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Brain myosin-Va consists of two heavy chains, each
containing a neck domain with six tandem IQ motifs
that bind four to five calmodulins and one to two essen-
tial light chains. Previous studies demonstrated that
myosin-Va exhibits an unusually high affinity for F-ac-
tin in the presence of ATP and that its MgATPase activ-
ity is stimulated by micromolar Ca%* in a highly coop-
erative manner. We demonstrate here that Ca®* also
induces myosin-Va binding to and cosedimentation with
F-actin in the presence of ATP in a similar cooperative
manner and calcium concentration range as that ob-
served for the ATPase activity. Neither hydrolysis of
ATP nor buildup of ADP was required for Ca?*-induced
cosedimentation. The Ca%*-induced binding was inhib-
ited by low temperature or by 0.6 m NaCl, but not by 1%
Triton X-100. Tight binding between myosin-Va and py-
rene-labeled F-actin in the presence of ATP and CaZ*
was also detected by quenching of the pyrene fluores-
cence. Negatively stained preparations of actomyo-
sin-Va under Ca®*-induced binding conditions showed
tightly packed F-actin bundles cross-linked by myosin-
Va. Our data demonstrate that high affinity binding of
myosin-Va and F-actin in the presence of ATP or 5'-O-
(thiotriphosphate) is induced by micromolar concentra-
tions of Ca%*. Since Ca2?* regulates both the actin bind-
ing properties and actin-activated ATPase of myosin-Va
over the same concentration range, we suggest that the
calcium signal may regulate the mechanism of proces-
sivity of myosin Va.

Class V myosins are widely expressed, actin-based motors
that have been implicated in the transport and/or localization
of a wide range of organelles as well as mRNA (reviewed in
Refs. 1-3). Class V myosins have two motor head domains,
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typical of myosins, connected to the tail domain via an ex-
tended neck domain with six tandem IQ motifs that bind mul-
tiple light chains most or all of which, depending on the myosin,
consist of calmodulin. Brain myosin-Va (M-Va)! has lent itself
quite well to biochemical characterization, since the native
protein is readily purified from chicks (4), mice (5), and other
vertebrates (6), and functional constructs of the mechanochem-
ical head domain and regulatory light chain domain have been
expressed in the baculovirus system (5, 7-11). A noteworthy
biochemical property of M-Va is its relatively high affinity for
F-actin in the presence of ATP (5, 7, 9, 12). Kppp,ee values of
1.8, 0.8, and 0.15 uM have been reported for native chick M-Va
(12), native mouse M-Va (5), and recombinant mouse heavy
meromyosin-like fragment of M-Va (11), respectively. Recently,
kinetic and visual evidence that M-Va is a processive motor has
been obtained (810, 13-15). The mechanism of processivity for
M-Va seems to include two-headed, linear binding to a single
actin filament (10) and delayed ADP release from the myosin,
nucleotide-binding site, plus rapid ATP binding and hydrolysis,
resulting in a high duty ratio (8) for each head. These proper-
ties are consistent with the postulated cellular functions of
M-Va in organelle transport (16—19). Thus, high affinity for
actin and processive movement would guarantee that M-Va
with its cargo maintains contact with actin tracks.

A troublesome difference between properties determined on
the native protein versus the baculovirus-expressed constructs
has been the lack of consistent results on the Ca®" regulation
of the mechanochemical events. Whereas the actin-activated
ATPase of native M-Va is tightly regulated by Ca2" (5, 6, 12,
20), this property has not been consistently reported for the
recombinant proteins. On the other hand, both recombinant
and native proteins move actin in the in vitro motility assays in
the presence of EGTA, whereas calcium inhibits this motility
(5,7, 11, 13, 20). This apparent paradoxical effect of calcium on
the ATPase activity of native M-Va in solution versus its mo-
tility as a surface-adsorbed molecule has not been satisfactorily
explained, suggesting that there is much to be learned about
the regulatory role of Ca®" on the mechanochemical cycle of
M-Va. The likely targets for Ca%* are the calmodulin light
chains, each with four potential Ca%* binding sites, bound to
the neck domain. There is direct evidence that calmodulin
dissociates from M-Va in the presence of micromolar Ca®* (11,
12, 21). Excess calmodulin protects against the irreversible
blocking of motility by calcium, although the velocity of move-
ment is still lowered in the presence of calcium (20).

