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The Cytoskeleton and Cell Motility



9.1 | Overview of the Cytoskeleton
 Properties of Cytoskeletal Components
 Cytoskeleton: “skeletal system” of a eukaryotic cell
 Composed of three filamentous structures:

• Microtubules
• Actin filaments
• Intermediate filaments
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9.1 | Overview of the Cytoskeleton (1 of 2)
Properties of Cytoskeletal Components

TABLE 9.1 Properties of Microtubules, Intermediate Filaments, and Actin Filaments

Microtubules Intermediate filaments Actin filaments

Subunits incorporated into polymer GTP-αβ-tubulin heterodimer ~70 different proteins, likely
incorporated as tetramers

ATP-actin monomers

Preferential site of incorporation + End (β-tubulin) Internal + End (barbed)

Polarity Yes No Yes

Enzymatic activity GTPase None ATPase

Motor proteins Kinesins, dyneins None Myosins

Major group of associated proteins MAPs Plakins Actin-binding proteins

Structure Stiff, hollow, inextensible tube Tough, flexible, extensible
filament

Flexible, inextensible helical filament

Dimensions 25 nm outer diam. 10–12 nm diameter 8 nm diam.

Distribution All eukaroytes Animals All eukaryotes

Primary functions Support, intracellular transport, cell 
organization

Structural support, mechanical
strength

Motility, contractility, intracellular 
transport

Subcellular distribution Cytoplasm Cytoplasm + nucleus Cytoplasm
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9.1 | Overview of the Cytoskeleton (2 of 2)
Functions of Cytoskeletal Components

 Provides structural support
and maintains cell shape

 Positions various organelles 
in the cell

 Directs the movement of 
materials and organelles 
within the cell

 Generates forces needed 
for cellular locomotion

 Makes up an essential part 
of the cell division
machinery

Fig. 9.1 Functions of the cytoskeleton
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9.2 | Structure and Function of Microtubules
(1 of 5)

Structure and Composition of Microtubules
 Hollow, relatively rigid, tubular
 Assembled from the protein 

tubulin
 Microtubule proteins are 

arranged in longitudinal rows 
called protofilaments.

 Microtubules have 13 
protofilaments aligned side by 
side in a circular pattern within 
the wall of the tubule.

Fig. 9.3a Electron 
micrograph of 
microtubules

Fig. 9.3b Cross section 
of a microtubule
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9.2 | Structure and Function of Microtubules
(2 of 5)

Structure and Composition of Microtubules
Protofilaments are assembled from 
dimeric building blocks consisting of 
one α-tubulin and one β-tubulin
subunit. The tubulin subunits:
 Fit tightly together
 Organized in a linear array along 

the length of each protofilament
 Asymmetric (α-tubulin at one end 

and β-tubulin at the other) and 
polar (plus end terminated by a 
row of β-tubulin subunits and the 
minus end terminated by a row of 
α-tubulin subunits)

Fig 9.3c 3D structure 
of the αβ-tubulin 
heterodimer

Fig 9.3d Longitudinal 
section of a 
microtubule
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9.2 | Structure and Function of Microtubules
(3 of 5)

Microtubule-Associated Proteins
 Microtubules typically contain 

additional proteins, called 
microtubule-associated proteins 
(MAPs).

 MAPs increase stability and 
promote microtubule assembly by 
linking tubulin subunits together.

 An abnormally high level of 
phosphorylation of one particular 
MAP, called tau, has been 
implicated in Alzheimer’s disease.

Fig. 9.4 Microtubule Associated Proteins

Copyright ©2020 John Wiley & Sons, Inc. 



9.2 | Structure and Function of Microtubules 
(4 of 5)

Microtubules as Structural Supports and Organizers
 Provide mechanical support by 

resisting forces that might 
compress or bend the fiber

 Distribution helps determine the 
shape of that cell.

 Example:
• In cultured animal cells, 

microtubules extend in a radial 
array outward from near the 
nucleus, giving cells a round, 
flattened shape. Fig. 9.5 Localization of microtubules
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9.2 | Structure and Function of Microtubules 
(5 of 5)

Microtubules as Agents of Intracellular Motility
 Direct movement within the cell
 In nerve cells, directed movement 

relies on a highly organized 
arrangement of microtubules and 
other cytoskeletal components.

