used a kinesin motor fused to a BIO
domain to prevent interactions of the motor with the bead.
The velocities reported by Asbury et al (2003) both for
their truncated and native kinesin proteins were unusually
slow, ~65-165 nm/s (calculated from the mean fast and slow
dwell times in their Figure 3C). These velocities are signifi-
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cantly slower than the velocities of 300 and ~600nm/s for
squid kinesin at 4pN reported previously by the same
laboratory (Visscher et al, 1999; Block et al, 2003}, and the
velocity of 390nm/s at 4.0pN of our wild-type kinesin,
DmK447-BIO. These unusually slow velocities could arise
if the force-clamp assays were performed under higher actual
force than the reported value of 4pN, or the kinesin proteins
used in the assays were heterogeneous, comprising some
motors in which one head was slower than the other due to
partial inactivation during purification. The slow velocities of
the truncated and native kinesin motors reported by Asbury
et al (2003) need to be accounted for and correlated with the
limping behavior of the motors before attempting to reconcile
our data with theirs,

Kinesin-T94S and stepping models
The results we report here are important in that they show
that a kinesin mutant with a single amine-acid change in the
nucleotide-binding P-loop, under high force, shows a high
frequency of rapid double 8-nm steps, resulting in 16-nm
displacements, Under low force or low ATP concentrations,
the mutant takes 8-nm steps, like wild-type kinesin. This
suggests that the mutation enhances a step in the wild-type
kinesin stepping cycle that is sensitive to load and the
nuclectide state of the motor. Load-sensitive conformational
changes have not previously been identified for kinesin and
are believed to correspond to the force-producing steps of the
hydrolysis cycle. The finding that the mutant motor is altered
in ADP release tentatively identifies ADP release as a force-
generating event of the kinesin cycle, although it is still
possible that a different step of the hydrolysis cycle is
affected. Further biochemical studies will be required to
determine the step in the cycle that is altered in the mutant
and how it affects the motor stepping mechanism. The
observation of rapid double 8-nm steps under high load
with alternating long and short dwells implies that a phase
of the stepping cycle is affected by the mutant that involves
the alternative regulation or interactions of the two heads.
The disappearance of the 16-nm displacements at low
force or low ATP concentration indicate that another rate-
limiting step, probably ATP binding, suppresses the rapid
double 8-nm steps by interposing a longer dwell between the
steps, resolving them into two steps. The ability of the
kinesin-T94S motor to take successive 8-nm steps demon-
strates that the basic mechanism of walking by the kinesin
miotor is unaltered. The appearance of the rapid double 8-nm
steps or 16-nm displacements at high force and their infre-
quent appearance in wild-type traces indicates that the
mutant enhances a step in the walking cycle that is inherently
asymumnetric, revealing an asymmetric walking mechanism for
kinesin,

Materials and methods

Plasmids

Plasmids to express the kinesin-T94S mutant or corresponding
wild-type Drosophila kinesin heavy chain {KHC) motor fused to a
biotin-binding protein were constructed by inserting DNA frag-
ments synthesized by the polymerase chain reaction (PCR) into
PMW172/KHC (Song and Endow, 1996). The plasmids encode M-G-
$+ KHC residues E4.Q447, linked by G-S 1o 106 residues of the
Propionibacterium shermanit biotin-binding transcarboxylase (BIQ)
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{(Pinpoint Xa, Promega). PCR-synthesized regions were confirmed
by DNA sequence analysis.

Protein expression and purification

The kinesin-T94$ and comresponding wild-type kinesin proteins
fused to BIO were expressed in bacteria using the T7 RNA
polymerase system (Studier et al, 1990). The fusion proteins were
123.4 kDa dimers of a 567-residue subunit. The kinesin region of the
fusion protein corresponds to the conserved motor domain (E4-
F326), the neck linker (G327-T344) and 103 residues of the coiled
coil (A345-Q447). Proteins were purified for biochemical assays by
chromatography en P11 phosphocellulose, followed by MoneQ
and/or Superose 12 FPLC. The Supetose 12 chromatography step
was necessary 1o remove high-molecular-weight kinesin aggregates.
The purified proteins were diluted extensively for use in laser-trap
assays.

Motility assays

Microtubule gliding assays on motor-coated coverslips were
performed as described (Song et al, 1997), using lysates of the
kinesin-T945 or wild-type motors fused to BIO.