! The abbreviations used are: M-Va, myosin-Va; ATPyS, adenosine
5'-O-(thiotriphosphate); Pipes, 1,4-piperazinediethanesulfonic acid;
PAGE, polyacrylamide gel electrophoresis.

This paper is available on line at http://www.jbc.org
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In the experiments described here, we show that micromolar
Ca?" induces high affinity binding of native chick M-Va to actin
filaments in the presence of ATP or its nonhydrolyzable deriv-
ative, ATPyS. Three distinct methods have been used to char-
acterize the actomyosin-Va complex induced by calcium: (a)
cosedimentation of M-Va with F-actin, (b) quenching of pyrene-
labeled F-actin by M-Va, and (c¢) electron microscopy imaging of
the negative-stained actomyosin-Va. The results indicate that
micromolar Ca®" can be a switch that regulates the actin
binding properties of M-Va and, consequently, may participate
in the mechanism underlying processivity of this myosin.

EXPERIMENTAL PROCEDURES

Material—EDTA, EGTA, dithiothreitol, aprotinin, benzamidine,
electrophoresis chemicals, imidazole, phalloidin, and ATP (grades I and
II) were purchased from Sigma. ATPyS was purchased from Calbio-
chem and ADP from ICN. Chromatography media were purchased from
Amersham Pharmacia Biotech and EM Separations Technology. Pefa-
bloc was from Roche Molecular Biochemicals. N-(1-1-Pyrenyl)iodoacet-
amide was purchased from Molecular Probes. Electron microscopy ma-
terial was obtained from Electron Microscopy Science.

Proteins—M-Va was purified from chick brains essentially as de-
scribed by Cheney (4). Actin was purified from chicken breast muscle or
rabbit dorsal muscle by the method of Spudich and Watt (22). Calmod-
ulin was initially purified from bovine brain by the method of Go-
palakrishna and Anderson (23) and further purified by ion exchange
chromatography as described previously (24). Fragment S1 from skel-
etal muscle myosin II was obtained by the method of Margossian and
Lowey (25).

Actin Binding Assay—The binding of M-Va to phalloidin-stabilized
F-actin was assayed in buffer A (10 mm imidazole, pH 7.4, 75 mm KCI,
2.5 mm MgCl,, 0.1 mM EGTA, 1 mM dithiothreitol) in the presence of 2
mM ATP, ADP, or ATPyS and Ca®" concentrations as indicated. When
done in the presence of the ATP-regenerating system, the reactions also
contained 0.22 mm NADH, 20 units/ml lactic dehydrogenase, 100
units/ml pyruvate kinase, and 0.5 mM phospho(enol)pyruvate, as de-
scribed by De La Cruz (29). A Ca-EGTA buffer was used in the assays
covering a range of free [Ca?*] up to 10 uM. Free [Ca®*] was calculated
using the computer program Mcalc (26) with the Schwartzenbach dis-
sociation constants. Unless otherwise stated, samples were incubated
at 25 °C for 10 min followed by ultracentrifugation at 4 °C (100,000 X g
for 30 min) to pellet F-actin. Resulting supernatants, and pellets were
analyzed by SDS-PAGE. Coomassie Blue-stained bands were quanti-
fied by densitometry and analyzed by using the ImageQuant software
(Molecular Dynamics).

Fluorescence Assay of M-Va and F-actin Interaction—Fluorescence
assays were performed in quartz microcuvettes using buffer P (20 mm
Pipes, pH 7.4, 75 mMm KCI, 2.5 mm MgCl,, 1 mM dithiothreitol). The
concentration of pyrene-actin was fixed at 0.30 uM, and varying con-
centrations of M-Va or muscle myosin S1 were added as indicated. The
mixtures were excited at 365 nm and the emission monitored at 405 nm
using a DeltaScan fluorimeter (Photon Technology International, Mam-
moth Junction, NJ). The data were collected on line using the computer
program Felix (Photon Technology International). This instrument was
on loan from Photon Technology International to the Marine Biological
Laboratory. For the steady state studies, reactions were mixed 1 min
before taking a reading, and for the kinetic studies, readings were
initiated as quickly as possible after mixing and thereafter taken at
1-30-s intervals. The S1 fragment from skeletal muscle myosin II was
used as a control.