• Nerve cells are extremely long
• Can stretch from spinal cord to 

fingertip or toe
• Directed movement is crucial for 

delivering neurotransmitters and 
other essential material

 Defects in transport along 
microtubules can result in 
neurological diseases.

Fig. 9.7a,b Microtubule and intermediate 
filament organization in an axon.
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9.4 | Motor Proteins: Kinesins and Dyneins
(1 of 6)

Motor Proteins Traverse the Microtubular Cytoskeleton

Microtubules:
 Serve as tracks for a variety of motor proteins that generate forces 

required to move objects within a cell.
 Can be grouped into three broad superfamilies:

• Kinesin and Dyneins which move along microtubules
• Myosin which move along actin filaments

 Move unidirectionally along their cytoskeletal track in a stepwise manner 
from one binding site to the next

 Undergo a series of conformational changes that constitute a mechanical 
cycle
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9.4 | Motor Proteins: Kinesins and Dyneins
(2 of 6)

Kinesins

 Smallest and best understood 
microtubular motor

 A kinesin molecule is a tetramer 
of two identical heavy and two 
identical light chains.

 The globular heads bind 
microtubules and act as ATP-
hydrolyzing, force-generating 
engines.

 Each head is connected to a 
neck, a rodlike stalk, and a fanlike 
tail that binds to cargo.

Fig. 9.11a Force-generating heads bind to 
the microtubule; tail binds to the cargo 
being transported
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9.4 | Motor Proteins: Kinesins and Dyneins 
(4 of 6)

Kinesin-Mediated Organelle Transport

 Force-generating agents that 
drive the movement of cargo and 
organelles

 Tend to move vesicles and 
organelles in an outward 
direction toward the cell’s plasma 
membrane

Fig. 9.12 Alteration in the phenotype of a 
cell lacking a member of the kinesin 
superfamily
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9.4 | Motor Proteins: Kinesins and Dyneins
(5 of 6)

Cytoplasmic Dynein

 Huge protein
 Two identical heavy chains
 A variety of intermediate and light 

chains
 The heavy chain consists of a large 

globular force-generating head and a 
microtubule-binding stalk.

 Cytoplasmic dynein moves 
processively along a microtubule 
toward the polymer’s minus end—
opposite that of most kinesins.

Fig. 9.13a Cytoplasmic dynein and 
organelle transport by microtubule-
tracking motor proteins
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9.4 | Motor Proteins: Kinesins and Dyneins
(6 of 6)

Cytoplasmic Dynein

 Positions the spindle and moves 
chromosomes during mitosis

 Positions the centrosome and Golgi 
complex

 Moves organelles, vesicles, and 
particles through the cytoplasm

Fig. 9.13c Cytoplasmic dynein and 
organelle transport by microtubule-
tracking motor proteins
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9.5 | Microtubule Organizing Centers (MTOCs) 
(1 of 9)

Centrosomes

 Nucleation of microtubules takes place rapidly 
inside a cell, where it occurs in association 
with a variety of specialized structures called 
microtubule-organizing centers (or MTOCs).

 MTOCs control:
• Number of microtubules
• Polarity of microtubules
• Number of protofilaments
• Time and location of assembly

 The best studied MTOC is the centrosome.

Fig. 9.14a The Centrosome
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9.5 | Microtubule Organizing Centers (MTOCs) 
(2 of 9)

Centrosomes

 Contains two barrel-shaped centrioles
surrounded by electron dense 
pericentriolar material (PCM)

 Is a major site of microtubule 
initiation in animal cells and remains 
at the center of the cell’s microtubule 
network

Fig. 9.14b,c The Centrosome

Copyright ©2020 John Wiley & Sons, Inc. 



9.5 | Microtubule Organizing Centers (MTOCs) 
(4 of 9)

Microtubule Nucleation

 MTOCs share a common factor, 
γ-tubulin, a critical protein in 
microtubule nucleation.

 The PCM serves as attachment 
sites for ring-shaped structures 
that contain γ-tubulin, the γ-
tubulin ring complexes (γ-
TuRCs).

