cta
Biochimica
olonica

Yol. 52 No. 2/2005, 373-380

on line at www.actabp.pl

Review

Structure, function, and regulation of myosin 1C#

Barbara Barylko®, Gwanghyun Jung and Joseph P. Albanesi

Department of Pharmacology, University of Texas Southwestern Medical Center, Dallas, TX, USA;
Ze-mail; Barbara.Barylko@utsouthwestern.edu

Received: 25 April, 2005; revised: 05 May, 2005; accepted: 06 May, 2005
avaiable on line: 31 May, 2005

Myosin 1C, the first mammalian single-headed myosin to be purified, cloned, and sequenced, has
been implicated in the translocation of plasma membrane channels and transporters. Like oth-
er forms of myosin I (of which eight exist in humans) myosin 1C consists of motor, neck, and
tail domains. The neck domain binds calmodulins more tightly in the absence than in the pres-
ence of Ca?. Release of calmodulins exposes binding sites for anionic lipids, particularly phos-
phoinositides. The tail domain, which has an isoelectic point of 10.5, interacts with anionic li-
pid headgroups. When both neck and tail lipid binding sites are engaged, the myosin associates
essentially irreversibly with membranes. Despite this tight membrane binding, it is widely be-
lieved that myosin 1C docking proteins are necessary for targeting the enzyme to specific subcel-
lular location. The search for these putative myosin 1C receptors is an active area of research.
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Myosins comprise a large superfamily of ac-
tin-dependent molecular motors which have been
grouped into 17 classes based on the sequences of
their catalytic domains (Cope J. & Hodge T.) (The
Myosin Home Page, http//www.mrc.Imb.com.ac.uk/
myosin/myosin.html). Until the 1970s only one class
of myosin was known, the so-called “conventional”
or “Type II” myosins that promote actin filament
sliding in muscle cells. The first unconventional my-
osins were discovered by Pollard and Korn (1973)
in Acanthamoeba castellanii, and were termed my-
osins I because, unlike the two-headed conventional
myosins, they were found to be single-headed and
incapable of forming bipolar filaments. There are
now known to be more than thirty forms of myosin
I (Korn, 2000); eight isoforms are present in humans
(Gillespie et al., 2001). The cellular function of mam-
malian myosins I remain poorly understood. Al-
though it is generally believed that their major roles
are to transport organelles along actin filaments, the
failure to identify specific binding partners or to
generate knockout animals has hampered attempts
to link a given myosin isoform to its unique cargo.

This review focuses on the structure, func-
tion, and regulation of the myosin I isoform which
is now termed myosin 1C. This myosin I was puri-

fied from bovine adrenal medulla in our laboratory
(Barylko et al., 1992), and was molecularly cloned

and sequenced shortly thereafter (Reizes et
al., 1994; Zhu et al., 1996). We originally called this
enzyme “mammalian myosin 1”7, as it was the first
single-headed myosin to be isolated from a mam-
malian source. However, based on its similarity
to a partial sequence previously determined from
a mouse cDNA library (Sherr et al., 1993), we re-
named it “myosin IB” (Reizes et al., 1994). The or-
tholog from rat was named “myr 2” (Bahler &
Rhoads, 2002) Its current name, “myosin 1C” stems
from an effort to unify the myosin I nomenclature
(Gillespie et al., 2001).

DOMAIN STRUCTURE OF MYOSIN 1C

With few exceptions (e.g., myosin III), my-
osins show a common arrangement of functional
domains. ATP- and actin-binding catalytic domains
are located in the N-terminal region of about 700
amino acid ; the adjacent “neck” regions are of vari-
ous lengths and contain the binding sites for one or
more light chains; and the C-terminal domains are
capable of either self-associating into bipolar fila-

“Paper dedicated to the memory of Professor Witold Drabikowski and Professor Gabriela Sarzata-Drabikowska.
Abbreviations: CALI, chromophore-assisted laser inactivation; Glut4, glucose transporter protein 4; PI, phosphatidyli-
nositol; PI3K, phosphatidylinositol 3-kinase; PIP2 and PI 4,5-P2, phosphatidylinositol 4,5-bisphosphate; siRNA, small

interfering RNA.



374

B. Barylko and others

2005

ments or of binding to cargo transported by the my-
osins.

The catalytic core of myosin 1C contains con-
sensus actin- and nucleotide-binding sequences con-
served among all myosin motor domains, and is
expected to adopt the same general conformation
as that of the chicken skeletal muscle myosin head
domain, solved by Rayment's group using X-ray
crystallography (Rayment et al., 1993). The catalytic
domains of myosin I family members can be divid-
ed into two classes (El Mezgueldi et al., 2002; De La
Cruz & Ostap, 2004); Class 1 catalytic domains are
found in most protozoan isoforms and in mamma-
lian myosin 1E, all of which also have extended tail
domains; class 2 catalytic domains are found in the
majority of mammalian myosins I, including my-
osin 1C. The class 2 myosins I typically have slower
ATPase rates than do class 1 myosins, prompting
speculation that they are more suited for structural
roles or for the maintenance of tension (Coluccio &
Geeves, 1999; El Mezgueldi et al., 2002), whereas the
class 1 isoforms may be better suited for rapid con-
tractile events such as pseudopod extension (De La
Cruz & Ostap, 2004).

