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Abstract. It is generally thought that microtubule-
associated motors insure long-range movements of
the secretory vesicles from the center of the cell to its
periphery, while myosins insure short-range move-
ments at the cell periphery. However, several of the
myosins that have been reported during the last
decade to be involved in the exocytic pathway are not

processive, meaning that they do not have the ability
to move cargos along actin polymers. We will review
here the possible mechanisms by which these myosins
could contribute to the traffic of secretory proteins
from the Golgi complex to the plasma membrane.
(Part of a Multi-author Review)
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Introduction

Proteins destined to be secreted move from the
endoplasmic reticulum to the Golgi complex and
then to the trans-Golgi network (TGN). From there,
secretory proteins are transported into one of two
types of vesicles depending on the cell type. In all cell
types, some of the proteins are secreted continuously.
These proteins are sorted in the TGN into transport
vesicles that immediately move to and fuse with the
plasma membrane, releasing their contents by exocy-
tosis (constitutive exocytosis). In neuroendocrine
cells, the secretion of neuropeptides and hormones is
not continuous; these proteins are sorted in the TGN
into secretory vesicles that are stored inside the cell
awaiting a stimulus for Ca™"-dependent exocytosis
(stimulated exocytosis). In addition to these two
pathways secretion of some proteins, including the
glucose transporter GLUT4 under insulin stimulation
or newly synthesized basolateral membrane proteins
in epithelial cells, is mediated by a subpopulation of
endocytic vesicles [1, 2].

It is generally believed that vesicular transport
between two compartments is achieved by micro-
tubule- and actin-associated molecular motors along
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the microtubule and cortical actin meshwork. Micro-
tubules form a radial polarized network with minus
ends often localized to the juxtanuclear centrosomes
and plus ends at the cell periphery in a large number of
cell types. The minus-end-directed motors from the
dynein and kinesin families are implicated in long-
range movements towards the cell interior, while the
plus-end-directed motors from the kinesin family
mediate long-range movements towards the cell sur-
face. A significant amount of work has studied the role
of microtubule-associated motors in exocytosis-relat-
ed processes, including Golgi positioning [3-9],
intermediates between the endoplasmic reticulum
and the Golgi complex [10, 11], and transport of
secretory vesicles downstream of the Golgi complex
towards the plasma membrane [12, 13]. The possible
molecular mechanisms by which these motors con-
tribute to the secretory pathway have been reviewed
recently [14, 15].

Unlike microtubules, actin filaments form up to 15
distinct structures in metazoan cells, including stress
fibers, cortical networks under the plasma membrane
and peri-organellar structures [16]. It is generally
accepted that the cortical actin filament networks
provide tracks for short-range movements driven by
motor proteins of the myosin family. The majority of
the actin filament plus ends are thought to be facing
the plasma membrane. Thus plus-end-directed myo-
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sins are expected to contribute to exocytosis. How-
ever,among the myosins that have been reported to be
involved in the exocytic pathway, one of them moves
towards the minus ends of the actin filaments and
some of them are not processive, meaning that they do
not have the ability to move cargo along actin
polymers. We will discuss here how these different
myosins could contribute to the traffic of secretory
proteins from the Golgi complex to the plasma
membrane.
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Figure 1. Organisation of the myosins from the classes I, II, V and
VI in domains. Mammalian representatives of the myosins
considered are depicted. Please note that Myob6 is represented as
dimeric, although its dimerisation state in cells remains to be
clarified.