ADP releasa assays

single-turnover mant-ADP release experiments were performed
using FPLC-purified kinesin-T945 or wild-type protein fused to BIO
by incubating 2pM mant-aATP [2'(¥)-O-(N-methyl-anthraniloyl)-
adenine 5 -triphosphate] with 0.5pM motor for 22h on ice in the
dark. Samples were warmed to room temperature for 5-10 min and
fluorescence (excitation, 356 nm; emission, 446 nm} was recorded
in a SPEX FluoroMax or SLM Aminco 8100 spectrofluorometer
before and after addition of 500 uM ATP. Mant-ADP release assays
in the presence of microtubules were performed by mixing 0.2 pM
motor + mant-ATP after incubation on ice with 1 uM GTP-depleted
microtubules in a cuvette and recording fluorescence before and
after addition of the microtubules. Fluorescence was plotted versus
time and data points were fit to a single exponential curve,

y = my + myel-™m)
where y=1fluorescence {cps), mo=time (s} and y=mz+m, at
t=0, using KaleidaGraph v 3.08d. Dissociation rate constants
{ka = m;) were obtained from the curve fits. In some experiments,
samples were spin-dialyzed to remove excess mant-ATP after
incubation en ice and before recording fluorescence; rates were
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the same as assays in which mant-ATP was not depleted. Data for
the experiments were therefore combined.

Laser-trap assays

Laser-trap assays were performed using highly diluted purified
kinesin-T945 or wild-type motors expressed as fusions to BIO and
attached to 0.2pm avidin-coated beads in buffer +200mM
NaCl+ 1 mM ATP {Endow and Higuchi, 2000; Nishiyama et al,
2002). The data were derived from single motors, based on the
statistics of binding of the beads to microtubules (Svoboda and
Block, 1994; Endow and Higuchi, 2000). Assays performed at low
ATP concentrations contained 10 uM ATP. Beads were trapped at a
stiffness of 0.04 pN/nm and monitored for binding and movement
on microtubules. Data were taken without a low-pass filter, then
filtered through 50Hz (Figure 2A and B) and 200 Hz (Figure 2C and
D) low-pass filters for analysis.

Statistical analysis

Dwell times between steps of the mutant and wild type were
analyzed statistically, as described by others (Asbury et al, 2003).
Steps in a given trace were assigned as odd or even, and dwell times
of three sequential odd steps and three sequential even steps were
averaged. The longer mean dwell time was divided by the shorter
one to obtain the dwell time ratio. Two steps were slipped along the
trace from the first siep, the next dwell time ratic was calculated
from the next overlapping six steps, and this process was reiterated
for the length of the run. The theoretical ratio for an exponential
distribution of random dwell times generated by computer
simulation was calculated to be 2.23 for analysis of overlapping
sets of six sequential steps and 1.84 for 10 sequential steps. These
values were close to the value of 1.79 obtained by analyzing dwell
times from computer-simulated stepping records (Asbury et al,
2003).
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Motility of myosin V regulated by the dissociation of

single calmodulin

HoaAnh Nguyen!~3 & Hideo Higuchil”

MyosinV is a calmodulin-binding motor protein. The dissociation of single calmodulin molecules from individual myosinV
molecules at 1 pM Ca?* correlates with a reduction in sliding velocity in an in vitro motility assay. The dissociation of two
calmodulin molecules at 5 pM Ca?* correlates with a detachment of actin filaments from myosin V. To mimic the regulation of
myosin V motility by Ca?* in a cell, caged Ca?* coupled with a UV flash system was used to produce Ca?* transients. During
the Ca2* transient, myosin V goes through the functional cycle of reduced sliding velocity, actin detachment and reattachment
followed by the recovery of the sliding velocity. These results indicate that myosin V motility is regulated by Ca?* through a
reduction in actin-binding affinity resulting from the dissociation of single calmodulin molecules.

Calcium regulates various enzyme reactions of cellular processes through
direct interaction to modify the function of a protein or through indirect
interaction with a Ca?*-sensing protein. Among the Ca?*-sensing pro-
teins expressed in eukaryotic cells, calmodulin (CaM) is a member of the
EF-hand family, and has been known to participate in many signaling
pathways that affect crucial processes such as cell growth, proliferation
and cell movement!-.