Electron Microscopy—For negative staining of actin filaments deco-
rated with M-Va, mixtures of phalloidin-stabilized F-actin (0.48-1.0
uM) and M-Va (0.1-0.48 um) were incubated for 510 s in buffer A in the
presence or absence of 2 mM ATP or ATPyS and then immediately
applied to nitrocellulose-carbon-coated copper grids for 1020 s, rinsed,
and fixed by application of buffer A containing 2% glutaraldehyde and
negatively stained with 0.5% uranyl acetate.

Miscellaneous—Pyrene-actin was obtained by conjugating N-(1-1-
pyrenyliodoacetamide to purified actin as described by Kouyama and
Mihashi (27). SDS-PAGE was performed using 4-20% linear gradient
mini-gels. The concentrations of purified proteins were calculated based
on the following extinction coefficients at 280 nm for 1 mg/ml solutions:
1.04 for M-Va (20) and 1.09 for actin.
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Fic. 1. Ca®>* induced the cosedimentation of M-Va and F-actin
in the presence of ATP. The supernatant (S) and pellet (P) from
cosedimentation assays containing 2 mMm ATP, 0.1 um M-Va, and 1 um
phalloidin-stabilized F-actin were analyzed by SDS-PAGE stained with
Coomassie Blue. A, reactions contained 2 mm ADP, 4 mm EGTA, 13 um
free Ca®", or 13 uM free Ca®* followed by 5 mm EGTA, as indicated. The
bands representing M-Va heavy chain and actin are indicated by arrows
to the right of the figure. B, the reactions contained the ATP-regener-
ating system described under “Experimental Procedures”and either 4
mM EGTA or 13 uMm free Ca?*, as indicated. Samples were analyzed by
SDS-PAGE stained with Coomassie Blue, and the band corresponding
to M-Va heavy chain was scanned and quantified. Data are expressed
as percentage of total M-Va from three experiments.

RESULTS

Ca®" Induces the Cosedimentation of M-Va with F-actin in
the Presence of ATP in a Highly Cooperative Manner—Several
laboratories have now shown that M-Va has an unusually high
affinity for F-actin in the presence of ATP, based on determi-
nations of the activation of the MgATPase by F-actin (Kxrpace
values ranging from 0.15 to 1.8 um) and by cosedimentation
and light scattering studies of M-Va and low concentrations of
F-actin in the presence of ATP (7, 12). Previous studies on
native chick M-Va (12) have shown that the ATPase activity
and the percentage of M-Va that cosedimented with F-actin
was significantly increased by the addition of Ca?" at micro-
molar concentrations. In the experiments described here (Fig.
1A), we obtained very little cosedimentation in the presence of
ATP at submicromolar concentrations of Ca®" and nearly 100%
cosedimentation of chick M-Va with 1 um F-actin in the pres-
ence of ~10 uM free [CaZ*]. The effect of Ca?" was reversible,
since the sequential addition of EGTA, after incubation with
Ca?", liberated M-Va to the supernatant (Fig. 14). Since CaZ*
stimulates the ATP hydrolytic activity of M-Va, and since ADP
has a relatively high affinity for M-Va, we considered the
possibility that the CaZ* effect is mediated by the formation of
ADP and displacement of ATP at the nucleotide-binding site.
However, the presence of ADP at equimolar concentration with
ATP did not induce cosedimentation of M-Va and actin in the
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Fic. 2. The effect of Ca®* on the cosedimentation of M-Va and
F-actin is highly cooperative in the micromolar range. The per-
centage of M-Va in the pellet was determined by densitometry of the
M-Va heavy chain after cosedimentation assays performed as in Fig. 1,
except that the free Ca?* concentration was varied from submicromolar
concentrations up to 3.5 uM. The cosedimentation of M-Va in the ab-
sence of ATP was considered to be 100%. Each data point is the average
of three determinations. The line was drawn connecting the average
values.