Mechanochemical properties and regulation of the
myosins involved in the secretory pathways

Myosins are mechanoenzymes that use ATP hydrol-
ysis as a source of energy to exert a force along a
cytoskeletal track — the actin filament. Among the 18
classes of myosins that have been categorized based
on phylogenetic analysis of the conserved motor
domain, members of four classes (I, II, V and VI)
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have been involved so far in exocytosis ([17, 18], see
Table 1). Despite very different biochemical proper-
ties and functions, they all follow the same model of
organization, which comprises three major domains
(Fig. 1) [18, 19]. 1) The N-terminal motor domain, or
‘head’” which is a conserved ~80-kD globular region
and that encompasses an ATP binding site and an
ATP-dependant F-actin binding site. 2) The ‘neck’
region, also called ‘lever arm’, which can amplify the
conformational change driven by ATP hydrolysis in
the head to trigger the movement of the whole protein
and its cargo. This domain encompasses one or more
consensus sequence(s) (IVL)QXXXRGXXX(RK)-
XX(FILVWY) named IQ motif(s) that can bind
regulatory light chains, including calmodulin. 3) The
C-terminal ‘tail’ domain, which provides the specific-
ity for cargo binding and function. Depending on the
myosin, this region encompasses coiled-coil domains
enabling dimerization of the motor, and/or functional
protein- or lipid-binding motifs such as SH3 (Src
Homology type 3), PH (Pleckstrin Homology) or
FERM (band 4.1/Ezrin/Radixin/Moesin) domains
[19].

The ability of a given motor to transport cargos along a
polymer depends on its processivity, an intrinsic
property that relies on the kinetics of its enzymatic
cycle and its structure [20]. Most highly processive
motors function as dimers, and they usually have a
high duty ratio, which means that they spend most of
their ATPase cycle strongly bound to the cytoskeletal
track: these properties enable them to take many steps
along a polymer without falling off it [21, 22]. Non-
processive motors that are monomeric motors or
dimeric motors with low duty ratio could act as
anchors in maintaining tensions between the compart-
ment and the cytoskeleton polymer. Alternatively, the
cooperative action of many motors of this type could
induce a high effective processivity and thus trigger
sustained movement.

Myosins II (Myo2) and myosin V (Myo5) contain
coiled-coil domains and are dimeric in vivo (Fig. 1).
Yet the isoform a of Myo5 (Myo5a) is highly
processive, taking 36-nm steps which correspond to
the helical periodicity of actin filaments, while Myo2 is
non-processive [22-24]. Contrary to Myo2 and
Myo5a, myosins from class 1 are monomeric (Fig. 1)
and likely non-processive in vivo. The dimerization
state and the processivity of Myo6 in cells remain a
matter of debate. Myo6 was shown to be monomeric
when purified from tissues or cell culture [25], but
recent studies suggest that cargo binding may induce
its dimerization in vivo (Fig. 1) and thus its proces-
sivity [26-29].

The activities of these myosins are tightly regulated
in cells. Changes in calcium concentration can
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activate or inhibit the motor activity, most likely by
regulating binding of the calmodulin light chains.
Myosins from class I and class V in particular contain
several IQ motifs that do not have identical sequen-
ces and that modulate the motor activity of these
myosins by triggering partial or complete calmodulin
dissociation upon variation of calcium concentration
[30-32]. Phosphorylation is another mean of regu-
lation commonly encountered for myosins. Both
Myo2 heavy and light chains possess multiple phos-
phorylation sites enabling complex sets of kinases
and phosphatases to regulate the Myo2 function
[33,34]. These phosphorylations that are not exclu-
sive can regulate both the motor activity and the
dimerisation state of the myosin, allowing fine
control of the grade of activation of the motor.
MyoS5 can be both positively and negatively regulated
by phosphorylation. Akt-mediated phosphorylation
of Myo5a activates the protein and facilitates insulin-
stimulated GLUT4 vesicle translocation to the cell
surface [35]; conversely, phosphorylation of Myo5 by
calcium/calmodulin-dependant protein kinase II
(CaMKII) results in the release of the motor from
the surface of melanosomes [36]. The phosphoryla-
tion of Myo6 is a recently raised and not well
understood issue, as it was suggested to regulate the
ability of the motor to control actin organization by a
yet unknown mechanism [37]. Combinations of all
these different mechanisms of regulation enable the
same myosin to function on different organelles in
distinct cellular locations in order to fulfill specific
tasks.