Myosin V is an unconventional double-headed miyosin that transports
synaptic and endoplasmic reticulum vesicles in neurons>>, pigment
granules in melanocytes®-%, and vacuoles in yeast®!®. Myosin V is a pro-
cessive motor capable of taking 36-nm steps along actin filaments’ "1,
Structurally, myosin V is a homodimer. Each menomer has one
N-terminal head domain, one extended neck domain that contains six
1Q motifs, and a taill domain containing a coiled <oil region attached to
a C-terminal globular region'*1%, The IQ motifs form binding sites for
CaM and CaM-related light chains!#!$17, Recent studies have investi-
gated whether CaM bound to the IQ motifs can regulate the function
of myosin V in response to Cal* (refs. 16,18-21). Two of those studies
have reported that myosin V stops moving but remains bound to actin
filaments at high Ca?* concentrations {>1 UM} in in vitro motility assays
using nitrocellulose coated glass'®20. In this study, using an in vitro
motility assay on uneoated glass slides, we observed the detachment of
actin filaments from myosin V at high Ca?* concentrations. This finding
suggests that high Ca?* concentrations are a novel way of inactivating
the motility of myosin V. Furthermore, upon transient release of Ca*,
myosin V reversibly detaches from and slides along actin filaments in the
presence of free CaM. To provide insights into the underlying mecha-
nism of this observation, we used single-molecule imaging to monitor
the dissociation of individual CaM molecules from myosin V at various
Ca®* concentrations. Based on these observations, we propose a model

explaining the regulation of the myosin V motor function resulting
from the dissociation of single CaM molecules. This model shows how
amotor protein detaches and then reattaches to their moving track. This
may also explain how a multimotor-binding vesicle could be switched
between different tracks for targeting in a cell.

RESULTS
Effect of Ca* on myosin V motility
To estimate the effect of Ca?* on myosin V motility, we first developed a
suitable glass surface for observing reversible motility in the in vitro assay
(Supplementary Methods online). Using nitrocellulose-coated glass,
movement was restored for only 56 + 16% {mean values + 5.d.,n=15) of
the actin filaments after removing Ca?* in the solution. Using an uncoated
glass surface, 96 + 3% (n = 15) of the actin filaments showed movement.
Thus, the remainder of our expetiments were done using uncoated glass
slides. The irreversible inactivation of myosin V on nitrocellulose-coated
glass was most likely due to irreversible binding of myosin V molecutles to
the nitrocellulose at the hydrophobic site of IQ) domains (containing ~40%
hydrophobic residues)!®, which is exposed after the dissociation of CaM.
The in vitro motility assays for myosin V were done in the presence
of various Ca®* concentrations. At pCa 6.0, the number of sliding actin
filaments was less than that in the absence of Ca?* (pCa > 7.0). At
pCa 5.6, all actin filaments detached from myosin (Fig. 1a}. To analyze
the effect of Ca®* in detail, we quantified the number and velocity of
actin filaments (Fig. 1b,c). In the absence of Ca®* or at pCa 6.4, the
density of sliding actin filaments was ~0.17 filaments pm™?, and most
of them (>95%) moved smoothly. However, at pCa 6.0 there was a large
reduction in both the density of sliding filaments and velocity of sliding.
AtpCa 5.8, the velocity of a few actin filaments could still be observed.
It was similar to that recorded at pCa 6.0 (~230 nm s7!). Finally, at
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Figure 1 Effects of Ca2* on the in witro motility
assay of myosin V. (a) /In vitro motility assays
T carried out in the absence of Ca2* (pCa > 7.0),

N and at pCa 6.0 and 5.6, At pCa 5.2, movernent

L B : was restored by washing out Ca2* in the presence
A of 10 pM CaM. Bar, 10 pm. (b,e) The number
(b} and velocity {c) of stiding actin filaments
(F-actin) at different pCa values in the in vitro
motility assay. Data in b and ¢ are mean values +
s.d. from three independent experiments.

from one myosin V reached saturating levels at
pCa 5.6. The triple bleaching steps were negli-
gibly small (<5%) at all Ca®* concentrations,
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pCa £ 5.6, all actin filaments were detached from myosin V, and thus
sliding velocity could not be measured. Both the number and the veloc-
ity of sliding filaments could be restored to original levels by removing
Ca?* from the solution in the presence of 10 uM CaM (Fig. 1) but not
in the absence of CaM {data not shown).

