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2. Background of the study

2.1 Actin cytoskeleton

Cell motility is one of the remarkable achievements of evolution. Eukaryotic cells have

the ability to organize directed movements to migrate, feed, divide, or drive internal

transport of materials (Lodish et al., 1996). The movements are dependent on the

cytoskeleton, a network of fibers that are found in the cytosol of all cells. Directed

movement is mediated in different ways in cells and is associated with dissipation of

energy. Molecular motors are the archetype of protein machines that produce

unidirectional force along skeletal filaments, converting the free energy derived from

ATP hydrolysis into directed movement.

Another type of ATP-consuming directional movement is the amoeboid crawling

motion, mediated by the polarized assembly of a polymer (Mitchison, 1996). The most

widespread polymer or cytoskeletal filaments are actin filaments. Actin-based motility

describes a variety of cellular processes through which living cells change shape in

response to environmental signals, or extend protrusions like lamellipodia and filopodia,

or wrap around a particle in a phagocytic cup.

2.2 Actin filaments

Actin is a 43 kD protein consisting of approximately 375 residues. It is encoded by a

large, highly conserved gene family. It is the most abundant intracellular protein in

eukaryotic cells.
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Actin exists as a globular monomer called G-actin that can self assemble into a filament,

called F-actin. The addition of Mg2+, K+, or Na+ ions to a concentrated solution of G-

actin will induce the polymerization of G-actin into actin filaments (Pardee, 1982). This

process is reversible and F-actin depolymerizes into G-actin when the ionic strength of

the solution is lowered. The actin filaments that are formed in vitro are indistinguishable

from microfilaments isolated from cells. Filamentous actin polymers are composed of 2

linear helical chains of G-actin forming a coiled-coil structure. When negatively stained

by uranyl acetate for electron microscopy, F-actin is a long, flexible filament whose

diameter varies between 7 and 9 nm (Fig. 1).

At higher magnifications, the globular subunits in the filament can be recognized, so

that the filaments appear as twisted strings of beads (Fig. 1a). From x-ray diffraction

studies of actin filaments and the actin monomer crystal structure, a model of an actin

filament was produced which shows the subunits organized as a helix (Fig. 1b). With

this arrangement, each subunit is surrounded by four other subunits, one above, one

below, and two on one side. Each subunit corresponds to a bead seen in the electron

micrographs of a filament. The half pitch distance of an actin helix measures 36 nm.

Fig. 1: (a) In the electron microscope, negatively
stained actin filaments appear as long, flexible,
and twisted strands of beaded subunits.
Successive narrow (7 nm diameter) and wide (9
nm diameter) views (arrows) of the helix repeat
every 36 nm. (b) A model of the arrangement of
subunits in an actin filament showing 14 subunits.
The subunits lie in a tight helix along the filament,
as indicated by the arrow. One repeating unit
consists of 28 subunits, covering a distance of 72
nm. (a) adapted from Lodish et al.,1996. (b)
adapted from Schmid et al., 1994.

(a)                                                           (b)
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2.3 Actin polymerization

Actin polymerization initiates by adding salts to a solution of G-actin, creating actin

filaments. We can follow the polymerization process with various assays, including

viscometry, sedimentation, and fluorescence spectroscopy (Pardee, 1982). Actin

polymerisation causes the solution to become viscous and this can be followed by

viscometry. In the sedimentation assay, F-actin but not G-actin will pellet at high g-

forces (i.e., centrifugation at 100,000 g for 30 min). In a fluorescence assay, a

fluorescent dye is covalently attached to G-actin. The fluorescence spectrum of the

modified G-actin monomer changes when the G-actin becomes part of a filament. These

assays are useful both for studying the kinetics of actin polymerization and for purifying

actin-binding proteins, which cross-link or depolymerize actin filaments (Pardee, 1982).

The polymerization of actin filaments proceeds in three sequential phases (Fig. 2a). The

first phase is marked by a lag period in which G-actin aggregates slowly into short,

unstable oligomers. Once the oligomer reaches a certain length (three or four subunits)

it can acts as a stable seed, or nucleus, which in the second phase rapidly elongates into

a filament by the addition of actin monomers onto both of its ends. This growth phase is

enhanced by the spontaneous and random breakage of the growing filaments, producing

additional filament ends that also act as seeds for elongation. The lag period can be

eliminated by adding a small number of F-actin nuclei to the solution of G-actin (Lodish

et al., 1996). As F-actin filaments grow, the concentration of G-actin monomers

decreases until it reaches an equilibrium. This third phase is called steady state, because

G-actin monomers exchange with subunits at the filament ends, but there is no net

change in the mass of filaments (Wegner et al., 1976) (Fig. 2b).
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Fig. 2a: The three phases of actin polymerization. During the polymerization of G-actin in vitro, actin
polymerisation accelerates after an initial lag period and eventually reaches a steady state. In the first
phase, G-actin monomers with bound ATP (grey subunits), form nuclei-stable complexes of actin (black
subunits) which in the second phase are elongated by the addition of subunits to both ends of the filament.
In the third phase of assembly, the steady state, polymerisation equals depolymerisation and the ends of
actin filaments are in equilibrium with monomeric ATP-G-actin. After their incorporation at the plus end
of a filament, subunits slowly hydrolyze ATP and become stable ADP-F-actin (white subunits) and then
dissociate from the minus end (adapted from Lodish et al., 1996).