Myosin V (MyoS5) transports secretory vesicles in
yeast

Saccharomyces cerevisiae expresses five myosins
among which Myo2p, which belongs to the myosin
V family and has been involved in polarized secretion
during cell growth [38-41]. Myo2p transports secre-
tory vesicles to the growing bud of yeast [42].
Genetics evidence suggests that the Rab protein
Secdp interacts with the tail domain of Myo2p on the
secretory vesicles, although direct interaction has not
been demonstrated. In addition, mutation in Sec2p, a
guanine nucleotide exchange factor (GEF) that
inhibits Secdp activation, uncouples Myo2p from
the secretory vesicles. These observations support
the model whereby a Rab protein could regulate the
recruitment of a myosin to the surface of an organelle
[43]. Secdp is also one subunit of the exocyst complex
that tethers incoming secretory vesicles to the plasma
membrane prior their fusion [44]. This Rab protein
may therefore coordinate the transport and tethering
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of the secretory vesicles to their site of exocytosis by
interacting on the one hand with Myo2p and on the
other with additional subunits of the exocyst com-
plex.

Myosin Va (MyoS5a) delivers secretory vesicles at the
plasma membrane: lesson from melanosomes

1-Myo5a moves melanosomes on actin filaments

The first evidence for the participation of an actin-
based motor in the transport of one organelle to the
plasma membrane was provided by Mercer and
colleagues [45], who reported that the gene mutated
in the dilute mouse with a coat colour defect encodes
the heavy chain of Myo5a. Equivalent mutation is
observed in humans who suffer from Griscelli syn-
drome type 1 [46]. The distribution of melanosomes in
epidermal melanocytes of dilute mice and patients
who suffer from Griscelli syndrome type 1 is abnor-
mal. Most of them are clustered in the perinuclear
region. Based on the extensive colocalization of
Myo5a with melanosomes in actin-rich regions at the
periphery of mouse melanocytes, Wu and colleagues
have proposed ‘the capture model’. In this model
Myo5a-dependent interaction of melanosomes with
actin at the cell periphery prevents these organelles
from returning to the cell center via microtubules and
dynein [47]. In contrast to this static view for the role
of Myo5a in the movement of melanosomes, Gross
and colleagues showed that Myo5a in melanophores
contributes to a certain amount of motility, and Wu
and colleagues reported Myo5a-dependent move-
ments of melanosomes in vivo (0.14 pum/s movements)
in mammalian skin melanocytes [47]. Chabrillat and
colleagues have also observed directional movements
of melanosomes in the absence of microtubules, and
they have reconstituted in vitro the actin-based move-
ment of isolated melanosomes [48]. More recently
Levi et al. have reported that trajectories of melano-
somes in Xenopus melanophores present steps with a
size compatible with the step size of Myo5 determined
in vitro [49]. Together with the processive properties
of Myo5a, these observations support the hypothesis
in which MyoS5a could move melanosomes at the cell
periphery on the cortical actin meshwork.

The function of Myo5a on melanosomes is linked toits
recruitment, which is mediated by a small Ras-like
GTPase, Rab27a, and one of the effectors of Rab27,
melanophilin. GTP-bound Rab27 interacts with mel-
anophilin, which in turn recruits Myo5a to form a
tripartite complex [47, 50—55]. Such tripartite com-
plexes, comprising dmyosin V, Rab11l and dRipl1,
have been reported to contribute to rhodopsin trans-
port in photoreceptor cells of Drosophila suggesting
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that it may be a general way to recruit MyoS on an
organelle [56].

2-Myo5a moves and/or docks secretory granules to the
plasma membrane

MyoS5a has also been depicted on the secretory
granules from neuroendocrine cells, pancreatic cells
and on synaptic vesicles from neurons [57-60].
Release of neuropeptides and hormones at the plasma
membrane is achieved by Ca**-triggered stimulation
of the secretory granules. Secretory vesicles are
formed at the TGN and stored inside the cells. They
are transported to the cell periphery along micro-
tubules using a kinesin-1 [61], where they accumulate
in the cortical actin meshwork [59]. Then the vesicles
cross the actin meshwork and are docked to the
plasma membrane (meaning that they are attached to
the plasma membrane [62]) before fusion.