 The γ-TuRC is a helical array of γ-
tubulin subunits where αβ-
tubulin dimers assemble. Fig. 9.16b,c Role of γ-tubulin in centrosome 

function 
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9.5 | Microtubule Organizing Centers (MTOCs) 
(5 of 9)

The Dynamic Properties of Microtubules
 Can shorten, lengthen, disassemble, and reassemble
 Depending on the cell and location of microtubules, their stability is determined 

by microtubule interacting proteins (including MAPs):
• proteins known as +TIPs which bind to the plus-end of growing microtubules
• enzyme katanin, that severs microtubules into shorter pieces

 Disassembly can be initiated by:
• posttranslational modifications
• cold temperature
• hydrostatic pressure
• elevated Ca2+ concentration
• variety of chemicals

 The microtubules of the cytoskeleton are normally subject to depolymerization 
and repolymerization as the requirements of the cell change from one time to 
another.
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9.5 | Microtubule Organizing Centers (MTOCs) 
(7 of 9)

The Underlying Basis of Microtubule Dynamics
During assembly of tubulin dimers:
 A GTP molecule is bound to the β-tubulin 

subunit (β-tubulin is a structural protein and 
a GTPase)

 GTP is hydrolyzed to GDP after the dimer is 
incorporated, and the resulting GDP remains 
bound to the assembled polymer

During disassembly of tubulin dimers:
 The dimer enters the soluble pool, the GDP 

is replaced by a new GTP.
 This nucleotide exchange “recharges” the 

dimer, allowing it to serve once again as a 
building block for polymerization. Fig. 9.21 Structural cap model of 

dynamic instability
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9.5 | Microtubule Organizing Centers (MTOCs) 
(8 of 9)

The Underlying Basis of Microtubule Dynamics
Growth or shrinkage of a microtubule depends 
on the state of the tubulin dimers at the plus 
end:
1. The tip consists of an open sheet containing 

tubulin – GTP subunits.
2. The tube begins to close, forcing hydrolysis 

of the bound GTP.
3. The tube has closed to its end, leaving only 

tubulin – GDP subunits (GDP-tubulin has a 
different conformation than GTP-tubulin, 
which makes them less able to fit into a 
protofilament).

4. The strain from the GDP-tubulin at the plus 
end causes a catastrophic shrinkage. Fig. 9.21 Structural cap model of 

dynamic instability
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9.5 | Microtubule Organizing Centers (MTOCs) 
(9 of 9)

The Underlying Basis of Microtubule Dynamics

Dynamic instability is a phenomenon that 
describes microtubule behavior. It explains 
that:
1. Growth and shrinkage of microtubules 

can coexist in the same region of a cell.
2. A given microtubule can switch back 

and forth unpredictably between 
growing and shortening phases.

Dynamic instability is an inherent property 
of the plus end of the microtubule, where 
subunits are added during growth and lost 
during shrinkage.

Fig. 9.24 Binding of a microtubule 
plus end tracking protein (+TIP)
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9.7 | Intermediate Filaments (1 of 5)

 Strong, flexible, ropelike 
fibers that provide 
mechanical strength to cells 
that are subjected to 
physical stress

 Chemically heterogeneous 
group of structures

 Divided into five major 
classes (based on cell type 
and other criteria)

TABLE 9.2 Properties and Distribution of the Major 
Mammalian Intermediate Filament Proteins

IF protein Sequence type Primary tissue distribution

Keratin (acidic) (28 different polypeptides) I Epithelia

Keratin (basic) (26 different polypeptides) II Epithelia

Vimentin III Mesenchymal cells

Desmin III Muscle

Glial fibrillary acidic protein (GFAP) III Astrocytes

Peripherin III Peripheral neurons

Neurofilament proteins Neurons of central and peripheral
nerves

NF-L IV

NF-M IV

NF-H IV

Nestin IV Neuroepithelia

Lamin proteins All cell types (nuclear envelopes)

Lamin A V

Lamin B V

Lamin C V

More detailed tables can be found in Trends Biochem Sci. 31:384, 2006, Genes and 
Development 21:1582, 2007, and Trends Cell Biol. 18:29, 2008.
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9.7 | Intermediate Filaments (2 of 5)
 Often interconnected to other 

cytoskeletal filaments by thin, 
wispy cross-bridges consisting of 
the protein plectin.

 Each plectin molecule has a 
binding site for an IF at one end 
and a binding site for another 
intermediate filament, 
microfilament, or microtubule at 
the other end.