Fig. 2b: Time course of the actin
polymerisation. The assembly of
G-actin into a helical polymer
proceeds in three phases: the lag
phase is due to a kinetic barrier to
nucleation; the growth phase
occurs as the monomers add to the
exposed ends of the growing
polymer; the equilibrium phase is
reached when polymerisation and
depolymerisation are balanced
because the amount of free G-
actin has dropped to the critical
concentration.

The equilibrium concentration of G-actin monomers is called the critical concentration

(Cc). This value is important because it measures the ability of a solution of G-actin to

polymerize. Under typical in vitro conditions, the Cc is 0.1 µM. Above this value, a

solution of G-actin will polymerize; below this value a solution of F-actin will

depolymerize (Pantaloni et al., 2001).

The crystal concentration differs for the two ends of the actin filament. This structural

difference is detected in polymerization experiments, because one end of the filament,

called the (+)-end, elongates five to ten times faster than does the opposite, or (-)-end.

Decoration of actin filaments with myosin reveals an arrowhead pattern giving rise to a

barbed on (+)-end and a pointed on (-)-end (Wang, 1985). The differences in elongation
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rates at the opposite ends of a filament are caused by a difference in critical

concentration for polymerization. Elongation of the barbed end is more favorable with a

critical concentration about ten times lower than at the pointed end. This difference

leads under steady state concentrations to the phenomena called treadmilling, a flux of

subunits through the filament due to net addition of monomers at the barbed end and net

loss at the pointed end (Pantaloni et al., 2001; Small et al., 1995) (Fig. 3). The assembly

of G-actin into F-actin is accompanied by the hydrolysis of ATP to ADP and Pi.

Although ATP hydrolysis affects the kinetics of polymerization, it is not necessary for

polymerization to occur (Korn et al., 1987).

The crystal structure of G-actin reveals two lobes separated by a deep cleft. The lobes

and the cleft comprise an ATPase fold, where ATP and Mg2+ are bound by ionic and

hydrogen bonds to amino acid side chains. ATP-G-actin monomers are added to the

ends of a filament and once they are incorporated into the filament, the ATP bound to

the actin subunit is slowly hydrolyzed to ADP. As a result of ATP hydrolysis, a large

part of the filaments consist of ADP-actin, except for the +/- ends (Korn et al., 1987).

Fig. 3: Treadmilling of actin. Intrinsic treadmilling
of actin filaments reflects the energetic imbalance
between the barbed ends and the pointed ends.
Barbed ends grow and pointed ends disassemble.
T=ATP-actin, DPi=ADP-Pi-actin, D=ADP-actin
(adapted from Pantaloni et al., 2001).
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2.4 Regulation of the actin cytoskeleton

Reorganization of the actin cytoskeleton plays crucial roles in many cellular functions,

such as cell shape change, cell motility, cell adhesion, and cytokinesis.

Filamentous actin is generally organized into a number of discrete structures: 1) actin

stress fibers are antiparallel, contractile bundles of actin filaments that traverse the cell

and are linked to the extracellular matrix through focal adhesions; 2) lamellipodia are

thin protrusive actin sheets that dominate the edges of cultured fibroblasts and many

migrating cells; membrane ruffles observed at the leading edge of the cell result from

lamellipodia that lift up off the substratum and fold backward; 3) filopodia are

fingerlike protrusions that contain a tight bundle of long parallel actin filaments in the

direction of the protrusion.

Spatially controlled polymerisation of actin is responsible for the formation of the

cellular protrusions like lamellipodia and fillopodia, therefore it is important that the

polymerization and depolymerization of cortical actin is tightly regulated (Takai et al.

2001, Pantaloni et al., 2001). The regulation of actin polymerization and organisation is

orchestrated by the small GTPases Rho/Rac/Cdc42 proteins. Rho regulates stress fiber

formation (Ridley et al., 1992; Miura et al., 1993), while Rac regulates ruffling and

lamellipodia formation (Ridley et al., 1992), and Cdc42 regulates filopodia formation

(Kozma et al., 1995; Nobes et al., 1995) (Fig. 4).

Fig. 4 Rho, Rac, Cdc42 and the actin
cytoskeleton (modified from Mackay and
Hall, 1998).
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Each of these GTPases acts as a molecular switch, cycling between an active GTP-

bound, and an inactive GDP-bound state (Fig. 5). In the GTP-bound form they are able

to interact with effector or target molecules to initiate a downstream response, while an

intrinsic GTPase activity returns the proteins to the GDP-bound state, to complete the

cycle and terminate the signal transduction (Bishop et al., 2000).