Immediately C-terminal to the motor domain
(i.e., beginning approx. at residue 685 of the bovine
sequence) is a neck domain that contains three cal-
modulin binding IQ motifs. Although it is difficult
to define the junction between the neck and tail do-
mains, we designate the C-terminus of the neck as
the end of the third IQ motif, approx. residue 775.
Thus, the myosin 1C neck has a molecular mass of
approximately 10 kDa.

IQ motifs, named for the presence of isoleu-
cine (I) and glutamine (Q) residues near their N-
termini, are a-helical segments of 20-25 residues
found in nearly every myosin isoform, as well as in
dozen of other cytoskeletal and signaling proteins
(reviewed in Bahler & Rhoads, 2002). Often, these
motifs interact with calmodulins or calmodulin-
like proteins in a manner independent of, or inhib-
ited by, Ca?*. As shown in Fig. 1, the IQ motifs of
myosin 1C are rich in hydrophobic and positively
charged residues. Myosin 1C heavy chain binds 2-
3 calmodulin in the absence of Ca?* (1 mM EGTA)
and at least two of three calmodulins are released in
the presence of 0.1 mM free Ca®" (Zhu et al., 1996).
Association of calmodulin with myosin 1C apparent-
ly inhibits its actin-activated ATPase activity, as the
turnover number increases from 6 min™! to 15 min™
either by elevating the Ca?* concentration (Barylko et
al., 1992) or by proteolytically cleaving the myosin
heavy chain between the head and the neck (unpub-
lished results). Surprisingly, although Ca?* stimulates
myosin ATPase activity (Barylko et al., 1992; Zhu et
al., 1996), it inhibits force generation in in vitro mo-
tility assays (Zhu et al.,, 1996; 1998). The inhibition
of motility by Ca?" results from calmodulin release,

because Ca?* did not inhibit myosin 1C in the pres-
ence of calmodulin point mutant impaired in Ca?*-
binding (Zhu et al., 1998). This result suggests that
bound calmodulins have the same role in myosin I
as light chains have in conventional myosins, i.e., to
stabilize the lever arm during force generation (Ray-
ment et al., 1993). However, as discussed below, 1Q
motifs of myosin 1C have also been implicated in
Ca?*-sensitive membrane binding.

The C-terminal tail regions of myosins are
the sites of greatest sequence diversity. Hence, they
are assumed to be responsible for tethering the my-
osins to specific cargo. This inference was confirmed
when globular domains in the C-termini of myosins
V and VI were found to confer subcellular targeting
information to those isoforms (Hammer & Wu, 2002;
Buss et al., 2004; Seabra & Coudrier, 2004). Like other
myosins 1, the myosin 1C tail is rich in basic amino-
acid residues (isoelectric point of 10.5) (Reizes et al.,
1994). It does not contain any currently recognized
interaction motifs, such as the SH3 domain found in
myosins 1E and F.

ASSOCIATION OF MYOSIN 1C WITH
MEMBRANES

As discussed below, there is evidence that
myosin 1C facilitates the translocation of membrane
proteins, such as mechanosensitive ion channels
in the ear and glucose transporters in adipocytes.
To carry out these functions it is necessary for the
myosin to interact with membranes, either directly
or indirectly. Despite extensive efforts from several
laboratories (including our own), attempts at iden-
tifying specific myosin 1C “receptors” or membrane
docking proteins have failed. However, there are
ample data that indicate a direct electrostatic asso-
ciation between the noncatalytic portion of myosin
1C and negatively charged phospholipids.

Pollard’s group was the first to demonstrate
the binding of a myosin 1 (from Acanthamoeba) to
membrane lipids (Adams & Pollard, 1989). They fur-
ther showed that the interaction was mediated by
the basic tail domain of the myosin (Doberstein &
Pollard, 1992) and speculated that the tail recognizes
membrane-bound cargo for translocation along actin
filaments. Shortly thereafter, Mooseker’s laboratory
reported lipid binding of avian brush border myosin
I (Hayden et al., 1990) and we showed that both full-
length myosin 1C and a bacterially expressed tail

“ATKIQATWRAFMCRQKFLRLKRS ™
“AICIQSWWRGTLGRRKAAKRKWA ™
"RRLIQGF | LRHAPRCPENAFFVD™
IGX XX RGXXXR
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Figure 1. The IQ motifs of bovine myosin 1C.
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portion (residues 820-1025) bound to anionic phos-
pholipid vesicles (Reizes et al., 1994).