Myo5a is associated to the secretory vesicles depend-
ing on Ca** [63-65]. Knockdown expression of
Myo5Sa decreases the magnitude of the secretion in
adrenal chromaffin cells and in pancreatic 3 cells [63 -
65]. The expression of a dominant negative domain of
Myo5a induces extensive intracellular clustering of
secretory granules in PC12 cells or insulin-secreting
cells [65]. The first hypothesis suggesting that Myo5a
contributes to the peripheral retention of the secre-
tory vesicles at the cell periphery relied on the
proposed mechanism for its function in the transport
of melanosomes at the cell periphery (i.e. the capture
model). In concordance with this hypothesis, Huet and
colleagues have observed, using total internal reflec-
tion fluorescence microscopy (TIRFM), that secre-
tory vesicles cannot attach to the plasma membrane
directly from microtubules but must travel through
the actin cortex before reaching the plasma mem-
brane [66]. However, recent data suggest that Myo5a
contributes to the docking step. Watanabe and col-
leagues have shown that syntaxin-1, a tSNARE
involved in exocytosis, interacts with the neck region
of Myo5a depending on the Ca™" concentration and
that inhibition of this interaction affects exocytic
release [67]. Desnos and colleagues have shown that
Myo5a silencing in neuroendocrine cells reduces the
duration of the immobilization period of the vesicles
and thus reduces the number of docked vesicles [62,
68]. Additional studies will be needed to determine
whether Myo5a contributes only to the docking step
or whether it contributes also to short-distance trans-
port along actin filaments of the cortical meshwork.
Similarly to melanosomes, recruitment of Myo5a on
the secretory vesicles could be mediated by Rab27 and
one of its effectors, MyRip. Knockdown expression of
Rab27 or MyRip reduces the magnitude of the
secretory response [63, 69]. However, whether they
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form a tripartite complex with Myo5a to recruit this
myosin on the secretory granules remains to be
clarified.

3-Myo5a contributes to the fusion of GLUT4 vesicles
with the plasma membrane

Myo5a also contributes to glucose transporter 4
(GLUT4) vesicles translocation. In response to insulin
stimulation, GLUT4-containing vesicles move to the
cell cortex and fuse with the plasma membrane.
Insulin stimulation induces phosphorylation of
Myo5a in its motor domain depending on Akt2
(protein kinase Bf3), and the two proteins coimmuno-
precipitate [35]. Knockdown expression of Akt2 by
siRNA or expression of dominant negative Akt2
inhibits insulin-dependent phosphorylation of MyoSa
and translocation of GLUT4-containing vesicles to
the plasma membrane. Similarly, knockdown expres-
sion of Myo5a or expression of a dominant negative
mutant attenuates GLUT4-containing vesicle trans-
location to the plasma membrane [35]. Whether
Myo5a contributes to GLUT4 vesicle transport to
the membrane or to the docking step remains to be
clarified. Analysis of the dynamic behaviour of
GLUTH4 vesicles using TIRFM suggests that insulin
stimulates recruitment of GLUT4 mobile vesicles to
the plasma membrane. Thus these vesicles could be
delivered to the plasma membrane directly from
microtubules [70]. This hypothesis implies a mecha-
nism distinct from that postulated for melanosome
and secretory vesicle movements. Myo5a may con-
tribute to the docking step, as proposed for the
secretory vesicles. It may alternatively regulate micro-
tubule-dependent movements. Indeed, impairment of
Myo5a reduces the microtubule-dependent move-
ments of melanosomes, suggesting that myosin Va
may directly or indirectly coordinate actin and micro-
tubule-dependent movements [47].

