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INTRODUCTION domain. A second actin-binding site, which is ATP in-
sensitive, is found in this region. The Tail Homology 3

myosins in 1973 was initially greeted with skepticism aTH3) region consists of an SH3 domain. The SH3

th ¢ hed vi that onl tonal -domain is thought to mediate binding of the protein to the
€ entrenched view was that only conventional myosifyzy, cytoskeleton. Based on amino acid sequence, class
existed. Skepticism was replaced by a period of inten

: ) ; e . yosins can be subdivided into two main groups:
biochemical study using column purification techniques . . .
. . . moeboid class | myosins from lower organisms (but that
and enzymatic assays available at that time. The la

1980s and early 1990s, the era of molecular biolog‘sllFSO include rat myr3 and its human homologue myosin

were characterized by the growing realization that wg ) agi\i?;s (Iag)étljlzwts rfer?/irQV\?slgnz\r/grgzglr?n\:\?r.itten re-
had previously been only dimly aware of the sheer mul-

titude of myosins existing in the natural world. It becam(e‘erltly about unconventional Myosins n general [Wu_ et
obvious that the forces of natural selection and evolutiirg’ 2_000]’ and class | myosins ?pec'f'c‘?‘”y [C.:OIUF:C'O’
had brought about the duplication and divergence of 97'_ Bar_ylko etal, 20.00]' T_he am of th'.s review is to
ancestral mechanochemical enzyme so that it could pgfamine in more detail the in vivo function of class |
form a multiplicity of roles. myosins. R_ecently, _rapld advances in our un_derstandlng
No fewer than 15 classes of myosins are no@f the in vivo funct_lons of class | myosins in sgveral
known. Their classification is based on sequence sin¥€/€Ct model organisms have occurred. This review fo-
larities between both the motor and tail domains. TH&S€S on the latest findings in these systems. We will
amino terminal domains of class | myosins are highglscu_ss the |mpllcatlons of recent biochemical studl_e_s of
conserved and contain the catalytic ATPase motor actiyosin | function on their ability to perform specific
ity, whereas the carboxy terminal tail domains are high##sks in vivo, then explore the role of the various do-
divergent (see Fig. 1A). Lacking a coiled coil domain ifnains, motifs, and regulatory sites found in amoeboid
the tail region like the one found in class Il myosins, the§lass | myosins. Next, we will review recent findings that
do not form dimers and filaments. The tail contains S9gest that amoeboid class | myosins are organized in a
light-chain binding domain consisting of from one tépecialized multiprotein complex that plays an important
several IQ motifs adjacent to the motor. Light chaifole in regulating the spatial architecture of the actin
polypeptides are EF hand proteins and include calmod-
ulin. B_m_dlng of Ca_ImOdu“n to th_'s r_eglon 'r_]crea_ses m_OC:ontract grant sponsor: National Institute of Health; Contract grant
tor activity. Following the 1Q motifs is a basic amino acithymber: GM53027.
rich region called Tail Homology 1 (TH1), that has been
shown to bind phospholipid vesicles in vitro and ma} gffeipon&erlfe. to: ;re%ifyus; Ma};, DfiVTision O;/I Pgthglogy and
play a role in tethering myosin to membranes in vivg;aPoratory Medicing, Box 54, University of Texas, M. . Anderson
The TH1 domain distinguishes class | myosins frorgfamn;ﬁ:r ;ﬂ;ir’@ﬁjznﬂglfsgﬁgfgm\’d' Houston, TX 77030.
other myosin classes. Following the TH1 domain is the
Tail Homology 2 (TH2) or GPA/ GPQ proline rich Received 2 May 2000; accepted 28 June 2000
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Fig. 1. A: Schematic representation of a prototypical class | myosiions betweerS. cerevisiaenyo3p/myo5p and Beelp, Verprolin, and
molecule. The tail is subdivided into the light chain binding domaithe Arp2/3 complex of proteins. The myo3p/myo5p SH3 domain binds
(IQ motifs), the phospholipid-binding domain (TH1), proline-rich mo-Beelp and Verprolin via their proline-rich motifs. The myo3p/myo5p
tifs (Pro) and SH3 domain. A cluster of acidic aspartic acid residuegidic tail region binds the Arp2/3 complex. Beelp also binds Arp2/3
(A) is found at the carboxy-terminal end of the tail region of somévia its WH2 domain). The Arp2/3 complex nucleates new actin
class | myosinsB: Schematic representation of the binding interacfilament assembly.