Whereas we analyzed the lipid binding prop-
erties of the myosin 1C tail alone, Tang and cowork-
ers (Tang et al., 2002) used stopped-flow kinetics to
examine the binding to liposomes of a myosin 1C
fragment containing both the tail and the calmodu-
lin-binding neck domain (residues 690-1028). Ac-
cording to these authors, myosin 1C remains bound
to liposomes for a sufficient length of time to accom-
modate multiple cycles of the ATPase force-generat-
ing reaction. Nevertheless binding was transient and
off-rates were relatively high. Interestingly, more
than 60% of the neck-tail constructs were irrevers-
ibly bound to liposomes if the measurements were
carried out in the presence of 250 uM free Ca?*. Be-
cause one or more calmodulins are released from the
myosin 1C neck at this Ca?* concentration, this result
raised the possibility that the IQ motifs represent a
second lipid binding site that is normally occluded
by calmodulin. Because these motifs are relatively
rich in basic and hydrophobic residues they may
be able to interact both electrostatically with anionic
phospholipid head groups and with the hydropho-
bic core of the bilayer. The electrostatic interactions
may also be regulated by phosphorylation (Fig. 2).

The lipid binding ability of myosin 1C IQ
motifs was recently confirmed by Hirono and oth-
ers (Hirono et al., 2004). Using a combination of li-
pid overlay and solid-state binding assays, they
found that a construct consisting of three IQ motifs
of frog myosin 1C binds preferentially to the phos-
phoinositide, PIP,, and somewhat less well to other
anionic lipids. This interaction was Ca?*-dependent,
and was reduced by addition of excess calmodulin.
Thus, it is possible that the neck domain of myosin
1C functions as a molecular switch, binding alterna-
tively to lipids or to calmodulins depending on the
presence of Ca%. The interaction between myosin
1C and PIP, also raises the possibility of reversible
membrane anchoring, responsive to signaling path-
ways that regulate phospholipase C, PI kinase, and
PI phosphatase activities.

FORCE GENERATION BY MYOSIN 1C

Batters and others (Batters et al., 2004) recently
carried out a comprehensive analysis of myosin 1C
force generation using optical-tweezer tranducers.
Their data suggest that the myosin 1C powerstroke
occurs in two phases, the first producing an aver-
age displacement of 3.1 nm and the second yielding
a displacement of 1.1 nm. Interestingly, three-di-
mensional mapping based on cryo-electron micros-
copy data indicate that the neck domain of myosin
1C swivels 33° upon release of ADP, suggesting a
maximal displacement of about 5 nm from this step

alone. The authors speculate that these displacement
values (4.3 nm vs > 5 nm) provide a range of posi-
tions available to the myosin during its translocation.
Image analysis also indicates that upon ADP release
the three IQ motifs swivel as a single rigid body that
projects from the motor domain. The motor domain
itself did not exhibit obvious conformational differ-
ences when bound to actin in the presence of ADP
vs. in the nucleotide-free state.

Based on force analysis and rapid-reaction ki-
netic experiments, Batters and others (2004) propose
a model in which myosin 1C can exist in two con-
formations, one allowing ATP to bind readily, the
other containing trapped ADP and requiring a slow
conformational change which promotes ADP release
and allows ATP to bind. In the presence of Ca?* (77
UM free) the fast phase is lost, suggesting that Ca®
favors the ADP-trapped conformation. An external
strain on the myosin (as apparently occurs during
adaptation in the ear, see below) might accelerate
ADP release from this trapped state and enhance cy-
cling through the ATPase cycle.

SUBCELLULAR DISTRIBUTION OF MYOSIN 1C

Using a panel of monoclonal antibodies pre-
pared against bovine myosin 1C, we found that this
isoform is expressed in a wide variety of tissues
and cultured cell lines (Wagner et al., 1992). These
antibodies were also used to localize myosin 1C in
fibroblasts, kidney epithelial cells, and neuroendo-
crine PC12 cells (Wagner et al., 1992). In general, our
immunofluorescence microscopy studies showed a
punctate distribution of the myosin concentrated in
the cell periphery as well as plasma membrane stain-
ing, particularly at the leading edges of motile cells.
The same antibodies were used by other groups to
localize myosin 1C to the phagocytic cup in macro-
phages (Allen & Aderem, 1995), the stereociliary tip
in outer hair cells of the frog ear (Garcia et al., 1998),
and mitotic junctions of retinal epithelial cells (Bre-
ckler & Burnside, 1994).
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Figure 2. Hypothetical model showing dissociation of
myosin 1C from lipid rafts by phosphorylation and Ca?/
calmodulin.
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A proteomics analysis of lipid rafts from hu-
man Raji B-lymphocyte cell line revealed the enrich-
ment of myosin 1C in rafts (Saeki et al., 2003). Lipid
rafts are cholesterol- and sphingolipid-rich mem-
brane domains that incorporate a subset of mem-
brane proteins while excluding others (reviewed in
Pike, 2004; Simons & Vaz, 2004). Rafts apparently
originate in the trans-Golgi network where sphin-
golipids are synthesized, and are further concentrat-
ed in post-Golgi elements of the secretory/endocytic
pathway, being particularly abundant in the plasma
membrane. They have been defined operationally
according to a number of criteria, most commonly
by their insolubility in cold Triton X-100 and their
low buoyancy in density gradient after centrifuga-
tion. Because certain established raft proteins can be
solubilized by cold Triton X-100, procedures involv-
ing milder detergents (Claas et al., 2001; Shogomori
& Brown, 2003; Chamberlain, 2004) or detergent-free
buffers (Smart et al., 1995; Song et al., 1996) have also
been employed to isolate rafts. Our laboratory has
recently demonstrated that myosin 1C preferentially
distributes to lipid rafts prepared from rat fibrob-
lasts and HeLa cells using two detergent-free isola-
tion methods (unpublished data). Lipid rafts are en-
riched in PI(4,5)P, (Caroni, 2001; Golub et al., 2004)
which, as mentioned above, binds to the IQ motifs
of myosin 1C. Thus, it is possible that the myosin
is recruited to rafts in the presence of Ca?', which
releases calmodulin from the IQ motifs and exposes
PIP,-binding sites.