To determine the reason for the reduction in both the motility and the
actin-binding affinity of myosin V, the number of CaM dissociated from
myosin V in the presence of Ca?t was estimated using single-molecule
analysis. The dissociated CaM was substituted with Cy3-calmodulin
(*CaM) and the number and intensity of fluorescent spots of *CaM were
observed at single-molecule level {Fig. 2a and Supplementary Methods
online). At pCa values of 6.0 and 5.8 (Fig, 2b}, at least one CaM disso-
ciated from each myosin V as the number of fluorescent spots (~0.19
spots um™2) of the substituted *CaM inside the chamber was almost
equal to the calculated number of myosin V molecules initially applied
to the chamber (binding of 0.025 nM myosin to the total contact area of
47 % 107 um? in a chamber of 6 1 would give a value of ~0.19 molecules
im-2). This number did not change after several washes with the Ca?*
solution followed by substitution with *CaM. In the absence of Ca?*
(pCa > 7.0) (Fig. 2b), only very few fluorescent spots could be detected
{~10 spots} indicating that most of myosin V (~95%) was saturated with
CaM before treatment with Ca2*,

To quantify the effect of Ca?* on the dissociation of CaM from myosin
V, the dissociated CaM was substituted with *CaM and the population
of single, double and triple substitutions of *CaM molecules (Fig. 2¢
and Supplementary Methods enline) on the myosin V were estimated
as a function of Ca?* concentration (Fig. 2d). At pCa 6.2, ~50% of the
myosin V molecules dissociated a single CaM molecule. At pCa 6.0,
~70% of myosin V dissociated a single CaM muolecule, and ~30% of
the myosin V dissociated two molecules. The dissociation of two CaM

Figure 2 Effect of Ca2* on the dissociation of CaM from myosin V. (a) Myosin
V was treated with Ca2* at various concentrations. The free Ca2* was washed
out and the dissociated CaM was substituted with *CaM. (b) Fluorescent
spots of the substituted *CaM bound to individual myosin V on the glass
surface were observed under TIRFM without Ca2* treatment {pCa > 7.0}

or after Ca2* treatments at pCa 6.0 and 5.8. The density of myosin V was
~0.19 molecules pm~2 on the observation area (1,000 pm?2). Bar, 10 um.
(¢) The bleaching steps of flucrescent intensity of single, double and triple
*CaM molecules. (d) Number of *CaM substituted for CaM that dissociated
from individual myesin V at different Ca?* concentrations. (e) Dissociation
of CaM {replaced with *CaM) from myosin V. Data were collected from D and
fitted with the Hill equation3® to determine the number of CaZ* bound to
CaM when CaM dissociates from myosin V. Data in d and e are mean values
+ 5.d. from three independent experiments.

60
pCa

whereas four or more bleaching steps were not
observed. This suggests that each myosin V
could lose a maximum of two CaM. To ensure
that two was the maximum number, a sample was treated three times at
pCa 5.2 after *CaM substitution and the number of spots having triple
bleaching steps was still <5%.

Because it is well known that one CaM has four calcium-binding
sites3, the number of Ca?* that binds to a CaM and triggers the dissocia-
tion of that CaM was estimated. The data for the dissociation of CaM
from a myosin V in the presence of Ca?* could be well fitted to the Hill
equation giving a best fit value of 3.6 (Fig. 2¢), suggesting that 3—4 Ca®*
are required to trigger the dissociation of one CaM.

50

Ca’*-dependent dissociation rate of CaM

To determine the kinetic effect of Ca?* on the regulation of myosin
V motility, the dissociation rate of CaM from myosin V in the pres-
ence of Ca?* was estimated by substituting the dissociated CaM with
100 nM *CaM. To answer whether the association rate of 100 nM *CaM
to myosin V affected the estimation of dissociation rate or not, the asso-
ciation rate of 100 nM *CaM to myosin V had to be determined first
(Supplementary Methods online). The time course of *CaM substitu-

T4 Single Double  Triple
gl ,
43 ",
gi "\'Jl\ .
[} —~ —
IEEFEEREEEEEEEE]
Tirne (s)

50

=36

50

128

VOLUME 12 NUMBER 2 FEBRUARY 2005 NATURE STRUCTURAL & MOLECULAR BIOLOGY



© 2005 Nature Publishing Group httpJ/iwww.nature.com/ngmb

ARTICLES

transients using a UV flash (Supplementary
Methods online). The duration of the UV
flash is 4 s. Before the UV flash, actin fila-
ments moved smoothly on the glass surface
(Fig. 4a(i}). At the end of the UV flash, most
of actin filaments had detached (Fig. 4aii)),
” and 40 s after the completion of the UV flash
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Figurs 3 Ca2*-dependent dissociation rate of CaM from myosin V (Supplementary Methods online).