Myosin 1 (Myol) and stimulated secretion

Several myosins from class I have been involved in
regulated exocytosis. Two types of class 1 myosins can
be distinguished depending on the size of their tail
domain. All class 1 myosins present a basic tail
homology domain (MyTH1) thought to be involved
in membrane interaction. In addition, some of them,
named long-tail class 1 myosins, present a proline-rich
domain (MyTH?2) that binds to actin filaments in
protozoa and a domain containing a single Src
homology domain 3 (SH3), a protein-protein inter-
acting motif (MyTH3).
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Long-tail myosins 1 and regulated secretion
Long-tail class 1 myosins in dictyostelium and yeast
have been shown to contribute to actin remodelling
[71-74]. One of these myosins (MYOA) is required
for secretion in Aspergillus nidulans [75]. However,
Liu and colleagues have demonstrated that the motor
activity of MYOA does not contribute to its function.
They have proposed that MYOA plays a structural
role [76].

Another long-tail myosin 1, Myosin le (Myole), has
been shown to control the regulated secretion of
cortical granules in response to elevated calcium upon
fertilization in Xenopus oocytes [77]. Its recruitment
on cortical granules prior to exocytosis is mediated by
its MyTH1 and MyTH2 domains, and its MyTH?2
domain associates with assembling actin filaments in
vivo [78]. Therefore, Myole may contribute to
exocytosis in remodelling actin filaments at the sur-
face of the cortical granules.

In a very elegant study Kim and collaborators have
demonstrated that Myosin 1f (Myo1f), also a long-tail
myosin 1 directs immune cell motility by controlling
the regulated secretion at the cell surface of the (32
integrin [79]. In the absence of Myol f the secretion of
granules containing 32 integrin was highly increased.
Similarly to Myole, Myolf could modulate the
cortical actin network via its MyTH2 domain and
thereby inhibit the transfer to and/or the fusion of the
secretion granule with the plasma membrane.

Myosin 1¢ (Myolc) and the translocation of GLUT4
vesicles upon insulin stimulation

One short-tail myosin (Myolc) has been also involved
in the secretory pathway. Myosin 1¢ (Myolc) contrib-
utes to the delivery of GLUT4 vesicles at the plasma
membrane [35, 80, 81]. Myolc is a ubiquitous mono-
meric myosin that is concentrated at the cell periphery
and at the plasma membrane [82]. GLUT4 vesicles
colocalize with Myolc in membrane ruffles under
insulin stimulation, and knockdown expression of
Myolc or overexpression of a dominant negative
mutant blocks insulin-stimulated glucose transport
[80, 81, 83]. It has been proposed that this non-
processive myosin served as an anchor for the GLUT4
vesicles at the plasma membrane. In concordance with
this hypothesis, the small GTPase Ral A that is linked
with the adipocyte exocyst complex interacts with
Myolc, both being required for the corrected delivery
of GLUT4 [84]. In the Xenopus oocyte, Myolc
controls actin assembly to membranes and so medi-
ates force production during compensatory endocy-
tosis [85]. Similarly, mammalian Myolc could control
actin polymerization using an unknown mechanism.

Myosins in secretion

Myosin II (Myo2) in constitutive and stimulated
secretion

Itis generally acknowledged that Myo2 contributes to
cell locomotion. However, Myo2 is also associated
with the Golgi complex, vesicles emanating from the
TGN and secretory granules, suggesting that it par-
ticipates in constitutive and stimulated secretion [60,
64, 86].

Myo2 in constitutive secretion

A myosin toxin, butanedione monoxime (BDM),
which is now believed to inhibit only the activity of
Myo2 [87], induces compaction of the Golgi complex
[88]. Myo2 has been involved in two different path-
ways associated with the Golgi complex: it is associ-
ated with vesicles from the TGN and contributes to
basolateral transport in MDCK cells [89, 90] and to
retrograde transport from the Golgi complex to the
endoplasmic reticulum. Two isoforms of Myo2,
Myo2a and Myo2b, are ubiquitously expressed in all
non-muscle cells. Loss of Myo2b induces dispersion of
the Golgi complex, while loss of Myo2a does not
significantly alter it, indicating that Myo2b contrib-
utes to the organization of the Golgi complex; but the
isoform that contributes to retrograde transport and
transport of the secretory vesicles is still unknown
[91].