3.5

absence of Ca2", although ADP alone clearly did (Fig. 14). Also,
when done in the presence of an ATP-regenerating system,
Ca?" still induced the cosedimentation of M-Va and actin (Fig.
1B). Thus, the data indicate that ADP does not mediate the
CaZ?" effect. The Ca?" concentration dependence of the cosedi-
mentation (Fig. 2) was highly cooperative with a maximum
effect at about 3 um Ca®*. A Hill plot of the data (not shown)
suggests the involvement of about eight Ca®"-binding sites per
myosin molecule. This result is strikingly similar to the acti-
vation curve of the actin-activated, MgATPase of M-Va over the
same range of Ca®" concentrations (12) and, thus, suggests
that calcium is affecting the ATPase activity and myosin bind-
ing to actin via a common effector. Since there are four to five
calmodulin molecules bound to each neck domain of M-Va, and
each calmodulin has four potential Ca®*-binding sites, the data
are consistent with the involvement of at least two or more
molecules of calmodulin per M-Va. The present data show that
micromolar Ca%"* indeed induces reversible binding of M-Va to
F-actin in the presence of ATP.

M-Va Shows High Affinity Binding to F-actin in the Presence
of Either ATP or ATPyS—Almost complete cosedimentation of
M-Va was obtained at submicromolar concentrations of phal-
loidin-stabilized F-actin in the presence of Ca®" and either ATP
or its nonhydrolyzable analog, ATPvS (Fig. 3). Both nucleotides
gave similar activation curves, and the joint data indicate that
50% of the M-Va cosedimented with F-actin at concentrations
of ~0.1 um. Note that about 0.3 uMm actin was capable of binding
0.3 uM M-Va, indicating that single-headed binding predomi-
nated under the conditions of this experiment. Thus, the CaZ*-
induced binding shows a very high affinity for actin and does
not appear to require the hydrolysis of ATP.

The Ca®*-induced Binding Is Inhibited by Cold or by High
Ionic Strength but Not by 1% Triton X-100—To further char-
acterize the Ca?*-induced cosedimentation, we tested the ef-
fects of temperature, elevated NaCl concentration, and Triton
X-100. Cosedimentation experiments were normally done by
mixing M-Va and F-actin from stock solutions on ice into buff-
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Fic. 3. M-Va shows high affinity binding to F-actin in the
presence of ATP or ATPvS, a nonhydrolyzable derivative. Co-
sedimentation assays were performed with 0.3 uMm M-Va in the presence
of 13 uM free Ca®*, 2 mm ATP (e ) or ATP+S (M), and concentrations of
F-actin were varied from 0 to 0.5 um. Each data point is a single
determination. The line was traced by the SigmaPlot software, includ-
ing all points.

% of M-Va in the pellet

ered reaction mixtures at room temperature followed by incu-
bation at 25 °C for 10 min in a water bath, followed by centrif-
ugation for 30 min at 4 °C. In the experiments illustrated in
Fig. 4A, the reaction tubes were maintained on ice for 10 min
immediately after the addition of the proteins, and either cen-
trifuged directly or incubated at 25 °C for 1 or 10 min, followed
by centrifugation. The results demonstrated that an incubation
of about 10 min at 25 °C was necessary for complete cosedi-
mentation of M-Va and actin. In Fig. 4B, the addition of 0.6 M
NaCl to the reaction mix partially inhibited the cosedimenta-
tion induced by Ca®" in the presence of ATP, but not under
rigor conditions (Fig. 4B). Thus, the binding properties under
Ca%*-induced cosedimentation are not equivalent to the rigor
state. On the other hand, extraction with 1% Triton X-100 (Fig.
4C) did not alter the cosedimentation whether in the presence
or absence of ATP, indicating that Ca®" induces a robust,
detergent-resistant, binding state.

M-Va Promotes Quenching of the Fluorescence of Pyrene-
labeled Actin in the Presence of ATP Only when Ca®™ Is Pres-
ent—A sensitive method for analyzing tight binding of myosin
to actin is to monitor the fluorescence of pyrene-labeled F-actin
(25). As seen in Fig. 5A, increasing concentrations of M-Va
promoted a decrease in the pyrene-actin fluorescence under
rigor conditions or in the presence of ATP when Ca?" was
present. A single determination at 0.33 um M-Va showed that
Ca?' was necessary for the quenching effect when ATP was
present. The end point was approximately the same under
either rigor or with ATP and Ca®", although the concentration
of M-Va necessary to attain 50% of the maximum quench was
three times greater when ATP was present than under rigor
conditions. The S1 fragment from skeletal muscle myosin also
quenched pyrene-actin under rigor conditions to a similar ex-
tent, but with lower affinity, as M-Va, but not when ATP and
Ca?* were present (Fig. 5B). Thus, M-Va is distinctive in this
property.