cytoskeleton. We will attempt to outline their implicaphysiological conditions, they are globular monomeric
tions and relevance for the function of mammalian clagsoteins. In the absence of actin, their ATPase motor
I myosins. activity can be activated by the addition of non-physio-
Despite these important findings, our new knowlogical levels of C&" or K™ EDTA. Actin-dependent
edge has brought about the realization that we still knoWTPase activity requires the presence of VMgnd the
little about the in vivo function of the class | myosinsphosphorylation of a conserved serine residue in the
Many important questions remain completely unammotor domain [Brzeska et al., 1989]. All three isoforms
swered, and they are raised at the conclusion of théghibit a triphasic MG* ATPase activity curve as a

review. function of actin concentration [Albanesi et al., 1985;
Lynch et al., 1989]. This complex behavior is thought to
be a result of cooperative binding of actin to a high-

EL%%E}%’:CAL STUDIES OF MYOSIN | affinity ATP sensitive F-actin binding site in the motor

o o B domain and a high-affinity ATP insensitive GPA/GPQ
Kinetic Studies in Acanthamoeba castellanii and  jcy F_actin binding site in the tail [Doberstein and Pol-
Their Implications for In Vivo Function lard, 1992; Lee et al., 1999; Zot et al., 1999]. Triphasic

The earliest class | myosins to be studied wectivation is also seen iDictyostelium discoideurand
isolated from the soil amoeb& castellaniiin the 1970s rat myr3, although surprisingly, the latter lacks a GPA/
by Pollard and Korn [1973]. This organism expressé3PQ-rich region [Lee and Cote, 1993; Stouffler and
three myosin | isoforms, myosin IA, IB, and IC. UndeBahler, 1998]. InterestinglymyoA the class | myosin
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found in the filamentous funguBspergillus nidulans MYOD exhibit triphasic kinetics similar té\.. castellanii
displays a simple hyperbolic curve, suggesting that étass | myosins [Lee and Cote, 1993], but the short-tailed
lacks the high-affinity F-actin binding sites found in thenyosins have not been tested for these functions.
tail [Brzeska et al., 1999].The significance of this findin%_ . . .
for in vivo function is unknown. iochemical Studies of Class | Myosins

Biochemical binding studies have also shown thiff Vertebrates
A. castellaniimyosin | tails bind tightly to negatively Most of the biochemical studies in vertebrates have
charged membranes through the TH1 basic domain [Dimeen carried out on brush border myosin | (BBMI),
berstein and Pollard, 1992; Lee et al., 1999]. This mayhich is found exclusively in the lining of the gut.
enable them to tether actin filaments to the membrane.litriestinal epithelial cells contain a brush-like membrane
addition, class | myosins can also cross-link actin cableemposed of numerous fingerlike protuberances called
by simultaneously binding two actin filaments, one to theaicrovilli. Each microvillus is composed of a core bun-
motor domain on one side and the other to the talle containing actin filaments and radial spoke-like
actin-binding region. The hydrodynamic properties of theross-links to the plasma membrane containing BBMI
tail fragment indicate that the SH3 proline-rich domaingviatasudaira and Burgess, 1979]. Enzymatic studies of
lie folded across the upstream TH1 region, resulting inpurified BBMI show that it is different from amoeboid
short stubby tail [Lee et al., 1999]. This finding is inclass | myosins in four ways: It displays simple hyper-
agreement with the hypothesis that an intermoleculbolic, F-actin-dependent, MgATPase activation, inli
interaction exists between the SH3 and proline-rich moating that it lacks an actin-binding site at the tail, and it
tifs in the tail region, causing them to fold on each othedoes not contain the tail SH3 and proline-rich domains

Kinetic characterization 0. castellaniimyosin IA  found in most amoeboid class | myosins [Collins et al.,
and IB shows them to exhibit the same rapid ATP bind:990; Conzelman and Mooseker, 1987]. It does not un-
ing and hydrolysis and slow phosphate release as calergo phosphorylation at the motor domain as it lacks a
ventional class Il myosin. Most of the cycle is spent iTEDS-rule phosphorylation site. The TEDS site (named
the ADP.Pi-bound state that exhibits low actin-bindinépr the conserved amino acid residues T, E, D, and S)
affinity. In addition, the in vivo motility ofA. castellanii occupies a flexible loop in the myosin motor domain of
myosin | along F-actin fibers is onk02 ums?®, about all amoeboid class | myosins. It undergoes serine phos-
10-50 fold slower than class Il skeletal muscle myosjphorylation by p21-activated kinases (PAKS). Phosphor-
[Zot et al., 1992]. The hydrodynamic measurements [Legation activates the motor activity of these myosins.
et al., 1999], three-dimensional structure analysis [Jonteast, BBMI in-vitro motility is inhibited by C&". This is
et al., 1998], and kinetic measurements [Ostap and Palresult of the dissociation of the light chain, calmodulin,
lard, 1996a] ofA. castellaniiclass | myosins suggest thatfrom BBMI [Collins et al., 1990]. Similar biochemical
the reduced actin sliding motility is a result of both th@roperties have also been seen in rat myrl, the rat ho-
reduced rate of phosphate release and the relatively shorglog of BBMI [Coluccio and Geeves, 1999]. Interest-
stubby tail that reduces the length of each power strokegly, rat myrl displays a greatly reduced rate of ATP-
The implication for in vivo function may be thaA. induced dissociation from actin as compared to other
castellaniimyosin | is better suited for short-range cellelass | myosins, which may indicate that it is primarily
surface activities as opposed to long-range activities sudbsigned for the maintenance of cortical tension rather
as vesicle transport [Ostap and Pollard, 1996a]. In addlian being involved in movement [Coluccio and Geeves,
tion, the generation of high local concentrations of myt999].
osin | is necessary for continuous movement of actin  Cryoelectron microscopy of actin filaments deco-
filaments, and enable it to support such activities aated with BBMI or smooth muscle myosin (SMM), have
endocytosis and pseudopod extension [Ostap and Pelvealed substantial differences between them. The
lard, 1996a]. BBMI tail undergoes a much larger-@0%) swinging
motion than SMM and stays bound to the actin filaments
longer during each ATPase cycle [Jontes et al., 1997;
Jontes and Milligan, 1997]. Optical tweezer measure-