This cycle is regulated by guanosine nucleotide exchange factors (GEFs) which catalyze

the exchange of GDP for GTP, facilitated by the high GTP/GDP ratio in the cytosol and

GTPase-activating proteins (GAPs) that stimulate the usually weak GTPase activity of

small GTPases, converting them from the active GTP-bound to the inactive GDP-bound

state (Van Aelst et al., 1997; Kjoller et al., 1999) (Fig. 5).

Fig. 5: The Rho GTPase cycle. Rho GTPases are thought to exist in an inactive GDP-bound state
complexed to one of the three known Rho-GDIs. In response to an incoming signal, Rho-GDI dissociates,
and a GEF catalyzes nucleotide exchange and activation. In its active state, the GTPase interacts with
cellular targets or effectors (E1–E2-E3-E4) to generate a cellular response. Finally, one of around 10
known Rho GAPs will interact with the GTPase-target complex and catalyze GTP hydrolysis (Van Aelst
et al., 1997). TheGDP-bound form of the GTPase is then “extracted” from the membrane by Rho-GDI,
and the cycle is complete (adapted from Mackay and Hall, 1998).

One remarkable example of a protein involved in the regulation of the actin

cytoskeleton is a class IX myosin. In addition to the myosin motor domain (head
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domain), this class of myosins encompasses also a Rho-GAP domain, thus providing a

direct link between Rho GTPases and the actin cytoskeleton (Reinhard et al., 1995;

Müller et al., 1997; Post et al., 1998).

2.5 Actin-dependent motor proteins: the myosin superfamily

Actin polymerization is able to generate some forms of motility. However, certain

forms of motility such as cell division, vesicle transport and muscle contraction, depend

on the actin filament-dependent motor protein myosin.

Myosins constitute a large superfamily of proteins that share a common head domain

which has been shown to interact with actin, hydrolyze ATP and produce movement

(Mooseker et al., 1995; Hodge et al., 2000). A number of studies have provided new

concepts concerning the functions of myosins. The most important functions are

summarized in figure 6.

Fig. 6: Scheme of cellular functions that have been demonstrated to depend on myosins (modified from
Hall, 1998).
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All known myosins consist of three functional regions: (1) the head region, which

interacts with actin and binds ATP; (2) the neck region which consists of a variable

number of IQ motifs that are putative light chain binding sites. The neck region follows

directly the head region and together with the head region forms the motor domain that

produces mechanical force along actin filaments; (3) the tail region, which is highly

variable (Fig. 7).

Fig 7: Schematic structure of a single headed myosin consisting of
head, neck and tail region (adapted from Lodish et al., 1996).

2.5.1 The motor region

With the exception of several surface loops and the amino-terminus, all myosins share a

core of conserved residues in their head regions, many of which are known to

participate in nucleotide and actin binding (Berg et al., 2001; Sellers, 2000).

To date, at least 18 distinct classes of myosin have been identified based on

phylogenetic analysis of the core head region (equivalent to residues 88-780 of chicken

skeletal muscle myosin II) (Berg et al., 2001; Sellers, 2000; Hodge et al., 2000) (Fig. 8).



Literatur 18

Fig. 8: Unrooted phylogenetic tree of the myosin superfamily and proposed schematic structure (adapted
from the Myosin Hompage: www.mrc-lmb.cam.ac.uk/myosin).

Conservation of a given residue generally implies a functional role either in catalysis,

recognition or stability. In myosins, a conserved residue may be important in the

multiple steps involved in cleavage of ATP and release of products. Alternatively, it

may be important in conformational changes induced by ATP cleavage and product

release to both the actin-binding site and to the regulatory domain, whose movements

are thought to be responsible for the force generation (Whittaker et al., 1995; Uyeda et

al., 1993). The elucidation of the atomic myosin motor structures bound to various

nucleotides (Rayment et al., 1993a; Fisher et al., 1995; Smith et al., 1995) and the
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modelling of the actomyosin interface (Rayment et al., 1993b) allowed to propose a

possible role for many of the conserved residues in the motor region. The myosin motor

domain is essentially built of four subdomains connected by flexible linkers (Houdusse

et al., 1999) (Fig. 9). The amino-terminal subdomain is connected to the upper 50 kDa

subdomain which is, in turn, connected to the lower 50 kDa subdomain. The name (50

kDa) for these two subdomains is historical and relates to the fact that there are two

proteolytically sensitive surface loops which connect the 50 kD domain with the rest of

the myosin molecule. When these loops are cleaved, a band with a molecular weight of

50 kDa becomes apparent on sodium dodecyl sulphate-polyacrylamide gels (Mornet et

al., 1981a). The upper and lower 50 kDa domains are separated by a cleft which is lined

with many conserved residues. This cleft closes slightly upon binding of nucleotide into

the nucleotide binding pocket and may close more dramatically upon binding of myosin

to actin (Houdusse et al., 1999). These two domains comprise most of the actin binding

interface (Sellers, 2000).