{a) The time course at 100 nM of *CaM substitution on myosin V that had lost a CaM in the absence of
Ca?*, Data were fitted with an exponential curve to obtain the association constant of *CaM to myosin V
in the absence of Ca2*. (b) The time course of *CaM exchange for CaM dissociated from myosin ¥ in the
absence of Ca2*. Data were fitted with an exponential curve to obtain the dissociation constart of CaM
from myosin V in the absence of Ca®*, {¢) The time course of CaM dissociated from myosin V at pCa
5.2, which was determined from the substitution of *CaM. Data were fitted with an exponential curve
to obtain the dissociation constant of CaM from myosin V at pCa 5.2. Data are mean values + s.d. from

three independent experiments.

10 ' 100 200 300 most of them had reattached (Fig. 4a(iii})

Time (s) {Supplementary Video 1 online).

The time course of the Ca* concentration
was measured using Rhod-2 (ref. 22),a Ca®*-
sensitive fluorophore (Fig. 4b). Quantification
of the number of sliding actin filaments and
velocity at which these filaments were moving
under various concentrations of CaM show
that, before the UV flash, there were ~0.15
actin filaments pm-~? sliding at ~400 nm s~!

tion on myosin V was fitted to an exponential curve (Fig. 3a) to deter-
mine the pseudo first-order association rate constant ({*CaM]k; 5, ) at
100 nM *CaM in the absence of Ca®*, To estimate the second-order
association rate constant (k; 4, ), two similar experiments were done at
20 and 50 nM *CaM. The best-fit line on the graph of *CaM concentra-
tions versus first-order association rate constants showed that k; 4, was
~1 x 10° M1 57! (data not shown). To confirm that labeling with Cy3
does not affect the association rate of *CaM, a 1:1 mixture of nonlabeled
CaM and *CaM (100 nM each) was used in a similar experiment as
described above. After a 10-min incubation, the number of re-bound
*CaM was reduced to ~50% (Fig. 3a), indicating that Cy3 labeling had
no substantial effect on the association rate of *CaM.

To measure the dissociation rate of CaM from myosin V in the
absence of Ca*, myosin V bound to a glass surface was incubated with
100 nM *CaM for various periods of time up to 24 h (Supplementary
Methods online). The data were fitted to an exponential curve (Fig. 3b)
and the dissociation rate constant (k,; ) in the absence of Ca®* was
~0.4% 1075 571, The dissociation constant (K,) of CaM from myosin
Vin the absence of Ca?* was calculated as k; ¢/ k; g, giving a value of
~0.4 nM. To determine the dissociation rate of CaM in the presence of
Ca2* (Supplementary Methods online), the time course of CaM dis-
soctated from myosin V at pCa 5.2 was fitted to an exponential curve
(Fig. 3¢). The dissociation rate constant (ks ;) at pCa 5.2 was ~0.4 57},
which is 10° times faster than that in the absence of Ca?*.

Regulation of myosinV by caged Ca?*

The conventional in vitro motility assay does not show the transient
effect of Ca** on myosin V that normally occurs in cells. To overcome
this limitation, the sliding of the filaments was regulated by incorpo-
rating an in vitro motility assay with caged Ca®* that can generate Ca

Figurs 4 Reversible regulation of myosin V function with transient Ca2+
generated by UV photolysis of caged Ca2*, The in vitro mofility assay was
carried out in the presence of transient CaZ* concentrations, which were
generated locally by UV photolysis of caged Ca2* within a time frame of 4 5.
(a) Experiments in the presence of 10 pM CaM at the moment just before
(i), at the end of the flash {ii}, and 40 s after the 4-s UV photolysis of caged
Ca2+ (iti). Bar, 10 pm:; circle, UV illumination area (Supplementary Video t
online). {b) The transient Ca2* concentration generated by a 4-s flash of

UV photolysis of caged Ca2* was measured using Rhod-2 as the signal,
(c,d) Effects of the transient Ca2* concentration on the number (¢) and
velocity (d) of sliding actin filaments (F-actin) at various CaM concentrations.
Data in ¢ and d are mean values from three independent experiments.