The soil amoebd. discoideumexpresses at leastments of the work strokes of BBMI and rat myr1 reveal
six isoforms of class | myosins (MYOA through MYOF).that they move along the actin filament in two discrete
MYO B, C, and D contain tail regions similar t8. phases for each ATPase cycle, the first corresponding to
castellaniimyosins |, and are called “long tailed” class Pi release, and the second one to ADP release [Veigel et
myosins. MYOA and MYOE, lack the SH3 and prolineal., 1999]. Perhaps the longer swing and lengthier stroke
rich domains and are called “short-tailed” myosin I'sime enable BBMI to carry out a role in vesicle transport
[Ostap and Pollard, 1996b]. The long tail MYOB andn addition to its role as a structural protein.

Biochemical Studies of Dictyostelium discoideum
Class | Myosins
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Regulation of Class | Myosins by PAK column to isolate specific SH3-binding proteins from this
organism [Xu et al., 1995]. Acan125 was determined to

N Very early on, it was found th‘f"t punﬂegi. castel- bind to the myosin IC SH3 domain through a proline rich
lanii class | myosin was motor-active only in the pres:

S - (PXXP) region at its carboxy-terminus [Xu et al., 1997].
ence of a specific kinase-containing column fractio

[Maruta and Korn, 1977]. The kinase responsible for thlscan125 also contains a carboxy-termmal Ieucm_e-rlch
L {epeat (LRR) region conserved in the WASP family of
activation was recently cloned and shown to belong 10

: : . : roteins that bind and activate the Arp2/3 complex [Svit-
the p21l-activated kinase (PAK) family of serine thre(% . !
nine kinases [Brzeska et al., 1996; Daniels and Bokoc na and Borisy, 1999]. Members of the WASP family of

1999]. Phosphorylation of tha. castellaniiclass | my- proteins serve as adaptors or scaffolds for the binding of

) . .actin to Arp 2/3 and capZ. WASP family proteins bind
osins occurs at the highly conserved TEDS rule S'gectin monomers via a conserved WH2 (WASP Homol-

positioned at the tip of an actin-binding surface loop |ngy 2) domain, and Arp 2/3 via an acidic carboxy-

the motor domain. Phosphorylation increases the r4€ minal sequence. Arp2/3 and capZ serve as nucleation
(Vmax Of actin-dependent phosphate release, thereby In 9 - AP P

creasing actin-dependent ATPase activity roughly 50 ints for actin fiber polymerization.
9 P S y gnly Recently these findings have been strengthened and
fold [Wang et al., 1998]. A similar PAK, called MIHCK : ) . .
. S extended in studies carried out@accharomyces cerevi-
(myosin | heavy chain kinase), was also cloned fiom

discoideum and shown to bind and phosphorylateSiae and D. discoideumshedding new light on the in

MYOD in vitro, thereby stimulating its activity [Lee et vivo function of the amoeboid class [ myosins. The