Fig. 9: Three-dimensional structure of the head of chicken fast skeletal muscle myosin represented as a
ribbon diagram S1. The colours are as follow: 20 kDa domain (green) 50 kDa domain (red), 25 kDa
domain (blue). The most highly conserved region are showed in grey (modified from Sellers, 2000).
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Two variable domains of the myosin head region were identified as surface loops in the

crystal structure of chicken skeletal muscle myosin II (Rayment et al., 1993a; Cope et

al., 1996). Based on their position in the myosin molecule, these loops may be

important for both nucleotide and actin binding (Goodson et al., 1999; Cope et al.,

1996; Rayment et al., 1993b; Schröder et al., 1993). Loop 1 (25-50 kDa junction) is

near the ATP binding site. Substitutions within this region in class II myosins have led

to altered ADP release rates (Uyeda et al., 1994; Rovner et al., 1995; Goodson et al.,

1999; Murphy et al., 1999). Loop 2 is the region between the 20 kDa and 50 kDa

proteolytic domains, called 50-20 kDa junction. The 50-20 kDa junction is highly

variable within each of the myosin classes, both in terms of composition and length.

Experiments in which the sequences of this junction from fast skeletal, smooth and

cardiac muscle myosins II were exchanged onto a common backbone (Dictyostelium

discoideum myosin II) showed that this loop is important for controlling the speed of

movement (Goodson et al., 1999; Uyeda et al., 1994; Rovner et al., 1995). This region

is important for the actin-myosin interaction (Murphy et al., 1999). Mornet and Kassab

(1981a,b) showed that this segment in myosin II (the 20-50 kDa junction) is protected

from trypsin proteolysis when it is bound to actin. In the modelling of the actomyosin

complex (Rayment et al., 1993b), this region is positioned close to the actin interface.

2.5.2 The neck region

The neck region consist of a variable number of IQ motifs that have the consensus

sequence IQXXXRGXXXR and are known to be the binding sites for calmodulin and

myosin light chains that are members of the EF-hand superfamily (Rhoads et al., 1997).

The number of IQ motifs present in the neck of different myosins can vary between zero

and seven (Sellers, 2000). Various roles have been assigned to the light chains. Light
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chain binding may mechanically stabilize a lever arm that is necessary to amplify step

size and sliding velocity (Rayment et al., 1993a; Dominguez et al., 1998; Uyeda et al.,

1996; Howard et al., 1996). The light chains appear to have additional regulatory roles,

e.g. myosinV and myosinI. They are regulated by calcium in vitro. Calcium-dependent

regulation of different myosins may be mediated allosterically by changes in the affinity

of one or more calmodulins for the neck region. Thus, one mode of regulation of

myosins may be through altering the flexural rigidity of the neck region by either

calmodulin light chain dissociation or alteration in light chain binding affinity.

2.5.3 The tail domain

The tail region of myosins is of variable length encompassing domains thought to be

involved in diverse cellular functions like cargo binding and/or localization and

signalling within the cell. A summary of protein domains found in myosin tails is shown

in Fig. 10.
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Fig. 10: Bar diagrams of examples from each of the myosin classes demonstrating the diversity in their
tail region structures (adapted from the Myosin Hompage: www.mrc-lmb.cam.ac.uk/myosin).

2.6 Motor properties of myosins

A unique property of molecular motors is their ability to convert energy from ATP

hydrolysis into work, enabling the motors to bind to and move along cytoskeletal

filaments. Myosin, in association with actin, is responsible for a variety of cellular

movements in eukaryotic cells. Myosins are capable of either translocating actin

filaments or translocating vesicles or other cargo on actin filaments. Chemical energy is

transformed into directed movement by actin-activated ATP hydrolysis within myosin

during the process. The next paragraphs will describe some motor properties and how

they differ between different myosin motor molecules.
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2.6.1 The myosin ATPase cycle

Myosin transduces chemical energy from ATP into motion by coupling actin binding

with cycles of ATP-dependent conformational changes in the head (Spudich, 1994).

Movement results from the cyclic attachment and detachment of the myosin head from

the actin filament and a change in myosin conformation (Fig. 11). In the absence of

bound nucleotide, myosin binds actin tightly in a "rigor" state. When ATP binds (step1

in figure 11), it closes the nucleotide-binding cleft in the head. This weakens actin

binding by opening the actin-binding cleft. Detached from actin, the myosin head

hydrolyzes ATP (step 2) modifying the conformation in the head and allowing

rebinding to the actin filament in a new position. Force is generated during the so-called

power stroke (step 3). Myosin rebinds to the filament, releasing phosphate and then

ADP (step 4). As phosphate dissociates from the ATP-binding cleft, the myosin head

undergoes a second conformational change -the power stroke- which leads myosin to its

rigor conformation. Since myosin is bound to actin, this conformational change exerts a

directional force along the actin filament.