Myo2 contributes to Ca**-triggered release of the
secretory granules

Overexpression of the unphosphorylated form of the
regulatory light chains of Myo2 inhibits movement of
secretory granules at the periphery of chromaffin
cells, as well as the stimulated secretion, and de-
creases the fusion kinetics of individual granules
[92]. Thus, Myo2 could participate in several steps of
secretory granule secretion. Myo2 could contribute
indirectly to the dynamics of the secretory vesicles in
organizing the cortical actin meshwork or directly in
controlling the actin dynamics at the surface of the
vesicles, as has been suggested for cortical granules of
the Xenopus oocyte [78]. In retaining transiently the
secretory granules on actin filaments nearby the
plasma membrane, it may also tether them to the
membrane and favour their fusion. What is the Myo2
isoform that contributes to this process? It is
presently unclear. Myo2b is required for exocytosis-
dependent cell repair processes while Myo2a is
required for cytolytic granule exocytosis in human
natural Kkiller cells [93, 94]. Whether one or both
participate in the different steps of stimulated
secretion remains to be elucidated.
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Myosin VI (Myo6) contributes to constitutive
exocytosis

One peculiarity of myosin VI (Myo6) is that it is the
only one so far able to move towards the pointed ends
(minus ends) of actin filaments [95]. Myo6 has been
involved both in the endocytic and exocytic pathways.
Itis present on the Golgi complex and in vesicles at the
plasma membrane. Loss of Myo6 reduces the size of
the Golgi complex by approximately 40% [96]. Its
downregulation also impairs exocytosis of vesicular
stomatitis virus in NRK cells and alkaline phosphatase
in cells derived from knockout mice (Snell’s Waltzer)
[96, 97]. Its impact on secretion might be related to its
role in the organization of the Golgi complex. How-
ever, Myob6 is also present on vesicular structures
suggesting that it may have a direct role on the
secretory vesicles [97]. Similarly to Myo5a on mela-
nosomes, a Rab protein mediates the recruitment of
Myo6 on membrane domains. GTP-bound Rab8 links
Myob6 to optineurin on the Golgi complex and on
vesicles at the plasma membrane [97]. When opti-
neurin is depleted from cells using RNA interference,
Myo6 is lost from the Golgi complex and the Golgi is
fragmented [97]. The way by which Myo6 contributes
to constitutive exocytosis is unclear. Similarly to its
proposed function during Drosophila spermatid indi-
vidualization, Myo6 may act as a non-processive
myosin (see above) and stabilize the actin filaments
nearby the Golgi complex and the secretory vesicles
[98]. Alternatively, as a processive motor, it could
transport vesicles emanating from the Golgi complex
and secretory vesicles along a short distance on actin
filaments [27].

How do myosins contribute to the traffic events along
the exocytic pathway if they do not move organelles
and vesicles?

Transfer of secretory proteins from one donor com-
partment to the acceptor requires four essential steps,
including vesicle budding and fission from the donor
compartment, transport, tethering and fusion with the
acceptor compartment [99]. It is generally thought
that molecular motors insure transportation of the
vesicles. It is very likely that myosin V fulfills this
function in yeast, in melanocytes for the movement of
melanosomes as well as its homologue myosin XI in
plants for polar auxin transport. But it is rather unclear
for Myo5a associated with secretory vesicles (Fig. 2A)
[100]. Most of the other myosins involved in the
secretory pathway do not have the ability to move
vesicles on actin tracks. They may interfere with the
other steps required to transfer the secretory proteins
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Figure 2. Possible roles for myosins in membrane trafficking and
dynamics. (A) Processive myosins can move cargos along actin
filaments. (B) Myosins can regulate tethering, docking and/or
fusion by reorganizing the actin network and transiently immobi-
lizing compartments on actin filaments. (C) Myosins can also
regulate budding and/or fission by exerting tensions on mem-
branes.