Myosin 1C may participate in two distinct
modes of raft-based membrane transport. First, it
may generate force to translocate raft-containing ves-
icles through the cytoplasm along actin or microtu-
bule tracks (Fig. 3). Second, it may participate in the
translocation of raft domains within the plane of the
bilayer, (Fig. 4). Results of fluorescence resonance
energy transfer, laser trap, and chemical crosslinking
experiments indicate that lipid rafts in resting cells
are small entities, ranging in diameter from about 50

* actin filament

l membrane fusion

— SNl
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Figure 3. Translocation of raft-containing vesicle to the
plasma membrane.

nm (Pralle et al., 2000) to as little as 7 nm (Ander-
son & Jacobson, 2002). Given these small sizes, it is
unlikely that a single raft contains more than a few
protein molecules and, hence, is incapable of accom-
modating multiprotein signaling complexes. Presum-
ably, complexes formed in response to extracellular
stimuli (e.g., activation of B- or T-lymphocyte recep-
tors) require the coalescence of small rafts into larger
patches (Fig. 4). Although such a stimulus-triggered
event may occur by simple diffusion of raft proteins
in the bilayer, there is evidence for a role of actin
and myosin in this process (Nebl et al., 2002; Jordan
& Rodgers, 2003; Tharaux et al., 2003).

FUNCTIONS OF MYOSIN 1C
Role of myosin 1C in glucose transport

Insulin stimulates glucose transport in adi-
pocytes by promoting exocytosis of a population of
vesicles containing the glucose transporter protein,
Glut4 (reviewed in Ducluzeau et al., 2002; Watson
et al., 2004). Czech’s group implicated myosin 1C in
this process when they showed reduced glucose up-
take in cells treated with siRNAs to deplete expres-
sion of the myosin, and in cells overexpressing the
myosin 1C tail domain as a dominant inhibitor of
the endogenous myosin.

Insulin-stimulated glucose uptake also re-
quires phosphatidylinositol 3-kinase (PI3K) activity
(Nakanishi et al., 1995). Pretreatment of adipocytes
with the PI3K inhibitor, LY294002, inhibits exocytosis
of Glut4-containing vesicles and results in accumula-
tion of these vesicles beneath the plasma membrane.
Overexpression of myosin 1C reverses the effect of
LY294002 (Bose et al., 2004), whereas overexpression
of the tail domain prevents the sub-plasmallemal ac-
cumulation of vesicles.

Bose and others (2004) observed that in addi-
tion to stimulating glucose uptake, overexpression
of full-length myosin 1C also induced membrane ruf-
fling in adipocytes, even in the absence of insulin.

............
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Figure 4. Coalescence of rafts within the plasma mem-
brane.
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Myosin tagged with yellow fluorescent protein was
particularly enriched in regions of the membrane
that were most active in ruffling, consistent with
our earlier localization of endogenous myosin 1C to
ruffles in a variety of cultured cells (Wagner et al.,
1992). Interestingly, Glut4 vesicles colocalized with
myosin 1C in ruffles only if the cells were treated
with insulin. This suggests that myosin 1C does not
reside on vesicles as they translocates through the
cytoplasm, but may facilitate their exocytosis only
when they reach the cell periphery. Presumably,
vesicle transport through the cytoplasm depends on
the microtubule motor, kinesin, whereas myosin 1C
serves to anchor and/or translocate vesicles on ac-
tin filaments associated with the plasma membrane.
However, it is also possible that the myosin facili-
tates exocytosis indirectly, without binding to Glut4
vesicles.

Role of myosin 1C in hair cell adaptation

Myosin 1C has been implicated in translocat-
ing ion channels and their associated transduction
complexes within the membranes of stereocilia in
vestibular hair cells of the ear (recently reviewed in
Gillespie & Cyr, 2004). These complexes are located
near the tips of stereocilia, and are connected to ad-
jacent stereocilia by flexible proteins known as “tip
links”. Under resting conditions the stereocilia are
upright and the tip links are unstretched, favoring
a closed state for the ion channels. However, exci-
tatory stimuli cause the stereocilia to tilt, resulting
in extension of the tip links and opening of the ion
channels. The process of adaptation, which prevents
prolongation of the response, is initiated while the
stereocilia are still in the tilted position. It occurs by
the sliding of the transduction complex down the
stereocilium, resulting in relaxation of the tip link
and closure of the ion channel. Finally, upon termi-
nation of the stimulus the stereocilia resume their
upright positions and the transduction complex
must again move upward within the membrane.