Fig. 11: The ATPase cycle for a myosin II (conventional muscle myosin). For details see text (adapted
from Rayment et al., 1994 and from Lodish et al., 1996).
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According to the model proposed in Fig. 11, myosin exists in two states while tightly

bound to actin: a state before the power stroke (step 3 in figure 11) of the neck region of

myosin and a post-stroke state. In step 2, the ATP is rapidly hydrolysed to ADP and Pi,

which stay tightly bound to the myosin. This myosin-Pi-ADP is in rapid equilibrium

with an actin-myosin-Pi-ADP complex, but this is a low-affinity state. This step is

followed by a slow transition (shown in step 3) to an activated, high-affinity form of the

actin-myosin* complex. The total cycle time is limited by step 3 and is determined by

how fast the low-affinity actin-myosin-Pi-ADP complex is converted to the hight-

affinity actin-myosin*-Pi-ADP complex (Spudich, 1994). This conversion triggers the

release of Pi (step 4 in figure 11), which in turn triggers a putative large conformational

change (step 5 in figure 11) that allows the ADP dissociation. Dissociation of ADP

allows the rapid binding of ATP to myosin and the crossbridge cycle repeats.

2.6.2 Myosin step size

In 1969, based on an x-ray diffraction study of muscle, H. E. Huxley (1969) proposed a

"tilting crossbridge model" in which the myosin head, attached to an actin filament, tilts

and pulls on the actin filament. Since then, major breakthroughs were the availability of

the atomic structure of muscle myosin (Rayment et al., 1993b) and the development of

in vitro motility assays (Ishii et al., 2000). X-ray crystallography demonstrated that the

angle of a domain of the C-terminal myosin head region, the "converter", changes

relatively to the catalytic domain of the head, depending on the form of bound

nucleotides (ATP or ADP/Pi) (Dominguez et al., 1998). The tilting crossbridge model

has been refined, on the basis of this finding, into the "lever-arm model." In this model,

small structural changes that are coupled to the ATPase cycle in the catalytic domain of

the myosin head are magnified by pivoting of the light-chain binding domain (neck),
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which acts as a lever arm. The translation caused by this pivoting of the lever arm

would be about 5 nm for conventional myosin(Goldman, 1998; Cooke, 1997). However,

there is no guarantee that the structural changes seen in crystals do take place while the

myosin head, attached to an actin filament, tilts and pulls on the actin filament. New

technologies for manipulating single actin filaments with microneedles, optical traps,

and optical sensors that can resolve objects at nanometer scales have allowed the

displacement of single myosin molecules to be measured directly in vitro, and the lever-

arm model has been tested with these technologies. The displacements reported,

however, have varied considerably (Yanagida et al., 2000). Some reports have shown

myosin II displacements of about 5 nm, which is consistent with the lever-arm model.

However, others have shown that if myosin is oriented correctly relatively to the actin

filament axis as in muscle, the value increases to 10-15 nm, which is significantly larger

than the values expected from the lever-arm model (Veigel et al., 1999).

Furthermore, the two helical actin strands twist around the filament axis. As a result,

consecutive binding sites are separated by 36 nm, the half-pitch distance. A single head

of myosin II cannot span the 36 nm to its next identically oriented binding site. The

motion of skeletal muscle myosin along the actin filaments is shown in Fig 13 (see

above). For convenience, only one head is shown. It is possible that the other head

walks along a different actin filament.

There is evidence that the size of the power stroke is dependent in a linear manner on

the length of the lever arm (Uyeda et al., 1996). Because in different myosins the light

chain binding region (lever arm) has a different number of IQ-motifs and length, the

step sizes also differ (Howard, 1997; Veigel et al., 1999; Metha et al., 1999) (Fig. 12).
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Fig. 12: Ways in which myosin might increase its working stroke. By increasing the angle of the swing
from -30 deg to -60 deg, it is possible to increase the working distance from as little as -4nm for skeletal
muscle myosin II (left), to ~ 7 nm for smooth muscle myosin II. By increasing the length of the lever arm
by increasing the number of light chains in the regulatory domain, it is possible further to increase the
working distance to ~10 nm for brush-border myosin I, and to 20 nm for myosin V (Adapted from
Howard, 1997).

Myosin V is one of 18 known classes of actin-based molecular motors and is implicated

in several forms of organelle transport (Baker et al., 1998). Myosin V is a double

headed molecule, but unlike muscle myosin (class II), it does not self assembly into

filaments and is believed to function as an independent molecule (Titus, 1997). This

myosin V has a long neck region (23 nm), which is about three times as long as that of

muscle myosin (8 nm). Therefore, displacements may also be large (Figs. 12 and 13).

Mehta et al. (1999) showed in an optical trapping assay that an actin filament was

pulled continuously for several steps of 30-40 nm by one molecule of myosin V. Since

the size of the observed steps of myosin V coincides with the actin helical repeat (36

nm), myosin V is thought to walk linearly along the helical actin filaments (Walker,

2000).
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Fig. 13. The tight coupling model of the actomyosin force production. A typical tight coupling model is a
lever-arm model. In this model, a lever-arm tilting (conformational change) is coupled to each ATPase
cycle in a one-to-one fashion. Displacements per ATPase cycle are expected to be proportional to the
length of the neck region (lever arm). One of the two heads of myosin II is not drawn here, because the
two heads are thought to operate independently. On the other hand, the two heads of myosin V are
expected to operate in a hand-over-hand fashion being capable to travel long distances without detaching
(modified from Yanagida et al., 2000).