from one donor compartment to one acceptor. Some
of these myosins, such as Myo2, Myo6, Myole and
Myolf, can control the organization of the actin
network. It has been proposed that muscle Myo2
induces contraction by forcing two sets of actin
filaments of opposite polarity to slide towards each
other. Based on this model it is generally thought that
non-muscle Myo2 causes the sliding of actin filaments.
Recent experiments demonstrating that Myo6 stabil-
izes the actin network during spermatid individuali-
zation and in cultured cells depending on its phophor-
ylation argue for Myo6 acting as an actin cross-linker
[37,98,101]. Myole and Myo1 f may also contribute to
actin nucleation as has been shown for the long-tail
myosins 1 in yeast and amoeba in addition to
presenting a MyTH2 domain that has the ability to
bind actin filaments [71-73]. In controlling the
organization of the actin filaments in the vicinity of
the secretory vesicles, Myo2, Myo6, Myole and
Myolf may contribute indirectly to the dynamics of
secretory vesicles. They may also trap secretory
vesicles in the actin meshwork and favour their fusion
with the plasma membrane (Fig. 2B) [102].

Several myosins participate in the fusion step by
interacting with proteins from complexes required for
fusion. Myolc and yeast myosin V interact with the
exocyst, while Myo5a interacts with syntaxin-1. Addi-
tionally, recent observations in MDCK cells favour
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such interaction between Myo6 and the exocyst for the
sorting of newly synthezised proteins to the baso-
lateral membrane domain of these cells [103, 104].
However, the way they contribute to fusion might vary
from one myosin to another. In yeast, myosin V
transports part of the exocyst complex to the plasma
membrane, and activation of Rab Sec4p releases it
from the vesicles before fusion, while in mammalian
cells MyoSa may dock the secretory vesicles to the
plasma membrane by interacting with one protein of
the SNARE complex located at the plasma mem-
brane; and Myolc, which is located at the plasma
membrane, may recruit the exocyst complex by
interacting with Ral A.

Finally, by exerting a force between the actin filaments
and the membrane of the donor compartment,
myosins may control morphological changes and
participate in budding and/or fission of the cargo
vesicles as suggested for myosins involved in the
endocytic pathway (Fig. 2C) [71, 105-107]. As a
whole, the experimental evidence available suggests
that multiple mechanisms could contribute to the
function of myosins along the constitutive and stimu-
lated exocytic pathways.

Coordination of microtubule- and actin-based
movements

One important issue of myosin-actin-based trans-
location of secretory granules is that they have to work
together with microtubule-based motors to mediate
the delivery of the secretory granules to the plasma

Myosins in secretion

Figure 3. Motors involved in
secretory granules and GLUT4
secretions. A and B1- Secretory
granules and GLUT4 vesicles
move bidirectionally on micro-
tubules depending on kinesins
and dynein. A2- Secretory gran-
ules are transferred on the cort-
ical actin meshwork depending
on Myo5a. A3- Secretory gran-
ules interact with the plasma
membrane depending on MyoSa
and syntaxin-1. A4- Myo2 con-
trols the dynamics of the cortical
actin meshwork to facilitate de-
livery of the secretory granules at
the plasma membrane. B2-
GLUTH4 vesicles are transported
to the plasma membrane via the
microtubules and bind to the
plasma membrane depending on
Myolc and Ral A. The role of
Myo5a remains to be clarified.

membrane. It has been suggested that Myo5 could
coordinate the movements occurring on the two
cytoskeleton networks. In yeast, the myosin V
Myo2p interacts with a kinesin-related protein
Smylp, which participates with it in the delivery of
vesicles at the bud tip [108]. In melanocytes, impair-
ment of MyoSa reduces the microtubule-dependent
movements of melanosomes [47]. Similarly to yeast,
Myo5a may regulate microtubule-based transport in
mammalian cells by interacting with a kinesin such as
kinesin-1 [109].