There is evidence that movement of the trans-
duction complex during adaptation and recovery is

mediated by myosin 1C, which connects the com-
plex to a bundle of actin filaments within the stereo-
cilium. Approximately 100-200 myosin 1C molecules
are tethered to structure known as the “insertional
plaque”, which houses the ion channel and is also
connected to the tip link. During adaptation, the
myosins slip down toward the pointed ands of actin
filaments (opposite direction of their normal active
movement). Upon recovery, the myosin 1C ATPase
cycle is used to generate force needed to climb up
the actin cables, pulling the insertional plaque for-
ward.

Role of myosin 1C in neuronal growth cone
extension

Jay’s laboratory has pioneered the use of
chromophore-assisted laser inactivation (CALI) to
investigate the functions of distinct myosin isoforms
in cell motility. In this procedure, anti-myosin anti-
bodies labeled with malachite green (MG) are intro-
duced into cells, which are then irradiated by laser
light to release hydroxyl free radicals from the dye.
The radicals damage and inactivate MG-antibody-
bound myosins (or other targeted proteins) without
seriously affecting nearby proteins (Jay, 1988; Jay &
Keshishian, 1990; Wang et al., 1996). Jay’s group has
been particularly interested in examining the roles of
different myosins in filopodial and lamellipodial ex-
tension in neuronal growth cones. They found that
inactivation of myosin V causes retraction of filopo-
dia from chick dorsal root ganglion growth cones
(Wang et al., 1996) whereas inactivation of myosin II
causes reduction in the size of lamellipodia (Diefen-
bach et al., 2002). In contrast, CALI of myosin 1C
resulted in lamellipodial extension indicating that
myosin 1C actually represses membrane protrusion
(Wang et al., 1996, Diefenbach et al., 2002; Wang
et al., 2003). To explain this result Jay and his col-
leagues invoke a “clutch mechanism”, in which my-
osin 1C acts as a motor to propel F-actin filaments
rearward with respect to the substratum (Jay, 2000).
When the myosin is inactivated by CALI, this rear-
ward motion is inhibited and the lamellipodia move

Table 1. Selected functions of mammalian unconventional myosins.

Myosin Function

Reference

Myosin I (myosin 1b)

Myr 4(myosin 1d) Early stages of endosome

Myosin V Transport of melanosome

Myosin VI Clathrin-dependent endocytosis in polarized cells
Myosin VI AMPA receptor trafficking

Myosin VI Golgi trafficking and secretion

Myosin X Intracellular adhesion

Myosin X Intergrin relocalization

Myosin X Phagocytosis

Myosin IX

Endosome-to-lysosome trafficking

Bacterial entry (based on localization data)

Raposo et al., 1999

Huber et al., 2000

Mercer et al., 1991; Wu et al., 1997
Buss et al., 2001

Wu et al., 2002

Warner et al., 2003

Yonezawa et al., 2003

Zhang et al., 2004

Cox et al., 2002

Graf et al., 2000
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forward due to net actin polymerization at the lead-
ing edge of the growth cone.

PERSPECTIVES

Fifteen years after the discovery of vertebrate
myosin 1C, several questions still remain to be an-
swered. First and most important, what are the
unique functions carried out by this myosin isoform?
At present, the preponderance of data point to the
plasma membrane as the major site of myosin 1C
action. However, it is still unclear whether it serves
to translocate proteins or protein complexes within
the plane of the bilayer, to deliver vesicles to the cell
periphery, or to modify the cortical actin cytoskel-
eton as occurs during membrane ruffling. Of course,
it is possible that myosin 1C promotes all of these
modes of cell motility.

A second question, which pertains to all of
the unconventional myosins, regards the function
of the IQ motifs. Based on structural data and force
measurements, the neck domains of myosins repre-
sent lever arms, and the light chains (calmodulins,
in the case of myosin 1C) serve to stabilize them
during the powerstroke. However, there is also evi-
dence that IQ motifs interact with membranes when
calmodulins are released upon Ca?* ligation. Both
possibilities may be correct. For example, only the
C-terminal IQ motif might bind to membranes, leav-
ing the remaining two available to serve in lever
arm stabilization. Unfortunately, there are no reli-
able data regarding the in vivo stoichiometry of my-
osin 1C heavy chain to calmodulin light chains.