Very recently some motor properties of myosin VI were reported, a double headed

myosin involved in intracellular vesicle and organelle transport (Rodriguez et al., 2000).

Modal steps measured with a dual beam optical method (Metha et al., 1998) indicated

forward steps of 27 nm and a back steps of 11 nm (Rock et al., 2001). Myosin VI has

only a single calmodulin light chain in the lever-arm domain, which, according to a

simple lever-arm model, implies a maximum working stroke of 5 nm. Therefor, myosin

VI takes much larger steps than expected, based on a lever arm mechanism (Rock et al.,

2001). The mechanism of the large walking stroke of myosin VI is not yet solved.

However, there is a unique 53-residue insert of unknown function between the converter

domain and the light chain-binding region (Wells et al., 1999; Homma et al., 2001b).

This insert (and perhaps adjacent structures) may adopt an extended conformation to

allow myosin VI to take the observed 30nm steps.
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2.6.3 The directionality of myosin

Directional movement along polarized tracks such as actin filaments is another of the

fundamental properties of the motor proteins. All previously characterized myosins

move towards the barbed end of the actin filament. Very recently, it was found that

class VI myosin moves towards the minus end of actin filaments (Wells et al., 1999;

Schliwa, 1999). It was proposed that the reverse directionality of myosin VI is caused

by a unique large insertion located between the motor region and the neck region which

would change the movement of the lever-arm in the opposite direction (Wells et al.,

1999). This view has been questioned by a recent finding showing that the motor core

domain is responsible for the directionality of myosin movement (Homma et al.,

2001b). Based on this new finding, it was predicted that there would be other myosin

members that also move toward the minus-end (Homma et al., 2001b). Very recently, it

has been reported that the single headed class IX myosin 9b also moves towards the

minus end of actin filaments (Inoue et al., 2002) supporting the idea that the motor

domain, but not the unique insertion in myosin VI, is responsible for the minus-end

directed movement.

2.6.4 Myosin processivity

To move along a filament over a distance that is large compared to molecular

dimensions, each crossbridge must cycle repetitively between attached and detached

phases without detachment from the filament. Processivity refers to the ability of a

motor to bind to a filament and take several successive steps before detaching. The

processivity can be understood using the concept of the ‘duty ratio’, that describes the

fraction of the time that a motor domain spends attached to its filament during one cycle
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(Fig. 15) (Howard, 1997). In the attached phase of duration Ton , the head or crossbridge

under-goes the 'working'stroke, and in the detached phase, of duration Toff, it undergoes

the 'recovery' stroke, which returns the crossbridge to its initial conformation (Fig. 14).

Fig. 14: The duty ratio of the crossbridge cycle. (a) It is proposed that a crossbridge, or 'head', makes a
working stroke during the attached phase (of duration ton) and makes a recovery stroke during the
detached phase (of duration Toff). (b) By recovering its initial conformation while detached, the motor
avoids stepping backwards and so progresses by a distance equal to the working stroke during each cycle.
The duty ratio is defined as the fraction of the time that the motor is bound during its working phase
(adapted from Howard, 1997).

Myosin II, the motor that powers muscle contraction, is characterized by a low duty

ratio. It is strongly attached to actin for only a small percentage (i.e. 5%) of its

mechanochemical cycle (Uyeda et al., 1990; Harris et al., 1993). The low duty ratio is

compatible with muscle function given that there are hundreds of myosin molecules per

thick filament and the sarcomere provides a structure that prevents actin filaments from

diffusing away (Huxely et al., 1985; Thomas et al., 1995; Baker et al., 1998; Irving et

al., 2000).

In contrast to myosin II, myosin V exhibits a high duty ratio and remains attached to

actin for a large fraction of its mechanochemical cycle (Moore et al., 2001). This is

necessary, since the low density of myosin V molecules on the vesicle surface allows

only a few myosin V molecules to interact simultaneously with the actin filament

(Metha et al., 1999). Consistent with this prediction, dilution studies indicate that a

single tissue-purified myosin V molecule can undergo several mechanochemical cycles
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(i .e., multiple steps) along an actin filament without diffusing away (Mehta et al., 1999;

Rief et al., 2000) and thus has been termed a "processive motor."

Solution kinetic experiments have demonstrated that monomeric myosin V fragments

follow the general scheme of myosin II but that there are key kinetic modifications. In

particular, the weak-to-strong transition is not rate limiting and occurs more than ten

times faster than the cycling rate (De LaCruz et al., 1999). Moreover, ADP release,

regulating the strong-to-weak transition, is the rate-limiting step in the overall cycle (De

La Cruz et al., 1999; De La Cruz et al., 2000a, De La Cruz et al., 2000b; Rief et al.,

2000). Such measurements indicate that in myosin V the necessary kinetic adaptations

to support a high duty ratio have evolved (Metha et al., 1999). On the basis of the above

data, a molecular model for processive movement of myosin V has been proposed (Rief

at al. 2000; Vale et al., 2000) (Fig. 15).