(Fig. 4¢,d}. Within a second after starting the
UV flash, actin filaments became detached in
the illumination area (Fig. 4¢). In the absence of free CaM, the number
of sliding actin filaments did not increase, even after several minutes
(data not shown). In contrast, in the sample containing free CaM,
actin filaments were able to gradually reattach and the rate of reat-
tachment was dependent on the free CaM concentration. During the
UV flash and before detachment of the actin filaments, the velocity
slowed to ~230 nm s~!. When the UV illumination was completed,
the velocity was gradually increased and the acceleration was depen-
dent on the free CaM concentration (Fig. 4d). The velocity of sliding
in the samples could not be measured without adding free CaM, as
otherwise the actin filaments did not attach. The number and veloc-
ity of sliding actin filaments remained unchanged using UV flash in
the absence of caged Ca?* (data not shown). In conclusion, using
photolysis of caged Ca?*, we observed the transient regulation of the
number of actin filaments and their sliding velocity in the in vitro
motility assay of myosin V. The movement commenced with detach-
ment and then slowed within a few seconds. Finally, the filaments reat-
tachment and movement recommenced in the presence of free CaM.
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Figure 5 Mode! for the reversible regulation of myosin ¥ motor functions by
Ca?+ in the presence of free CaM. In the absence of Ca2* (pCa > 7.0) (move)
the actin filaments slide on myosin V with both heads intact. When the Ca2+
concentration increased to pCa = 6.0 (slow sliding}, one CaM was lost from
one of the myosin heads. The single intact head was still able to move the
actin filaments by muitiple molecuies of myosin V but at a velocity ~60%
stower than that of native myosin V. When the Ca2* concentration increased
to pCa < 5.6 (detach), myosin V lost both CaM from each of the two heads
and the actin filaments became detached from myosin V. When the Ca?+
concentration returned to the normal low level, free CaM quickly bound to
the vacant |Q motif and myosin V quickly recovered to the single-headed
active stage (reattach and slow} and the stage of two heads regained their
rormal function {move}. The structure of the motor domain folding back to
the neck domain was adapted from a reported structure??,

DISCUSSION

In the in vitro motility assay, actin filaments exhibited a slow sliding
velocity at pCa 6.0 and detached at pCa < 5.6, The sliding velocity and
number of attached actin filaments could be restored after washing out
Ca?* in the presence of free CaM (Fig, 1a—c), but could not be restored
after washing out Ca?* in the absence of free CaM. This indicates that
the slowing of movement and detachment of actin filaments are due to
the dissociation of CaM.

gkegulation of myosin V by single Cam

In previous studies, the number of CaM that dissociated from myosin V
at certain Ca?* concentrations was estimated by measuring the change in
stoichiometry of CaM per heavy chain using a gel scanning method?%23,
However, the method does not show the distribution of the number of
CaM molecules dissociated from an individual myosin molecule. The
exact number of CaM that dissociated also could not be estimated owing
to the limitations in resolution using this gel scanning method, because
the dissociation of a single CaM molecule from a total of 12 bound?¥ to
myosin V needed to be observed. These limitations were overcome by
using single-molecule imaging techniques to evaluate the exact num-
ber of single CaM molecules dissociated from individual molecules of a
native myosin V at various pCa values. The results showed that the pro-
cess of CaM dissociation at gradient Ca?* concentrations includes several
distinct dissociation events. In a 3-min incubation at pCa6.0,atleast one
or two CaM molecules dissociated from each myosin, and at pCa 5.6, two
CaM dissociated from every myosin; this is thought to be the maximum
number (Fig. 2c). This suggests that one CaM originally dissociated from
one heavy chain at a single specific 1Q motif, because the myosin Visa
homodimer!. If this were not the case, the number would be >2. We
observed the dissociation of two CaM when myosin V was treated at
physiological concentrations of Ca?* (pCa > 5.0)%3, as well as at very

high concentrations of Ca2* (pCa 4.5) for 10 s. However, ~15% of the
myosin V molecules dissociated three CaM molecules or more when the
myosin V was treated at pCa 4.5 for 5 min {data not shown). This agrees
with the data from a previous study®f in which ~2.1 CaM dissociated
when CaM was exchanged with *CaM by treatment of myosin V with
a solution containing I mM EGTA and 1.01 mM CaCl, {pCa = 4.6) for
5 min, Using the same method, another group of researchers!? obtained
amyosin V mixture containing ~76% of the labeled CaM exchanged at
the IQ motif at the end of neck domain connecting to the head of myosin
V. Their findings also suggested that a single CaM molecule dissociated
from a specific site on the myosin V heavy chain.