. i merging model is that class | myosins form a complex
al., 1996]. MIHCK also binds to the p21 Ras reIate@vith WASP-related proteins to control Arp2/3-mediated

proteins Cdc42 and rac. Cdc42 and rac play a key rOIeér(]:tin assembly (Fig. 1B). Myosin | proteins have been
controlling cell motility and morphology in many eu- moly (M9. - VY pre )
karyotic cell types [Hall, 1998]. Therefore MIHCKsShown to bind through their SH3 domains to the multiple

might link cell surface signal transduction pathways thafCine-rich motifs found in WASP-related proteins in
9 9 b y thS. cerevisiaéBeelp, Verprolin) and. discoideum

operate through Cdc42 and rac to the machinery th(% 16) [Evangelista et al., 2000; Jung et al., 1999;

controls the actin cytoskeleton " L
The similarities betweeA. castellaniiandD. dis- Lechler et .al" 2000]. In. addition to binding Beelp
through their SH3 domainS. cerevisiaemyo3p and

cmdeur_nMIHCKs suggest that the signaling pathwaysmy05p bind directly to Arp2/3 by an acidic region in the
controlling class | myosin members have been co

served. Mutation of\. castellaniiandA. nidulansmyosin tai region. This is Surprising since both myo3p fand
. . - myo5p lack the WH2 motif necessary for Arp2/3 activa-
| TEDS sites to either Glu/Asp or Ala to mimic phos-. ) P =
. ! . tion. Apparently, there is redundancy of binding in the
phorylation or dephosphorylation, respectively, results I . . :
S . ) — .~ complex: Arp2/3 can bind the complex either through
activation or loss of actin activated MgATPase activity : =
o . myosin | or Beelp [Lechler et al., 2000]. The signifi-
in vitro [Wang et al., 1998] (our unpublished results), . .
. : ¢cance of this redundancy is unknown. Importanty,
This mutation has been a useful tool to analyze the " . . .
S . . . 7= " cerevisiaeclass | myosins do not carry out a simple
effects of active/inactive class | myosin function in VIVQ. - ctural role in the complex: mvoSo. lacking motor
[Wu et al., 1997; Novak and Titus, 1998] (see In Vivg .. . piex: myoop facking
Functions of Class | Myosins). Interesting| vertebrat%cnvIty cannot support actin polymerization in a recon-
Y . gy, stitution assay [Lechler et al., 2000].

class | myosins contain a charged acidic Glu or Asp How class | myosins participate in the complex is

residue in place of a phosphorylatable serine or threonmﬁclear. One possibility is that they are involved in

at the TEDS sight, thereby mimicking the activated Sta’f’eovement of the complex towards sites of actin assem-

in qc_onsﬁtutwe, unregu_lateq manner. Presumably, moﬁiy Another, the “ratchet” model, proposes that class |
activity in these myosins is controlled through othef

undiscovered mechanisms myosins_ Iink t_he_complex to the_ membrane by thgir tail
' phospolipid-binding TH1 domain, though there is no
biochemical evidence that either class | myosinSof
cerevisiaebinds phospholipids. Movement of myosin
along the elongating actin fiber below it would then
The discrete subcellular localization of various mygenerate a membrane protrusion, allowing the addition of
osin I's has been attributed to “localization addressegiore G-actin to the barbed end. Precisely how class |
located within the tail region [Coluccio, 1997]. Bindingmyosins carry out this relatively long-range processive
through SH3 domains was known to link various signahovement is a mystery since biochemical measurements
transduction proteins to the cytoskeleton. Acan125 waave shown they spend most of their time dissociated
isolated using a bacterially expressed SH3 fusion protdiom actin filaments. Perhaps the multiple myosin | bind-
of A. castellanii myosin IC in a cell-extract-binding ing sites (up to 20) found in Beelp or Verprolin simul-