Fig. 15: Model of nucleotide-dependent processive stepping of myosin V along an actin filament.
The trailing, nucleotide-free head binds ATP (a) and detaches, relieving the axial strain in the molecule
(b) and bringing the detached head towards the next actin site (e). Dissociation of ADP completes the
working stroke (d). Attachment of the free head is quickly followed by loss of phosphate by actin
activation, and a tight binding develops (e). The detached head is shown in two conformations to indicate
the transition to a weak binding, followed by a primed conformation (adapted from Walker, 2000).
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Very recently, it has been reported that myosin VI is also a processive motor

(Nishikawa et al., 2002). Like myosin V, myosinVI has two heads because part of the

tail region forms an α-helical coiled-coil. Nishikawa et al. (2002) demonstrated that

myosin VI is a processive motor by using GFP (green fluorescent protein) for

monitoring single molecules and optical trapping nanometry.

Two different groups reported earlier this year that the single headed myosin 9b is a

processive motor (Post et al., 2002; Inoue at al., 2002) (see below). Single headed

myosins require to remain bound to the filament and, at the same time, to move along

the filament.

KIF1A, a single headed kinesin family motor, appears to have solved the problem of a

one-headed motor remaining attached to its filament as it moves along the filament by

having an extra microtubule-binding site built into its motor domain, the lysine-rich ‘K-

loop’ (Okada and Hirokawa, 2000; Okada and Hirokawa, 1999).The K-loop is thought

to maintain weak binding to the microtubule, substituting for the binding by the second

head of a dimeric motor and permitting processive diffusional movement.

To ensure that a Myo9b molecule does not diffuse away from its track during an

advance, this myosin may invoke a mechanism similar to that originally proposed for

the processive movement of the single-headed kinesin, KIF1A. The large, highly basic

insertion at the actin contact site of Myo9b is an obvious candidate to participate in a

similar mode of processive movement along the actin filament (Post et al., 2002; Inoue

et al., 2002).
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2.7 Class IX myosins

2.7.1 Identification and cloning

Currently, there are four complete myosin IX sequences known: myosin 9a and myosin

9b from rat, human, murine myosin 9b and hum 7 from Caenorhabditis elegans

(Reinhard et al., 1995; Wirth et al., 1996; Chieregatti et al., 1998; Grewal et al., 1999).

Rat myosin 9a was formerly called myr 7 (Chieregatti et al., 1998) and rat myosin 2b

was formerly called myr 5 (Reinhard et al., 1995). The gene encoding the human myo9b

has been localized to the chromosome 19p13.1 (Bähler et al., 1997), human myo 9a to

the region at chromosome 15q22-q23 (Gormann et al., 1999) and the gene encoding the

murine myosin 9b has been found on mouse chromosome 8 (Ceci et al., 1997).

The class IX myosins from rat, mouse and human were identified in searches for novel

unconventional myosins (Bement et al., 1994; Reinhart et al., 1995; Wirth et al., 1996;

Grewal et al., 1999) whereas the class IX myosin from C. elegans was uncovered by the

genome sequencing project.

In the rat myosin 9a cDNA five alternatively spliced sequences were identified

(Chieregatti et al., 1998). One alternatively spliced sequence is located in the 5'-

noncoding region and might affect mRNA translation, transport or stability. The two

alternatively spliced sequences identified in the myosin 9a myosin head domain are

located in positions at which class VI myosins and class IX myosins, respectively, carry

insertions (Chieregatti et al., 1998). These alternatively spliced sequences are likely to

influence the properties or regulation of the motor domain.

The murine myosin 9b gene contains at least three alternatively spliced exons (Grewal

et al., 1999). Two of these are located in equivalent positions to alternatively spliced

sequences reported for rat myosin 9a (Chieregatti et al., 1998). The third alternative
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exon identified is unusual as it makes use of an alternative 3' acceptor splice sequence

within the last exon. This isoform uses a different reading frame and stop codon within

the 3’UTR of the initialing identified splice variant (Grewal et al., 1999).

2.7.2 Distribution

Class IX myosins are expressed in many tissues and cell types (Chieregatti et al., 1998;

Reinhard et al., 1995; Wirth et al., 1996; Grewal et al., 1999) The subcellular

localization of class IX myosins appears to be partly cytoplasmic, and partly associated

with membranes and the actin cytoskeleton (Müller et al., 1997; Chieregatti et al.,

1998). Rat myosin 9a is expressed at high levels in brain as compared to rat myosin 9b,

which is expressed only at low levels. Rat myosin 9a is expressed in all brain regions

and is localized most prominently in neuronal cell bodies and apical dendrites. Rat

myosin 9b is expressed in a number of tissues like testis, lung, brain and liver (Reinhard

et al., 1995). The murine myosin 9b gene has a widespread expression pattern, including

spleen, brain, muscle and inner ear (Grewal et al., 1999). Human myosin 9b has been

reported to be abundant in peripheral blood leukocytes (Wirth et al., 1996).