This method also allowed for a time course analysis of the
effects of individual components on the myosin-actin binding.
The fluorescence of pyrene-actin was first monitored with
M-Va in the rigor state (Fig. 6A4). The addition of ATP resulted
in a rapid increase in fluorescence with a slower second com-
ponent reaching maximum fluorescence in about 2 min. Then,
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Fic. 4. The effects of temperature, NaCl, and Triton X-100 on
the Ca®?*-induced cosedimentation. The supernatant (S) and pellet
(P) from cosedimentation assays containing 2 mM ATP (unless other-
wise indicated), 13 um free Ca®*, 0.1 um M-Va, and 1 pm phalloidin-
stabilized F-actin were analyzed by SDS-PAGE stained with Coomassie
Blue. A, immediately before centrifugation the reactions were incu-
bated at 25 °C for 10 min (a); left on ice for 10 min (b); left on ice for 10
min, followed by incubation at 25 °C for 1 min (c¢); left on ice for 10 min,
followed by incubation at 25 °C for 10 min (d). B, the reaction mixture
contained 0.6 M NaCl and/or 2 mM ATP as indicated. C, the reaction
mixture contained 1% Triton X-100 (X-100) and/or 2 mm ATP as
indicated.

the addition of Ca®* resulted in an initial rapid drop in fluo-
rescence, 50% of the total quenching effect occurring within
about 40 s, followed by a slower component attaining fluores-
cent levels near those of the rigor state in about 10 min. (Note
that since these experiments involved manual mixing, the ex-
act kinetics was not determined.) Similar experiments with S1
from muscle (Fig. 6B) showed that ATP induced its disassoci-
ation from actin, but no significant quenching occurred upon
Ca?* addition.

Ca®" Induces Actin Bundling Activity of M-Va in the Pres-
ence of ATP and ATPyS—The complexes formed by the addi-
tion of M-Va to F-actin in the presence of Ca?" and ATP were
examined by electron microscopy of negatively stained prepa-
rations using conditions identical to those in the cosedimenta-
tion assays of Figs. 1 and 2 (M-Va:actin at 1:10). As noted in
earlier studies (20), under rigor conditions M-Va induces the
formation of tight, actin bundles in both the absence (not
shown) and presence of Ca?" (Fig. 7B), although “arrowhead”
decoration of the filaments is not observed at these low ratios of
M-Va to actin. In the presence of ATP, bundles were also seen
in the presence (Fig. 7D) but not in the absence of Ca%* (Fig.
7C). These bundles, seen best at low magnification (inset to Fig.
7D), are more curved than under rigor conditions. At saturat-
ing ratios of M-Va to actin we were unable to adequately
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FiG. 5. The fluorescence of pyrene-labeled F-actin is quenched
by M-Va in the presence of ATP and Ca®*. The steady state fluo-
rescence of 0.3 uM pyrene-actin was monitored at varying concentra-
tions of M-Va in the presence of 2 mm ATP plus 13 uM free Ca?* (A, W),
Ca?* but no ATP (A, e ), or ATP but no Ca®>" (A, A). Each data point is
the average of three determinations. The lines were drawn connecting
the average values. B, S1 fraction of muscle myosin in the presence of
13 um free Ca®" with (M) or without (e) 2 mMm ATP. Each data point
represents a single determination. The line was traced by the Sig-
maPlot software, including all points.

visualize the bundles at high magnification because of the
formation of uranyl phosphate precipitates. However, in the
presence of Ca®* and ATPyS, 1:1 mixtures of M-Va and actin
contained tight, often highly curved bundles of actin (forming
circles and figure eights) on which the M-Va cross-links could
be detected (Fig. 8). In contrast to rigor conditions (20); how-
ever, arrowhead decoration under these conditions was not
observed. Since the tail domain does not bind actin (12), these
bundles are presumably formed by head-head linkages be-
tween two actin filaments.