Tail of Class | Myosins Is in a Complex With
Other Proteins
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taneously tether a large number of class | myosins, emutant was subsequently used to perform mutational
abling a more processive activity. studies of MYOB. Mutant versions of MYOB lacking the
tail SH3 domain or containing an unphosphorylatable
TEDS rule site were unable to rescue the/oA-/B-
IN VIVO FUNCTIONS OF CLASS | MYOSINS phenotype, but did localize correctly [Novak and Titus,
1998]. This indicates that both the increased motor ac-
tivity of phosphorylated MYOB and the presence of the
D. discoideunis well suited for the study of the in SH3 domain are essential for function but not for local-
vivo function of class | myosins because one can manigation.
ulate its genes (i.e., gene deletion or replacement) and The most commonly described model for class |
quantify the phenotypic consequences using a varietymf/osin function in vivo inD. discoideumis that they
cellular and motility assays. The organism’s drawbacksovide the motive power to retract actin-rich pseudo-
stem from the fact that it expresses seven class | myospws. The function of pseudopods is to pinocytose extra-
(MYOA-F, MYOK). This may be an evolutionary con-cellular fluids prior to their uptake by vesicle transport
sequence of its complex development life cycle and isystems. This model explains the decreased rates of
highly motile nature. An additional complication in in-phagocytosis and pinocytosis in myosin | knockout
terpreting phenotypes resulting from class | myosistrains and the increased number of pseudopods (as there
knockouts inD. discoideunis that they change dramat-are no class | myosin molecules to retract them). It also
ically depending on whether the cells are grown on solekplains the similar defects seen in MYOB overexpress-
plates, their more “natural” state, or in liquid culture. ing cells: high levels of MYOB cause retraction to be so
None of theD. discoideummyosin | genes are strong that the opposing process of pseudopod extension
essential for growth. Single gene deletion studie®of is delayed.
discoideuntlass | myosins indicate there is considerable  Since motility in these cells is carried out by pseu-
overlap in function between them although they do nolopod extension and retraction, this too, is affected. The
all perform exactly the same functions. For exampl@seudopod retraction model does not directly explain the
deletions ofmyoA, B, Cor overexpression of MYOB all need for multiple myosin | isoforms. An alternate model
cause reduced motility (probably as a result of the redus-thatD. discoideuntlass | myosins have a more general
tion in the speed of pseudopod extension) and pinocyt@le in optimizing the levels of cortical tension [Dai et al.,
sis [Titus et al., 1993; Wessels et al., 1991; Jung et a999]. Consistent with this it has been shown that al-
1996; Novak et al., 1995; Jung and Hammer, 199€houghD. discoideumcells lacking only one myosin |
Novak and Titus, 1997] (Fig. 2). Quantitative measurdrxave normal levels of cortical tension, double mutants
ment of these functions show that each myosin | isoforhrave significantly reduced (50%) cortical tension, and
makes a different relative contribution to a particulathose that overexpress MYOB or MYOC exhibit in-
function. Localization studies also indicate considerabtgeased cortical tension [Dai et al., 1999]. Cortical ten-
overlap in the subcellular distribution @. discoideum sion could be maintained by myosin | molecules cross-
class | myosins [Jung et al., 1993; Fukui et al., 198%inking and pulling on actin cables. This model does not
Morita et al., 1996; Titus et al., 1995; Schwarz et alexplain the increase in pseudopod formation in cells
2000]. For example, MYOB, C, and D all localize tdacking a single class | myosin.
pseudopods at the leading edge of amoebae. None of the . .
D. discoideumclass | myosins carry out a unique task- ¢astellanii Class | Myosins
that does not overlap with that of others in the class. This  The inability to conduct molecular and genetic ma-
may simply be a result of our inability to devise specifiaipulations in this organism has limited its utility in the
enough assays to measure the resulting defects and sigely of in vivo myosin | function. Immunostaining with
gests that there may be additional, more subtle diffasoform-specific antibodies has shown that myosins IA,
ences that will become apparent at higher levels of ebB, and IC have both distinct and overlapping localiza-
perimental resolution. tion patterns (Fig. 2B) [Baines et al., 1992]. Most striking
The difficulty of eliciting pronounced morpholog-is the unique localization of myosin IC to the contractile
ical defects through single myosin | deletions has led t@cuole. This organelle collects and expels excess water
the construction of strains deleted for multiple myosinghen the amoeba is kept under hypotonic conditions. In
(Fig. 2A). For example, anyoA-/B-strain shows a syn- perhaps the most convincing demonstration of class |
ergistic decrease in macropinocytosis (non-receptor-nmayosin in vivo function, amoebae were scrape loaded
diated fluid phase uptake, that is carried out by pseudweith myosin IC specific antibodies and shown to lyse
pod extension) and growth rate and a large increase in theder hypotonic stress [Doberstein et al., 1993]. Micro-
formation of actin-rich crowns [Novak et al., 1995]. Thiscopic analysis revealed that vacuole contractions were

Dictyostelium discoideum Class | Myosins
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specifically inhibited by the antibodies leading to deregpatch distribution, and changes in cell shape and the cell
ulated uptake of water into the cells and subsequent lysigall. The mutational analysis of myo3p and myo5p has
Interestingly, class | myosins in the amoebdiddiscoi- provided us with several important insights (Fig. 2C).
deumdo not co-localize to the contractible vacuole. Deletion of the myo5p SH3 domain results in its mislo-
The localization of phosphorylated (motor activegalization and an inability to complement theyo3-/5-
and dephosphorylated (motor inactive) myosin | isg@henotype. The tail proline-rich or acidic domains are not
forms was determined by Baines et al. [1995] usingssential for in vivo function [Anderson et al., 1998].
phospho-specific antibodies. This study showed that thtor activity is absolutely required for myo3p function
myosin IC associated with the contractile membrane wasce a motor inactive S357A TEDS-rule site myo3p
mostly phosphorylated. Surprisingly, most of the myosimutant is unable to complement the/o3-/5-phenotype
IB and IC associated with the plasma membrane wfsechler et al., 2000; Geli and Riezman, 1996; Wu et al.,
dephosphorylated and presumably inactive. In contra897]. The motor-activating S357D mutation, containing
cortex-associated and cytoplasmic myosin | (largely mg charged acidic residue to mimic phosphorylation, can
osin 1A) was mostly phosphorylated, especially arountbmplement thenyo3-/5-phenotype and support actin
phagocytic cups. Taken together, the localization studiassembly in a Cdc42 mutant strain [Lechler et al.,
of myosin IA and IB indicate a role in maintaining2000]. Cdc42p functions upstream of the PAK family
cortical tension (myosin 1A) and phagocytosis (myosimembers Cladp and Ste20p to promote actin polymer-
IB), although inferring function solely on the basis ofzation. Surprisingly, introduction of the S357D activat-