2.7.3 Characteristics of class IX myosins

Class IX myosins share some features that are unique among myosins (Fig. 16). They

have a novel amino-terminal domain of about 140 amino acids with no sequence

identity to any other protein. However, it was predicted to represent a Ras-binding

domain, but no detectable interaction between activated Ras and the predicted myo 9b

Ras-binding domain was observed (Kalhammer et al., 1997). Class IX myosins exhibit a

large insertion (about 120 amino acids) in the head region at the position of loop 2, also
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known as 50/20 kDa junction (Reinhard et al., 1995; Wirth et al., 1996). The neck

region encompasses either four or six IQ motifs. Rat myosin 9a contains six

consecutive, but unevenly spaced, IQ-motifs, which represent putative light chain

binding sites (Chieregatti et al., 1998). All other known class IX myosins have four

evenly spaced IQ-motifs (Reinhard et al., 1995; Wirth et al., 1996; Grewal et al., 1999).

The neck region serves in conventional myosin as a lever arm for force production

(Block, 1996). Therefore, the irregular light chain spacing in the neck region of myosin

9a as indicated by sequence analysis might alter rigidity and structure of the neck region

and thereby affect force transduction (Chieregatti et al., 1998).

The class IX tail domains are of variable length. Short sequences in the tail domain of

myosin 9a and murine myosin 9b are predicted to form an α-helical coiled-coil structure

(Grewal et al., 1999; Chieregatti et al., 1998). The tail region of class IX myosins

encompasses a zinc binding domain followed by a domain with sequence homology to

GTPase activating proteins the Rho family of the monomeric small G proteins (Fig. 16)

(Reinhard et al., 1995; Wirth et al., 1996; Grewal et al., 1999; Chieregatti et al., 1998).

Rat myosin 9a and 9b and human myosin 9b negatively regulate Rho by stimulating its

GTPase activity (Post et al., 1998; Reinhard et al., 1995; Chieregatti et al., 1998). Rho

family members have been implicated in exocytosis, endocytosis, actin reorganization

and regulation of gene expression (Ridley, 1996; Hall et al., 2000; Tapon et al., 1997;

Hall et al., 1998).
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Fig. 16: Schematic diagram of myosin 9 b and its known binding partners. The head domain, which
interacts with the actin filament is shown in yellow. In brown are the N-terminal extension and the large
insertion of the head region. The four light chains binding the neck region are shown in green. The GAP
domain that stimulates the GTPase activity of GTP-bound Rho residing in the plasma membrane is
showing in lilac; in light blue is shown the potential binding protein SWAP 70 which exhibits a PH
domain.

2.7.4 Motor properties of class IX myosins

Rat myosin 9b has been reported to bind in an ATP-regulated manner to actin filaments,

whereas human myosin 9b was reported to bind avidly to actin filaments even in the

presence of ATP and in high salt buffer (Reinhard et al., 1995; Post et al., 1998). In

vitro motility experiments indicate that human myosin 9b is mechanochemically active

(Post et al., 1998). At room temperature, human myosin 9b translocates actin filaments

at 15-38.2 nm/s (Post et al., 1998; Post et al., 2002). Baculovirus expressed recombinant

myosin 9b was reported to translocate actin filaments at 80 nm/s ±0.03 (Inoue et al.,

2002). In the presence of Ca2+, the velocity drops to 10±2.5 nm/s (Post et al., 1998). For

comparison, class II myosins translocate actin at a rate of 3000-4000 nm/s (Kron and
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Spudich, 1986), class V myosins at 200-400 nm/s (Cheney et al., 1993), Acanthamoeba

myosin-I at 200 nm/s (Zot et al., 1992), brush border myosin-1 at 40-65 nm/s (Collins et

al., 1990; Wolensky et al., 1993), bovine adrenal gland myosin-Iβ (baculovirus

expressed) at 300-500 nm/s (Zhu et al., 1996) and rat liver myosin-Ia at 30-50 nm/s at

37°C (Williams and Coluccio, 1994).

Very recently, Post et al. (2002) reported that native myosin 9b is a processive motor. It

has been shown that processive motors maintain a constant actin sliding velocity

independently of their surface density (Mehta et al., 1999; Rock et al., 2000) whereas

actin gliding velocity of nonprocessive motors decreases with a reduction of motor

molecule surface density (Rock et al., 2000). Myosin 9b can support gliding of actin

filaments at very low surface densities without a reduction in velocity. Similar results

were obtained by Inoue et al. (2002) using a recombinant myosin 9b (M9BIQ4)

containing the motor region, the entire neck region and part of the tail region. Inoue et

al. (2002) examined also the directionality of filaments translocated by M9BIQ4 using

polarity marked filaments. They show that M9BIQ4 moved towards the minus end of

actin filaments.

2.8 Aim of the study

The aim of this work was to study the biochemical properties of rat myosin 9b. The

unique structure of class IX myosins, specifically the N-terminal extension and the

remarkable insertion in the myosin head domain might endow class IX myosins with

novel motor properties. The knowledge of the motor properties will be necessary to

understand the cellular functions of class IX myosins. The comparison of the motor

properties of different myosins will aid in the detailed understanding of how myosins

work at the molecular level.