DISCUSSION

We have shown by three distinct methods that Ca?* revers-
ibly induces a high affinity binding between native M-Va and
F-actin in the presence of ATP. This effect of Ca?" has not been
observed in any other myosin biochemically characterized to
date. The similarity in the concentration range and cooperative
behavior of Ca2?* on the actin-binding properties of M-Va
shown here, compared with its effect on the actin-activated
MgATPase activity (12), suggests that both effects result from
a common site of action, most likely the specific binding of CaZ*
to multiple calmodulins associated with the elongated neck
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Fic. 6. Changes in the fluorescence of pyrene-labeled F-actin
in the presence of M-Va by ATP and Ca®*. A, the time course of
fluorescence change of a mixture of pyrene-actin (0.3 um) and M-Va
(0.32 pum) was followed immediately after the sequential additions of 5
mM ATP and 0.2 mMm CaCl, as indicated in the figure. Readings were
taken at 2 s before additions and at every 15-30 s after additions. B, a
similar experiment was done with the S1 fraction from skeletal muscle
myosin.

domain of this myosin. The exact mechanism that links CaZ*
binding to these effects is not known, although models for the
structural interaction of light chains with the «-helical neck
domain have been proposed (28), and recent work has shown
that at least two IQ motifs with bound calmodulins are suffi-
cient to obtain Ca2?"-regulated ATPase and in vitro motility
activities (7, 11). Hill plots of the Ca?" effect on ATPase activity
(12) and actin binding of native chick M-Va (data not shown)
are consistent with the involvement of multiple Ca2?"-binding
sites per neck domain. It has been demonstrated that Ca2*
induces the release of one or more calmodulins from the neck
domain at micromolar concentrations (11, 20, 21). Thus, the
accumulated evidence clearly indicates that the calmodulins
associated with the neck domain have a role in the Ca®* reg-
ulation of the mechanochemical events of the motor-head
domain.

There is a clear, but unexplained, difference in Ca2" effects
on the recombinant versus native M-Va samples. All of the
recombinant proteins that express the head domain plus vary-
ing IQ and coiled-coil regions show actin-activated MgATPase
activities and motility on in vitro assays more or less equiva-
lent to the native protein, indicating that the basic, mechano-
chemical properties are well preserved for all of these biochem-
ical fractions. On the other hand, quite unlike native M-Va (5,
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6, 12, 20), Ca2?" either has no effect or inhibits the actin-
activated MgATPase of the recombinant proteins (5, 7, 11).
Exogenous calmodulin can either partially or completely over-
come the inhibition by Ca2?", but in no case has activation been
shown. This difference was most pointedly demonstrated by
directly comparing the Ca®* effects on recombinant and native
murine M-Va (5). Thus, either the tail domain, present in the
native but not in the recombinant fractions, is somehow in-
volved in regulation of the mechanochemical events, or the
functional, native light chain arrangement has not been
achieved on the recombinant proteins. A third possibility, sug-
gested by Trybus and collaborators (7), is that the purified
native protein has become “uncoupled”, perhaps due to the
extraction procedure. The high sensitivity, cooperative behav-
ior, and the reversibility of the Ca%" effects on M-Va shown in
the present study argue against this latter possibility.

Recent evidence suggests that ADP release is the rate-limit-
ing step of the mechanochemical cycle of M-Va (8). Also, the
affinity of M-Va for ADP is quite high, thus product inhibition
rapidly becomes significant over short reaction times (29).
Since Ca?" also stimulates the actin-activated MgATPase of
M-Va, we must consider the possibility that the effect of Ca®*
on the M-Va/F-actin affinity is indirect, via the formation of
ADP and its competition for the nucleotide-binding site. The
most direct evidence against this possibility, shown in Fig. 1, is
the demonstration that the presence of ADP at equimolar con-
centration with ATP did not result in cosedimentation in the
absence of Ca®" and that even in the presence of an ATP-
regenerating system the addition of Ca?" induced the cosedi-
mentation between actin and M-Va. Furthermore, the pyrene-
actin experiments, shown in Figs. 5 and 6, also address this
question. Under conditions appropriate for low ATPase activity
(very low actin concentration, 0.3 uM, well below the Kjrp,ee 0Of
chick M-Va), the presence of 5 mm ATP brought the fluores-
cence up to free pyrene-actin levels, and in turn, the addition of
Ca?" caused an immediate, rapid drop in fluorescence, indicat-
ing the reformation of a tight actomyosin-Va complex. Finally,
equivalent, high affinity binding also occurred with ATP+S, a
nonhydrolyzable ATP analog, as with ATP itself (Fig. 3); thus,
the hydrolysis of ATP to form ADP was not a necessary step.
Together, the evidence indicates that purified, native M-Va
forms a tight complex with F-actin in the presence of ATP if
Ca®" is also present. This complex has properties unlike the
rigor state, is reversibly undone by removing Ca®", and does
not require ATP hydrolysis nor the presence of ADP. The fact
that Ca®* has a dual effect on the mechanochemical properties
of M-Va, activation of the actin-activated MgATPase activity
and induction of high affinity binding between M-Va and F-
actin, suggests that Ca®?" may participate in the mechanism of
processivity of this molecular motor.