A third area that merits further investigation
is the potential role of myosin 1C phosphorylation.
In the case of most protozoan and yeast myosins 1
the importance of heavy chain phosphorylation is
evident, as unphosphorylated myosins are essential-
ly inactive. However, in myosin 1C and other mam-
malian myosin 1 isoforms, the corresponding phos-
phorylated serine or threonine of lower eukaryotic
myosins is replaced by phosphomimetic residues,
glutamate or aspartate. Thus, phosphorylation of
myosin 1C appears to have a non-catalytic role, per-
haps in modulating interactions of the myosin with
calmodulin, lipids, or yet unidentified binding part-
ners. Indeed, Williams and Coluccio showed a recip-
rocal relationship between myosin 1C phosphoryla-
tion and calmodulin binding (Williams & Coluccio,
1995).

The fourth unanswered question concerns the
existence of putative myosin 1C binding partners.
Aside from actin and calmodulin, no myosin 1C
binding protein has been identified. This situation is
in marked contrast to myosin V, which binds to or-
ganelles via direct interaction with Slac2/melanophi-
lin (synaptotagmin-like protein homologue lacking

C2 domain), which in turn binds the small GTPase,
rab27 (Fukuda et al.,, 2002). Although it is formally
possible that myosin 1C localizes to the cell periph-
ery solely by virtue of interactions with lipids and
cortical actin filaments, we favor the view that my-
osin 1C docking proteins serve to target the myosin
to specific subcellular locations. If so, discovery of
these proteins will greatly increase our understand-
ing of myosin 1C function.

Acknowledgements

This work was supported by National Science
Foundation Grant 9982061 (to B.B.).

REFERENCES

Adams RJ, Pollard TD (1989) Binding of myosin I to mem-
brane lipids. Nature 340: 565-568.

Allen LH, Aderem A (1995) A role for MARCKS, the alpha
isozyme of protein kinase C and myosin I in zymosan
phagocytosis by macrophages. | Exp Med 182: 829-840.

Anderson RG, Jacobson K (2002) A role for lipid shells in
targeting proteins to caveolae, rafts, and other lipid do-
mains. Science 296: 1821-1825.

Bahler M, Rhoads A (2002) Calmodulin signaling via the
IQ motif. FEBS Lett 513: 107-113.

Barylko B, Wagner MC, Reizes O, Albanesi JP (1992) Puri-
fication and characterization of a mammalian myosin L.
Proc Natl Acad Sci USA 89: 490-494.

Batters C, Arthur CP, Lin A, Porter J, Geeves MA, Milligan
RA, Molloy JE, Coluccio LM (2004) Myolc is designed
for the adaptation response in the inner ear. EMBO |
23: 1433-14340.

Bose A, Robida S, Furcinitti PS, Chawla A, Fogarty K,
Corvera S, Czech MP (2004) Unconventional myosin
Myolc promotes membrane fusion in a regulated exo-
cytic pathway. Mol Cell Biol 24: 5447-5458.

Breckler J, Burnside B (1994) Myosin I localizes to the mid-
body region during mammalian cytokinesis. Cell Motil
Cytoskeleton 29: 312-320.

Buss F, Arden SD, Lindsay M, Luzio JP, Kendrick-Jones J
(2001) Myosin VI isoform localized to clathrin-coated
vesicles with a role in clathrin-mediated endocytosis.
EMBO ] 20: 3676-3684.

Buss F, Spudich G, Kendrick-Jones ] (2004) Myosin VI: cel-
lular functions and motor properties. Annu Rev Cell
Dev Biol 20: 649-676.

Caroni P (2001) New EMBO members’ review: actin cyto-
skeleton regulation through modulation of PI(4,5)P(2)
rafts. EMBO ] 20: 4332-4336.

Chamberlain LH (2004) Detergents as tools for the purifica-
tion and classification of lipid rafts. FEBS Lett 559: 1-5.

Claas C, Stipp CS, Hemler ME (2001) Evaluation of proto-
type transmembrane 4 superfamily protein complexes
and their relation to lipid rafts. | Biol Chem 276: 7974—
7984.

Coluccio LM, Geeves MA (1999) Transient kinetic analysis
of the 130-kDa myosin I (MYR-1 gene product) from
rat liver. A myosin I designed for maintenance of ten-
sion? | Biol Chem 274: 21575-21580.

Cox D, Berg JS, Cammer M, Chinegwundoh JO, Dale BM,
Cheney RE, Greenberg S (2002) Myosin X is a down-
stream effector of PI(3)K during phagocytosis. Nat Cell
Biol 4: 469-477.



Vol. 52

Myosin 1C

379

De La Cruz EM, Ostap EM (2004) Relating biochemistry
and function in the myosin superfamily. Curr Opin Cell
Biol 16: 61-67.

Diefenbach TJ, Latham VM, Yimlamai D, Liu CA, Herman
IM, Jay DG (2002) Myosin 1c and myosin IIB serve op-
posing roles in lamellipodial dynamics of the neuronal
growth cone. | Cell Biol 158: 1207-1217.

Doberstein SK, Pollard TD (1992) Localization and specific-
ity of the phospholipid and actin binding sites on the
tail of Acanthamoeba myosin IC. | Cell Biol 117: 1241-
1249.