The good correlation between the number of sliding actin filarments
and the dissociation of single CaM molecules from myosin V suggests
that actin-binding affinity is regulated by the dissociation of single CaM
molecules. The dissociation of CaM from heavy chains results in a con-
formational change to the head and neck region of the myosin V mol-
ecule?’, The head-neck domain of myosin V is extended in the absence
of Ca?*, whereas at high Ca?* concentrations, the head domain folds
back onto the neck domain; this may reduce the actin-binding affinity of
the myosin head. The reduction of actin-binding affinity of the myosin
head at high Ca?* concentration was also supported by the biochemical
results of the actin-activated ATPase activity measured under similar
conditions to our motility assay (100 mM KCl; 25 °C), At high Ca®* con-
centrations, the K, of single-headed myosin V (19.9 uM) is about
two-fold higher compared with that in the absence of Ca®* (9.2 uM )7,
The increase of K i, suggests that the actin-binding affinity of the
myosin head was reduced at high Ca®* concentrations. This may disrupt
the overlap between the two heads of a myosin V, which would reduce
the processivity of double-headed myosin V, causing the detachment of
sliding actin filament. The high Ca’* concentrations (>1 UM} reduce
the actin-binding affinity of the myosin V head through the dissociation
of single CaM molecules by binding Ca?* and folding back of the head
domain onto the neck. In contrast to glass binding myosin V, in solution
the intact myosin V strongly binds to actin filament in the presence of
Ca?* (ref. 28); thus the ATPase activity remains high.

We characterized the kinetics of the Ca?*-dependent dissociation of
CaM from myosin V at a single-molecule level. In the absence of Ca?*,
CaM binds very rapidly and with a high affinity to myosin V, maintain-
ing a stable association of CaM with myosin V for a functional motor
at normal low cellular Ca?* concentrations. In the presence of Ca’t,
the rapid dissociation of CaM (within seconds) allows myosin V to be
tegulated by transient Ca?* bursts in cells.

Transient regulation of myosinV

Myosin V is abundantly expressed in nerve cells'3. Tt has also been
reported that the tips of filopodia (the finger-like projections on the tips
of developing nerve cells) generate tiny bursts of Ca?* that travel back to
the growth cone to stimulate movement in the correct direction®. We
simulated the cellular Ca®* bursts by using caged Ca?* coupled with a
UV flash system to generate Ca?* transients locally within a time range of
a few seconds in an in vitro motility assay. We observed a quick response
of myesin V motor functions as demonstrated by the detachment of
filaments and a reduction in velocity of actin filament sliding during
the UV flash, Compared with samples containing 10 or 1 uM CaM, the
slower recovery in the case of 0.1 yM CaM and the fact that no recovery
occurred in the absence of free CaM support our conclusion that CaM
dissociation is involved in the regulation of actin-binding affinity and
motility of myosin V. Although the association rate of CaM is very quick
in the absence of Ca?* (<1 s at 10 pM CaM) the reattachment of the
actin filaments was slower, probably because of the low concentration
of actin filaments in the medium.
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Model for the regulation of myosinV

‘We propose a model for the transient regulation of various myosin V
functions by Ca?* (Fig. 5). In the absence of Ca?*, the native myosin V
has a full complement of bound CaM and moves the actin filaments with
both heads. When the Ca®* concentration increased to pCa = 6.0, one of
the two heads of myosin V lost one CaM and myosin was in the single-
headed active stage. At this stage, the actin-binding affinity was partially
reduced and the velocity was slow. Increasing the Ca?* concentration
further (pCa 5.6}, caused the other head of myosin V to also lose one
CaM. Myosin V then moved to the double-headed inactive stage, caus-
ing the actin filaments to detach. When Ca?* was chelated, the free CaM
quickly rebound to one of the heads that had lost a CaM and myosin V
once again was in the single-headed active stage. Finally, the second CaM
associated with myosin V and both heads bound a CaM, in what is known
as the double-headed active stage of myosin V. In conclusion, the binding
of 34 Ca?* to one CaM (Fig. 2e) triggers the dissociation of a single CaM
molecule from each myosin head, causing a reduction in actin-binding
affinity and in the sliding velocity of myosin V. This model of the regula-
tion of myosin V by Ca?* involving various intermediate stages could be
useful in understanding how CaM-binding motor proteins bind, move,
detach, rebind and rmove again on actin filament tracks in cells.