localization is risky. ing mutation to a strain lacking Cla4p and Ste20p does
. . not rescue the mutant phenotype, suggesting these ki-
Saccharomyces cerevisiae Class | Myosins nases have other targets that are require&faerevisiae

The ability to carry out refined genetic screens andability. Although the observed phenotypes of the
manipulations and the availability of a sequenced getyo3-/5-and mutant strains provide us with some clues
nome and a variety of cytoskeleton-related mutants haas to class | myosin function, it is difficult to pinpoint the
rapidly pushed. cerevisiado the forefront of myosin | primary, as opposed to secondary defects caused by the
research. InS. cerevisiaghere are two highly related deletions or mutations. For example, is the slowing of
class | myosin genespyo3andmyo5b Deletion of either endocytosis caused by defects in the organization and
one results in no observable phenotypic consequengeslarity of the actin cytoskeleton, or is it caused directly
Deletion of both is either lethal [Geli and Riezman, 1996}y the loss of myosin | involvement in the process of
or severely debilitating [Goodson et al., 1996], probablgndocytosis? If the function of myo3p and myo5p is to
depending on the strains genetic background (Fig. 2@grticipate in the polarized organization of the actin
This indicates that myo3p and myo5p probably perforpatches and cables, then the observed defects in secre-
overlapping functions. tion, endocytosis, and cell shape are secondary, resulting

S. cerevisiae myo3-/Ftouble mutant cells exhibit from the loss of actin organization.
defects in general growth, endocytosis, secretion, actin  Strengthening the argument titcerevisiaelass
I myosins are directly involved in actin organization is
the finding that both myo3p and myo5p co-localize to
actin patches and cables and disperse when actin is
Fig. 2. Summary of the in vivo functions of amoeboitl, 8) and artificially depolymerized. Also, both myo3p and myo5p
fungal C, D) class | myosins. The class | myosin isoform(s) expressdgave been shown to form complexes with a variety of
in each organism and their domain organization are described at Q@tin-binding and organizing proteins (see Biochemical
top portion of A-D. Oval = motor domainzigzag line= 1Q motifs, gy, g ¢ Myosin | Function). Geli and Riezman [1996]
straight line= TH1 domain triangle = GPA/GPQ proline rich motif, . t . .
rectangle= SH3 domainsmall rectangle= acidic region.) Cellular @rgue that class I myosins are directly involved in endo-
localization is given in a schematic representation (Abbreviations a@ytosis since defects in endocytosis show up very rapidly
N, nucleus; CV, contractile vacuole), and relevant citations are givgaz15 min) in a heat-sensitivenyo3-/5- myo5-Xtrain at
in parenthesis. The phenotypic consequences of class | myosin ggagtrictive temperatures (37°C). Unfortunately, at 37°C,

knockouts or mutations are summarized in the tables in the lowgr

portion of each panel. References given in the figure are noted ﬁ}e actin CytOSkelemn is also rapldly depOIanzed [Ander'

superscript numbers®Titus et al., 1993°Wessels et al., 1998Jung SON €t al., 1998], complicating the interpretation of this
and Hammer, 1996 Novak et al., 19958Jung and Hammer, 1990; experiment.
fJunlg 35883 1993EFuk(;Ji etal, égg??'\/lofita et lal-, ;ggsjsbchwarz In our view, the in vivo role of class | myosins will
etal. Novak and Titus, 1998Baines et al., 1992Doberstein ; i i i

’ ' : ' ' only be accurately defined with the aid of myosin mutant
et al., 1993"Baines et al., 1999'Geli and Riezman, 1996Goodson y . Yy . . . “ y .
et al., 1996 Anderson et al., 1998'Wu et al., 1997/McGoldrick et Stralns' ESpeCIaIIy informative W'!I be separgtlon_ _Of
al., 1995; Syamashita et al., 2000tyamashita and May, 1998; function” mutants that have selectively lost their ability