Ducluzeau PH, Fletcher LM, Vidal H, Laville M, Tavare
JM (2002) Molecular mechanisms of insulin-stimulated
glucose uptake in adipocytes. Diabetes Metab 28: 85-92.

El Mezgueldi M, Tang N, Rosenfeld SS, Ostap EM (2002)
The kinetic mechanism of Myole (human myosin-IC). |
Biol Chem 277: 21514-21521.

Fukuda M, Kuroda TS, Mikoshiba K (2002) Slac2-a/mela-
nophilin, the missing link between Rab27 and myosin
Va: implications of a tripartite protein complex for me-
lanosome transport. | Biol Chem 277: 12432-12436.

Garcia JA, Yee AG, Gillespie PG, Corey DP (1998) Local-
ization of myosin-If near both ends of tip links in frog
saccular hair cells. | Neurosci 18: 8637-8647.

Gillespie PG, Albanesi JP, Bahler M, Bement WM, Berg JS,
Burgess DR, Burnside B, Cheney RE, Corey DP, Cou-
drier E, et al. (2001) Myosin-I nomenclature. | Cell Biol
155: 703-704.

Gillespie PG, Cyr JL (2004) Myosin-1c, the hair cell’s adap-
tation motor. Annu Rev Physiol 66: 521-545.

Golub T, Wacha S, Caroni P (2004) Spatial and temporal
control of signaling through lipid rafts. Curr Opin Neu-
robiol 14: 542-550.

Graf B, Bahler M, Hilpela P, Bowe C, Adam T (2000) Func-
tional role for the class IX myosin myr5 in epithelial
cell infection by Shigella flexneri. Cell Microbiol 2: 601
616.

Hammer JA 3rd, Wu XS (2002) Rabs grab motors: defining
the connections between Rab GTPases and motor pro-
teins. Curr Opin Cell Biol 14: 69-75.

Hayden SM, Wolenski JS, Mooseker MS (1990) Binding of
brush border myosin I to phospholipid vesicles. ] Cell
Biol 111: 443-451.

Hirono M, Denis CS, Richardson GP, Gillespie PG (2004)
Hair cells require phosphatidylinositol 4,5-bisphosphate
for mechanical transduction and adaptation. Neuron 44:
309-320.

Huber LA, Fialka I, Paiha K, Hunziker W, Sacks DB,
Bahler M, Way M, Gagescu R, Gruenberg ] (2000) Both
calmodulin and the unconventional myosin Myr4 regu-
late membrane trafficking along the recycling pathway
of MDCK cells. Traffic 1: 494-503.

Jay DG (1988) Selective destruction of protein function by
chromophore-assisted laser inactivation. Proc Natl Acad
Sci USA 85: 5454-5458.

Jay DG (2000) The clutch hypothesis revisited: ascribing
the roles of actin-associated proteins in filopodial pro-
trusion in the nerve growth cone. | Neurobiol 44: 114—
125.

Jay DG, Keshishian H (1990) Laser inactivation of fasciclin
I disrupts axon adhesion of grasshopper pioneer neu-
rons. Nature 348: 548-550.

Jordan S, Rodgers W (2003) T cell glycolipid-enriched
membrane domains are constitutively assembled as
membrane patches that translocate to immune synaps-
es. | Immunol 171: 78-87.

Korn ED (2000) Coevolution of head, neck, and tail do-
mains of myosin heavy chains. Proc Natl Acad Sci USA
97: 12559-12564.

Mercer JA, Seperack PK, Strobel MC, Copeland NG,
Jenkins NA (1991) Novel myosin heavy chain encoded
by murine dilute coat colour locus. Nature 349: 709-
713.

Nakanishi S, Yano H, Matsuda Y (1995) Novel functions of
phosphatidylinositol 3-kinase in terminally differenti-
ated cells. Cell Signal 7: 545-557.

Nebl T, Pestonjamasp KN, Leszyk JD, Crowley JL, Oh SW,
Luna EJ (2002) Proteomic analysis of a detergent-resist-
ant membrane skeleton from neutrophil plasma mem-
branes. | Biol Chem 277: 43399-43409.

Pike LJ (2004) Lipid rafts: heterogeneity on the high seas.
Biochem | 378: 281-292.

Pollard TD, Korn ED (1973) Acanthamoeba myosin. L. Isola-
tion from Acanthamoeba castellanii of an enzyme similar
to muscle myosin. | Biol Chem 248: 4682-4690.

Pralle A, Keller P, Florin EL, Simons K, Horber JK (2000)
Sphingolipid-cholesterol rafts diffuse as small entities
in the plasma membrane of mammalian cells. | Cell
Biol 148: 997-1008.

Raposo G, Cordonnier MN, Tenza D, Menichi B, Durrbach
A, Louvard D, Coudrier E (1999) Association of my-
osin Iat with endosomes and lysosomes in mammalian
cells. Mol Biol Cell 10: 1477-1494.