METHODS

Chemicals and proteins. Bovine brain CaM was obtained from Sigma. Alexa-647-
phalloidin, o-nitrophenyl EGTA tetrapotassium salt®® and Ca®*-sengsitive bright
Rhod-2 tripotassium salt were obtained from Molecular Probes. Myosin V was
purified from chick brains?4. G-actin was purified from chicken breast muscle3!.
Actin filaments were prepared by polymerization of G-actin in high-salt solu-
tion and labeled with Alexa-647-phalloidin. *CaM was prepared as described?6
except that the buffer for labeling was adjusted to pH 7.2 for specific labeling at
the N terminus. The obtained *CaM has a Cy3/CaM mole ratio of 1.04:1, *CaM
bound to a glass surface in 20 mM HEPES, pH 7.2, was observed as single spots
for ~20 s and photobleached in one step, proving that purified *CaM were indeed
single molecules.

Buffers and solutions. Buffer A contained 25 mM K-acetate, 100 mM KCI, 4 mM
MgCl,, 10 mg mI™! BSA, } mM EGTA and 20 mM HEPES, pH 7.2 (pCa > 7.0).
EGTA-Ca®* solutions with different free Ca®* concentrations were adjusted by
mixing various ratios of buffer A with solution B (buffer A supplemented with
1.05 mM CaCl,). The free Ca2* concentration in the mixture®? was calculated

ased on the K; of EGTA-Ca?*, An oxygen scavenger systern®® was added to all
buffers for all imaging experiments.

Single-molecule microscopy. The sealed chambers of all assays were observed
under total internal reflection fluorescence microscopy (TIRFM)*24. *CaM and
Rhod-2 were excited by a Nd:YAG laser (TTM-6222, Transverse) at 532 nm. Alexa-
647-labeled actin filaments were excited by a diode laser (F44-30M, Coherent} at
635 nm. The image was recorded on a DVD recorder (DVR-7000; Pioneer). UV
flashes for caged Ca?* activation?® were created by a 100-W high-pressure mercury
lamp, passed through a band-pass filter of 340~370 nm, controlled with a shutter,
passed through the objective lens and at last focused into the chamber solution.

Slide quartz glasses, cover glasses and spacers (25-pum thick) were sonicated
with 0.1 M KOH and then with 5 M HCl and rinsed with distilled water before use
to reduce the background interference for single-molecule imaging and to reduce
the effect on the motility activity of myosin V in an in vitre motility assay, The
chamber was assembled using a slide quartz glass, a cover glass and two spacers.
The chamber volume was —6 g1l

In vitro motility assay of myosin V. The in vitro motility assays of myosin V were
carried out in the absence and presence of Ca2*, In the presence of Ca®*, the Ca?*
concentration was changed in a stepwise or transient manner, depending on the
purpose of the experiment {Supplementary Methods online).

Substitution of CaM with Cy3-CaM. A flow glass chamber was rinsed with BSA
in 10 pl buffer A, and exchanged with 6 yl of 0.025 nM myosin V in buffer A
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{(~0.19 molecules jtm™2) for 2 min to allow the myasin to bind to the glass surface.
The slide was then treated with 10 pl of the Ca?* solution for 3 min. The free Ca*
was washed out and the dissociated CaM was substituted with 20 pl of 100 nM
*CaM in buffer A for 10 min (10 min was sufficient for most of the dissociated
CaM to be substituted (Fig. 3a) and was also enough time for restoration of
myosin V motility back to almost ‘normal’ levels; data not shown). Finally, the
free *CaM was washed by incubation with 20 p] buffer A for 3 min. *CaM bound
on myosin V was observed under TIRFM after exchange of the buffer with buffer
A supplemented with an oxygen scavenger system.

The majority of the dissociated CaM was substituted with *CaM within 5 min
(Fig. 3a) and observations could be made for at least 1 h under TIRFM without
affecting the number or the intensity of the substituted *CaM fluorescent spots.
This indicates that in the presence of 100 nM *CaM and in the absence of Ca?*,
the dissociation rate of CaM from myosin V is negligibly stow compared with
the association rate (at least ten times slower). The number of substituted *CaM
fluorescent spots indicates the number of CaM-dissociated myosin V molecules
because almost no spots (0.6% compared with sample in the presence of myosin
V) were observed in the absence of myosin V.

For determination of the association and dissociation rate of CaM from myo-
sin V, see Supplementary Methods online.

All mentioned assays were done at 25 °C.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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