“Osherov et al., 1998]. to interact with distinct binding partners. This more so-
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phisticated approach may well lead us to the conclusi@ a nonessential activity of MYOA. In the absence of
that class | myosins are multifunctional proteins, wittMYOA, other proteins, possibly motor proteins, substi-
diverse binding partners, providing for spatial and tenute for it.
poral regulation of myosin | functions. It is important to note that TEDS rule site motor
inactivating mutants of class | myosins in bdih dis-
coideumandS. cerevisia@re non-functional in vivo, in
The filamentous fungu&. nidulanscontains a sin- contrast to our result. Equally surprising, a deletion anal-
gle class | myosinmyoA MyoA is an essential gene.ysis of the tail subdomains revealed that the SH3 domain
Both a conditional null mutant and a disrupted heter@f MYOA is not essential for function. MYOASH3was
karyon undergo cell swelling and nuclear division buorrectly localized in vivp and the mutant strain was
fail to initiate hyphal growth. Protein secretion is alsphenotypically normal [Yamashita et al., 2000; Osherov
reduced [McGoldrick et al., 1995]. Becaudenidulans et al., 1998]. On the other hand, deletion of the proline-
is a genetically amenable organism containing a singlieh domain resulted in a mutant MYOA that retained
essential class | myosin, it is a good system for studyirghly limited function [Osherov et al., 1998]. This mutant
the in vivo function of this class of proteins. grew very poorly and displayed abnormal hyphal branch-
MYOA localizes in actin-associated corticaling, suggestive of a failure to initiate and maintain polar
patches found throughout the fungus, being especiaflyphal growth. In contrast, in S. cerevisiae, the myo5p
concentrated at the hyphal tip and at sites of septusH3 domain is essential for function and localization,
formation [McGoldrick et al., 1995; Yamashita et al.and the proline-rich domain is not [Anderson et al.,
2000]. Mutational studies of either the motor or tail99g]. In D. discoideum the MYOB SH3 domain is
domain of MYOA have yielded some surprising resultgssential for function but not for localization [Novak and
[Yamashita and May, 1998; Osherov et al., 1998].  Titys, 1998]. How can these differences be explained?
Mutation of the TEDS rule phosphorylation siteperhaps imA. nidulans MYOA, instead of binding to a
from serine to glutamic acid, which mimics phosphorypgline-rich Beelp-like docking protein (as $ cerevi-
lation, leads to constitutive actin-dependentVIgTPase  sjag, binds an SH3 containing protein through its pro-
activity in vitro [Brzeska et al., 1999]. A mutant strain ofjine-rich motif. Identification of proteins that interact
A. nidulans expressing this mutant protein (S391Eth the MYOA proline-rich motif will resolve this open
shows an accumulation of membranes at the hyphal Hgestion. The nonessential MYOA SH3 domain might
and a sharp increase in the rate of endocytosis. Interegtie to mask the adjacent proline-rich motif, adding an

ingly a sharp increase in the rate of endocytosis for thgygitional layer of control to the system. It seems that in
corresponding S357D mutant 8. cerevisiaghas not A nidulans myoA the single class | myosin gene, is

been reported. The increased rates of endocytosis in {R€s|ved in a variety of activities including nonessential
S371E mutant irh. nidulansindicate a possible connec-nctions, such as increasing the rate of endocytosis and

tion between phosphorylation of MYOA by PAK family ggsential structural functions in maintaining cell polarity.
kinases and involvement in endocytosis. In contrast, mu-

tation of serine 371 to alanine, mimi.cking the depho;,ertebmte Class | Myosins
phorylated state of MYOA, resulted in greatly reduced

actin-dependent Mg ATPase activity (10% of phes Most of the studies that have been carried out on
phorylated wild type, our unpublished results) but had ribe in vivo function of vertebrate class | myosins (BBMI,
effect on endocytosis [Yamashita and May, 1998]. AMMIa, MMIB, myrl, myr3,) have attempted to imply
though growth rates were slightly reduced in liquid sutspecific functions based on subcellular localization
merged culture, the strain was morphologically anifoluccio, 1997]. An especially elegant study identified
structurally normal. Why is this mutant almost normathe localization of different classes of myosins (myosin
despite retaining only a fraction of its motor activity?@, myosin V, myosin VI, myosin Vlla) in the inner ear
One possibility is that basal motor activity is sufficient téensory epithelia [Hasson et al., 1997]. These myosins
support growth of the fungus. Alternatively, perhaps thaere found to have both unique and overlapping distri-
motor function of MYOA is not essential for viability; butions. For example, myosi llocalized primarily to
instead, MYOA functions as an essential structural prthe tips of stereocilia. These are actin-rich protrusions
tein required for polarized growth and secretiorfound at the top of hair cells. By virtue of its localization
Strengthening this argument, we have recently showat these tips, myosinglis implicated as the hair cells’
that other MYOA “motor-dead” mutations can also sup-adaptation motor,” ensuring that mechanically gated
port these activities (our unpublished observations). Hanansduction channels are optimally poised to detect tiny
can the normal endocytosis rates seen in the S37#lAflections induced by sound waves. This study under-
mutant be explained? One possibility is that endocytosisores the incredibly complex problem of understanding