There is much evidence that class V myosins associate with
organelles in eukaryotes and have a role in their cellular trans-
port (for recent reviews, see Refs. 1, 2, 16, 30, and 31). The
phenotype produced by mutations in the dilute locus in mice,
whose product is M-Va, is illustrative of this role. Dilute melan-
ocytes are characterized by an accumulation of melanosomes at
the cell center, whereas wild-type melanocytes show a polar-
ized distribution of melanosomes toward the dendritic tips. In
the latter case, this process delivers pigment to the keratino-
cytes and subsequently to hair and skin. Thus, M-Va has a role
in the transport and/or peripheral localization of the pigment
granules. A recently advanced hypothesis, coined the “cooper-
ative/capture mechanism” (32), is based on evidence that long
range transport of pigment granules occurs principally by bi-
directional movement along microtubules, but a M-Va- and
actin-dependent capture of the melanosomes occurs at the cell
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Fic. 7. Electron micrographs of ac-
tomyosin Va in the presence of Ca®*
and ATP. Mixtures of 1 uM phalloidin-
stabilized F-actin alone (A) or with 0.1 um
M-Va (B-D) in the absence (B) or presence
(A, C, D) of ATP and either 13 um free
Ca®" (A, B, D) or 2 mMm EGTA (C) were
negatively stained immediately after mix-
ing. Samples in C and D were fixed with
1% glutaraldehyde prior to negative
staining. Inset in D, low magnification
showing bundles formed in the presence
of Ca%" and ATP. Bar: A-D, 0.2 um; D,
inset, 2 pm.

Fic. 8. Electron micrographs of actomyosin Va in the presence
of Ca®>* and ATPyS. Mixtures of 0.24 uM phalloidin-stabilized F-actin
with 0.48 uM M-Va in the presence of ATPyS and 13 uM free Ca®* were
negatively stained immediately after mixing. Left panel, example of the
curved bundles formed in the presence of ATPyS. Right panel, higher
magnification of a portion of this bundle. Bar: left panel, 0.2 um; right
panel, 0.1 pm.

periphery where microtubules terminate and the cortical F-
actin network is abundant. The mechanism of capture may
involve physical restriction inherent to an isotopic actin net-
work (32), but we also suggest, based on the biochemical prop-
erties of M-Va we have described here, that Ca®" may act as a
switch that would favor capture by increasing the M-Va and
actin interaction. We would hypothesize that, under the nor-
mally low Ca®" concentration in the cell, M-Va would be acti-
vated as a motor whenever in contact with the actin cytoskel-
eton. On the other hand, at local regions of higher CaZ*
concentration actomyosin Va would switch to a higher affinity,
higher ATP turnover state, or “into an extremely low gear” as
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expressed by Provance and Mercer (1). This would be a dy-
namic state that would tend to decrease overall motility as well
as maintain localization and could be reversed by lowering
Ca?" levels. Indeed, Wu et al. (32) and Tsakraklides et al. (33)
have seen just that at the dendritic tips of mouse melanocytes
where there is a large accumulation of melanosomes mostly not
moving but some of which work their way back to microtubule-
rich regions where they then move back toward the cell center
by centripetal, microtubule-dependent movement. This dy-
namic process would confer plasticity to organelle traffic, link-
ing melanosome distribution to signal transduction mecha-
nisms. In fish chromatophores, increases in free Ca?* have
been seen to accompany pigment aggregation (34, 35), while a
decrease in Ca2" led to dispersion (35). Thus, CaZ" could trig-
ger the accumulation mechanism at the periphery via regula-
tion of M-Va/actin binding and induction of a dynamic an-
chored state at the cost of ATP cycling.
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