Rab proteins could also act as coordinators of micro-
tubule-associated motors and myosins. In melano-
cytes, the carboxy-terminal domain of the Rab27
effector melanophilin comprises a binding site for
actin and EB1, a protein associated with the plus ends
of the microtubules [110]. This effector has therefore
been proposed to coordinate actin- and microtubule-
based movements. Indeed, GFP-melanophilin is asso-
ciated with microtubules, depending on its EB1
interaction. However, the distribution of melano-
somes at the cell periphery requires neither the EB1
binding site nor the actin binding site [110, 111].
Recent observations suggest an alternative to this
hypothesis. The orthologue of melanophilin in zebra-
fish regulates dynein independent of its interaction
with Myo5 [112]. The authors have proposed that
activation of melanophilin suppresses dynein activity
and thereby favours movement of the melanosomes
towards microtubule plus ends. Whether Rab27 and
its effector on the secretory granules, MyRip, can play
a similar role is an unsolved question. MyRip also
presents an actin-binding site, but neither a micro-
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Table 1. Myosins involved in secretion-related processes. The myosins known so far to be involved in secretion-related processes are
reported here. When known, their partners and the small GTPases involved in the regulation of their activity and their recruitment on

membranes are specified.

Myosin class Protein Intracellular localisation Recruitment and regulation References
Myosin I Myolc GLUT4-positive vesicles Under the control of Ral A [80, 81, 84, 114]
Myolf Granule-containing 2 integrin Unknown [79]
Myole Cortical granules Cystein string protein [77,78]
Myosin II Myo2a Trans-Golgi network vesicles =~ Unknown [93]
Cytolytic granules Unknown [94]
Myo2b Golgi apparatus Unknown [91]
Myosin V Myo2p Secretory vesicles Under the control of Secdp [38-42]
MyoS5a Melanosomes Recruited by melanophilin under the control of Rab27a [47, 48, 50, 51, 53, 54]
Secretory vesicles Unknown [59, 61, 63-65, 68]
GLUT4-positive vesicles Unknown [35]
Myosin VI~ Myo6 Golgi apparatus Recruited by optineurin under the control of Rab8 [96, 97]

Secretory vesicles

tubule-binding site nor interaction with microtubule-
binding proteins have been reported up to now [113].
Another Rab protein, Rab4, is a potential candidate
for coordinating microtubule- and actin-dependent
movements of GLUT4 vesicles. According to Yoshi-
zaki and colleagues, Rab4 may serve as an adaptor
between the kinesin-2, KIF3 and GLUT4 vesicles for
their microtubule-based movements on the one hand
and Myo5a and GLUT#4 vesicles for their actin-based
movement on the other hand [35].

Concluding remarks

Recent progress in our understanding of the myosins
involved in secretion has provided new insight on the
link between these motors and the other protein
complexes involved in trafficking (Table 1). The
presence of Myo2 and Myo6 on vesicular structures
in addition to their association with the Golgi complex
suggests that both myosins play a role at least in two
steps of the constitutive exocytic pathway. Whether
they act sequentially, for the transport of the same
cargo, or whether they transport distinct cargos is an
interesting issue. Myo5 and Myo2 both contribute to
the delivery of secretory vesicles at the plasma
membrane. MyoS5 could move and dock the secretory
vesicles at the plasma membrane, while Myo2 could
reorganize the actin filaments to facilitate the passage
of the secretory vesicles through the cortical actin
meshwork. Myo5a and Myolc both participate in
delivery of GLUT4 at the plasma membrane. Both
may contribute to the docking steps: MyoSa on the
GLUTH4 vesicles could likely tether them at the plasma
membrane via its interaction with syntaxin-1, while
Myolc at the plasma membrane can tether the vesicles

via its interaction with Ral A (Fig. 3). The challenge
now is to understand the molecular mechanisms by
which these myosins contribute to these processes and
whether they act in a coordinated way. The recent
progress in live cell imaging and in vitro assays to
reconstitute vesicle motility and fusion should enable
the exploration of such mechanisms.
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