Rayment I, Rypniewski WR, Schmidt-Base K, Smith R,
Tomchick DR, Benning MM, Winkelmann DA, Wesen-
berg G, Holden HM (1993) Three-dimensional struc-
ture of myosin subfragment-1: a molecular motor. Sci-
ence 261: 50-58.

Reizes O, Barylko B, Li C, Sudhof TC, Albanesi JP (1994)
Domain structure of a mammalian myosin If. Proc Natl
Acad Sci USA 91: 6349-6353.

Saeki K, Miura Y, Aki D, Kurosaki T, Yoshimura A (2003)
The B cell-specific major raft protein, Raftlin, is neces-
sary for the integrity of lipid raft and BCR signal trans-
duction. EMBO ] 22: 3015-3026.

Seabra MC, Coudrier E (2004) Rab GTPases and myosin
motors in organelle motility. Traffic 5: 393-399.

Sherr EH, Joyce MP, Greene LA (1993) Mammalian myosin
I, IBa, and Iy: new widely expressed genes of the my-
osin I family. | Cell Biol 120: 1405-1416.

Shogomori H, Brown DA (2003) Use of detergents to study
membrane rafts: the good, the bad, and the ugly. Biol
Chem 384: 1259-1263.

Simons K, Vaz WL (2004) Model systems, lipid rafts, and
cell membranes. Annu Rev Biophys Biomol Struct 33:
269-295.

Smart EJ, Ying YS, Mineo C, Anderson RG (1995) A de-
tergent-free method for purifying caveolae membrane
from tissue culture cells. Proc Natl Acad Sci USA 92:
10104-10108.

Song KS, Li S, Okamoto T, Quilliam LA, Sargiacomo M,
Lisanti MP (1996) Co-purification and direct interaction
of Ras with caveolin, an integral membrane protein of
caveolae microdomains. Detergent-free purification of
caveolae microdomains. | Biol Chem 271: 9690-9697.

Tang N, Lin T, Ostap EM (2002) Dynamics of myolc (my-
osin-IB) lipid binding and dissociation. | Biol Chem 277:
42763-42768.

Tharaux PL, Bukoski RC, Rocha PN, Crowley SD, Ruiz P,
Nataraj C, Howell DN, Kaibuchi K, Spurney RF, Coff-
man TM (2003) Rho kinase promotes alloimmune re-
sponses by regulating the proliferation and structure of
T cells. | Immunol 171: 96-105.

Wagner MC, Barylko B, Albanesi JP (1992) Tissue distribu-
tion and subcellular localization of mammalian myosin
L. ] Cell Biol 119: 163-170.

Wang FS, Liu CW, Diefenbach TJ, Jay DG (2003) Modeling
the role of myosin 1c in neuronal growth cone turning.
Biophys ] 85: 3319-28.



380

B. Barylko and others

2005

Wang FS, Wolenski JS, Cheney RE, Mooseker MS, Jay DG
(1996) Function of myosin-V in filopodial extension of
neuronal growth cones. Science 273: 660-663.

Warner CL, Stewart A, Luzio JP, Steel KP, Libby RT, Ken-
drick-Jones J, Buss F (2003) Loss of myosin VI reduces
secretion and the size of the Golgi in fibroblasts from
Snell’s waltzer mice. EMBO | 22: 569-579.

Watson RT, Kanzaki M, Pessin JE (2004) Regulated mem-
brane trafficking of the insulin-responsive glucose
transporter 4 in adipocytes. Endocr Rev 25: 177-204.

Williams R, Coluccio LM (1995) Phosphorylation of my-
osin-I from rat liver by protein kinase C reduces cal-
modulin binding. Biochem Biophys Res Commun 216:
90-102.

Wu H, Nash JE, Zamorano P, Garner CC (2002) Interaction
of SAP97 with minus-end-directed actin motor myosin
VI. Implications for AMPA receptor trafficking. | Biol
Chem 277: 30928-30934.

Wu X, Bowers B, Wei, Kocher B, Hammer JA III (1997) My-
osin V associates with melanosomes in mouse melano-

cytes: evidence that myosin V is an organelle motor. |
Cell Sci 110: 847-859.

Yonezawa S, Yoshizaki N, Sano M, Hanai A, Masaki S,
Takizawa T, Kageyama T, Moriyama A (2003) Possible
involvement of myosin-X in intercellular adhesion: im-
portance of serial pleckstrin homology regions for in-
tracellular localization. Dev Growth Differ 45: 175-185.

Zhang H, Berg JS, Li Z, Wang Y, Lang P, Sousa AD,
Bhaskar A, Cheney RE, Stromblad S (2004) Myosin-X
provides a motor-based link between integrins and the
cytoskeleton. Nat Cell Biol 6: 523-531.

Zhu T, Beckingham K, Ikebe M (1998) High affinity Ca?*
binding sites of calmodulin are critical for the regu-
lation of myosin Ip motor function. | Biol Chem 273:
20481-20486.

Zhu T, Sata M, Ikebe M (1996) Functional expression of
mammalian myosin IB: analysis of its motor activity.
Biochemistry 35: 513-522.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


