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Motility of myosin V regulated by the dissociation of

single calmodulin

HoaAnh Nguyen'—3 & Hideo Higuchi®>3

Myosin V is a calmodulin-binding motor protein. The dissociation of single calmodulin molecules from individual myosin V
molecules at 1 pM Ca2* correlates with a reduction in sliding velocity in an in vitro motility assay. The dissociation of two
calmodulin molecules at 5 pM Ca2* 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 Ca2* 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!2.

Myosin V is an unconventional double-headed myosin that transports
synaptic and endoplasmic reticulum vesicles in neurons®->, pigment
granules in melanocytes®8, and vacuoles in yeast®'%, Myosin V is a pro-
cessive motor capable of taking 36-nm steps along actin filaments!!~13,
Structurally, myosin V is a homodimer. Each monomer has one

=9\ N-terminal head domain, one extended neck domain that contains six

IQ motifs, and a tail domain containing a coiled coil region attached to
a C-terminal globular region!4-1, The IQ motifs form binding sites for
CaM and CaM-related light chains'*1%17, Recent studies have investi-
gated whether CaM bound to the IQ motifs can regulate the function
of myosin V in response to Ca?* (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'®?°, In this study, using an in vitro
motility assay on uncoated 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?t,
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 £ s.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 experiments 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 molecules 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 Ca2* in detail, we quantified the number and velocity of
actin filaments (Fig. 1b,c). In the absence of Ca?t or at pCa 6.4, the
density of sliding actin filaments was ~0.17 filaments wm~2, 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.
At pCa 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 Ca* on the in vitro motility
assay of myosin V. (a) /n vitro motility assays
carried out in the absence of Ca2+ (pCa > 7.0),
and at pCa 6.0 and 5.6. At pCa 5.2, movement
was restored by washing out Ca2* in the presence
of 10 uM CaM. Bar, 10 um. (b,c) The number
(b) and velocity (¢) of sliding 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?* 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 tm™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 x 107 um? in a chamber of 6 pl would give a value of ~0.19 molecules
um~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

S\ 8) CaM before treatment with Ca?*.

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 online) 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 molecule, 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 um=2 on the observation area (1,000 um?2). Bar, 10 um.
(c) The bleaching steps of fluorescent intensity of single, double and triple
*CaM molecules. (d) Number of *CaM substituted for CaM that dissociated
from individual myosin V at different Ca2+ concentrations. (e) Dissociation
of CaM (replaced with *CaM) from myosin V. Data were collected from D and
fitted with the Hill equation36 to determine the number of Ca2* bound to
CaM when CaM dissociates from myosin V. Data in d and e are mean values
+ s.d. from three independent experiments.

6.0 5.0 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
sites’, 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. 2e), suggesting that 3—4 Ca?*

are required to trigger the dissociation of one CaM.

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-
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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. 4a(ii)),
and 40 s after the completion of the UV flash
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Figure 3 CaZ*-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*. (h) The time course of *CaM exchange for CaM dissociated from myosin V in the
absence of Ca2*. Data were fitted with an exponential curve to obtain the dissociation constant of CaM
from myosin V in the absence of Ca2*. (c) 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.

most of them had reattached (Fig. 4a(iii))
(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 um=2 sliding at ~400 nm s~!
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tion on myosin V was fitted to an exponential curve (Fig. 3a) to deter-
mine the pseudo first-order association rate constant ([*CaM]k, ) at
100 nM *CaM in the absence of Ca?*. To estimate the second-order
association rate constant (k; ¢, ), 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, . was
~1x10° M~! 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 X 107 s71. The dissociation constant (K) of CaM from myosin
V in the absence of Ca?" was calculated as k5 o_/ k, ., giving a value of

2 0.4 nM. To determine the dissociation rate of CaM in the presence of

®

=)’ Ca’" (Supplementary Methods online), the time course of CaM dis-

sociated from myosin V at pCa 5.2 was fitted to an exponential curve
(Fig. 3c). The dissociation rate constant (k5 ,_) at pCa 5.2 was ~0.4 571,
which is 10° times faster than that in the absence of Ca2*.

Regulation of myosin V 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

Figure 4 Reversible regulation of myosin V function with transient Ca2*
generated by UV photolysis of caged Ca2*. The in vitro motility assay was
carried out in the presence of transient Ca2* concentrations, which were
generated locally by UV photolysis of caged Ca?* within a time frame of 4 s.
(a) Experiments in the presence of 10 uM 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
Ca?* (iii). Bar, 10 um; circle, UV illumination area (Supplementary Video 1
online). (h) The transient Ca2* concentration generated by a 4-s flash of

UV photolysis of caged CaZ+ was measured using Rhod-2 as the signal.
(c,d) Effects of the transient Ca* 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. 4c,d). Within a second after starting the
UV flash, actin filaments became detached in
the illumination area (Fig. 4c). 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 Model for the reversible regulation of myosin V 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 multiple molecules of myosin V but at a velocity ~60%
slower 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 Ca2*
concentration returned to the normal low level, free CaM quickly bound to
the vacant 1Q motif and myosin V quickly recovered to the single-headed
active stage (reattach and slow) and the stage of two heads regained their
normal 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.

Regulation 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?%2>.
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 pCa 6.0, at least 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. 2¢). This suggests that one CaM originally dissociated from
one heavy chain at a single specific IQ motif, because the myosin V is a
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)%, as well as at very

high concentrations of Ca?* (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?® in which ~2.1 CaM dissociated
when CaM was exchanged with *CaM by treatment of myosin V with
a solution containing 1 mM EGTA and 1.01 mM CaCl, (pCa = 4.6) for
5 min. Using the same method, another group of researchers! obtained
a myosin 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 filaments
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)?’.
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
regulated by transient Ca?* bursts in cells.

Transient regulation of myosin V

Myosin V is abundantly expressed in nerve cells!>. It 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 myosin 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 uM 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 uM 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 myosin V

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 3—4 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 move 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?*-sensitive bright
Rhod-2 tripotassium salt were obtained from Molecular Probes. Myosin V was
purified from chick brains?*. G-actin was purified from chicken breast muscle®!.
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?®
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 KCl, 4 mM
MgCl,, 10 mg ml~! BSA, 1 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

S19) 1.05 mM CaCly). The free Ca2* concentration in the mixture’? was calculated

ased on the K of EGTA-Ca?*. An oxygen scavenger system®® 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)3*3. *CaM and
Rhod-2 were excited by a Nd:YAG laser (TIM-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-um 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 vitro motility assay. The
chamber was assembled using a slide quartz glass, a cover glass and two spacers.
The chamber volume was ~6 pl.

In vitro motility assay of myosin V. The in vitro motility assays of myosin V were
carried out in the absence and presence of Ca?*. 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 ul of 0.025 nM myosin V in buffer A
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(~0.19 molecules um™2) for 2 min to allow the myosin to bind to the glass surface.
The slide was then treated with 10 ul 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 pl 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 slow 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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