Aspergillus nidulans Myosin |
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how cells differentially use the dozens of myosivarious class | myosins iA. castellaniiand D. discoi-
isozymes present in the genome. deum A. nidulansMYOA, the only class | myosin ex-
Several interesting new studies have begun to gokessed in this fungus, carries out several functions, both
dress the problem of vertebrate myosin | function in vivessential (polarized hyphal growth) and nonessential (in-
by directly perturbing the function of specific myosingreasing the rate of endocytosis). To carry out multiple
and analyzing the resulting outcome. In a notable exaffionctions, class | myosins probably form different pro-
ple, specific destruction of MM at the tip of neural tein complexes depending on the task at hand. This
growth cones utilizing a technique called CALI (chrowould explain the apparently conflicting results regard-
mophore assisted laser inactivation) resulted in expang the relative importance of the tail subdomains ob-
sion of lammelopodia concentrated at the tip. This finderved in various organisms.
ing indicates that MMk plays a role in maintaining To attain a more unified and cohesive picture, more
lammelopodial tension [Wang et al., 1996]. research utilizing techniques from biophysics, biochem-
Over-expression of the tail region of myrl in NRKistry, genetics, and cell biology will have to be carried
cells revealed that it localized to the plasma membraoet. The generation of mice knockout strains and cell
like the full-length protein. This finding suggests that thines, more work on flies and nematodes, higher resolu-
tail contains sufficient information to localize correctltion crystallographic data and new techniques for ana-
[Ruppert et al., 1995]. In contrast, the BBMI tail regiorlyzing single molecules or molecules in single cells (i.e.,
did not localize correctly when overexpressed in a nooptical tweezers, CALI, etc.) will help answer the many
polarized hepatoma cell line [Durrbach et al., 1996]. lananswered questions. More research should be carried
fact, its mislocalization to diffuse patches in the cytosaut to find the connection, at the signaling pathway level,
was accompanied by defects in endocytosis and striietween class | myosins and other classes of myosins. Is
tural changes in the endocytic compartments. Similarlihere cross-talk and coordination between them? Are
overexpression of truncated BBMI in polarized epithelighey controlled through different or overlapping signal-
cells resulted in perturbation of trafficking of basolateling elements? In addition, are there connections between
ally internalized molecules to the apical surface [Durclass | myosins and non-myosin motor systems such as
bach et al., 2000]. Whether these dominant effects arenécrotubule motors as has been suggested for class V
direct result of competition with endogenous full-lengtimyosins [Wu et al., 2000].
myosin | for specific binding sites or a secondary defect The existence of multiprotein actin binding com-
remains unclear. plexes that contain class | myosins opens many avenues
Transformation of HelLa cells with a dominant acef investigation. Are they found in higher organisms?
tive form of CdC42 caused a recruitment of myr3 télow do the components coordinate their functions? Are
intracellular junctions, suggesting a link between smatere different complexes in various organisms? For ex-
G-proteins that regulate the actin cytoskeleton and typamnple, the myosin | SH3 domain is essential both for
myosins in higher organisms. Interestingly, recruitmemanction and interaction with Beelp/p116$ncerevisiae
of myr3 depended on a functional motor domain andandD. discoideumtespectively, but is not essentialAn
short region in the tail, but was independent of theidulans myo/and rat myr3. Do these myosins complex
SH3/proline rich or TH1 domains [Stoffler et al., 1998]with different proteins that do not require an SH3 domain
to bind with?
Answering these many questions will clearly pro-
What generalizations can be made regarding thevide future research with many interesting challenges.
vivo functions of class | myosins? The amoeboid class |
myosins inA. castellaniiand D. discoideumappear to
play a role in actin-dependent movement and changesS\GKNOWLEDGMENTS
shape of subcellular structures such as vacuoles, pseudo-
podS, and endosomes. In fun@l(cerevisaieand A. We thank Jim Se”erS, Roxanne YamaShita, and
nidu|an$, the main role may be in Supporting po|arize(yvalter Pagel for comments on the manUSCfipt. This work
growth and endocytosis. Fungi have a protective chitiftas funded by National Institute of Health grant
rich cell wall surrounding the plasma membrane and §@M53027 to G.S.M.
not form pseudopods. Instead, polarized growth may be
viewed as a process of directional pseudopod-like exten-
sion behind an armoured outer coat. Emerging from theREFERENCES
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