Fig. 9.35 Cytoskeletal elements are 
connected to one another by protein 
cross-bridges (plectin).
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9.7 | Intermediate Filaments (3 of 5)
IF architecture:
1. Each monomer has a pair of globular 

terminal domains separated by a long 
alpha-helical region

2. Pairs of monomers are associated in 
parallel orientation to form dimers

3. Dimers associate in an anti-parallel, 
staggered fashion to form tetramers (the 
basic subunit in IF assembly

4. 8 tetramers associate to form a unit 
length of the IF

5. Elongated Ifs are formed from the end-to 
end association of these unit lengths

Fig. 9.36 Models of IF assembly 
and architecture
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9.7 | Intermediate Filaments (4 of 5)
Intermediate Assembly and Disassembly

 Assembly steps do not require the direct 
involvement of either ATP or GTP.

 The tetrameric building blocks lack polarity 
as does the assembled filament, which 
distinguishes IFs from other cytoskeletal 
elements.

 The subunits are not incorporated at the 
ends of the filament but into the filament’s 
interior.

 Unlike the other two major cytoskeletal 
elements, assembly and disassembly of IFs 
are controlled primarily by subunit 
phosphorylation and dephosphorylation. Fig. 9.37 Dynamic character of 

Intermediate Filaments
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9.7 | Intermediate Filaments (5 of 5)
Types and Functions of Intermediate Filaments

 Keratin containing IFs – structural proteins 
of epithelial cells

• Tethered to the nuclear envelope in the 
center of the cell and anchored at the 
outer edge by desmosomes and 
hemidesmosomes

• Function to organize and maintain cellular 
architecture and absorb mechanical stress

 Neurofilments – IFs located in the 
cytoplasm of neurons in bundles oriented 
parallel to the axon

Fig. 9.38b The organization of 
intermediate filaments (IFs) 
within an epithelial cell.
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9.8 | Actin and Myosin (1 of 12)
Actin Structure

 Third major type of cytoskeletal element 
that is involved in intracellular motile 
processes

 An actin filament (F-actin, microfilament) 
is a two-stranded structure with two 
helical grooves running along its length.

 Actin filaments can be organized into:
• ordered arrays
• highly branched networks
• tightly anchored bundles

Fig. 9.39 Actin filament 
structure

Copyright ©2020 John Wiley & Sons, Inc. 







9.8 | Actin and Myosin (2 of 12)
Actin Structure

 All of the monomers within an actin 
filament are pointed in the same 
direction, resulting in a polar 
filament with so-called “barbed” 
and “pointed” ends. 

 A major contractile muscle protein
 A major protein in every eukaryotic 

cell

Fig. 9.40 EM: Determining the location 
and polarity of actin filaments with the 
S1 subunit of myosin
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9.8 | Actin and Myosin (3 of 12)
Actin Filament Assembly and Disassembly

 Before it is incorporated into a filament, an 
actin monomer binds a molecule of ATP.

 Actin is an ATPase, just as tubulin is a GTPase.
 The ATP associated with the actin monomer is 

hydrolyzed to ADP at some time after it is 
incorporated into the end of a growing actin 
filament.

 The initial nucleation event in filament 
formation occurs slowly in vitro, whereas the 
subsequent stage of filament elongation occurs 
much more rapidly.

 Both ends of a filament become labeled, but 
the fast-growing barbed end incorporates the 
monomers at a rate about 10 times that of the 
pointed end.

Fig. 9.41a Actin Assembly
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9.8 | Actin and Myosin (4 of 12)
Actin Filament Assembly and Disassembly

Actin assembly/disassembly in vitro:
1. Preformed actin filaments are added in 

the presence of ATP
2. As long as the concentration of ATP-actin 

monomers remain high, subunits are 
added to both ends

3. As monomers are consumed by addition 
to the ends of the filaments the 
concentration of free ATP-actin drops, 
until a point is reached where net 
addition of monomers continues at the 
barbed end but stops at the pointed end Fig. 9.41b Diagram of the kinetics 

of actin-filament assembly in 
vitro to achieve treadmilling
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9.8 | Actin and Myosin (5 of 12)
Actin Filament Assembly and Disassembly

4. As filament elongation continues, the 
free monomer concentration drops, 
such that monomers continue to be 
added to the barbed ends of the 
filaments, but a net loss of subunits 
occurs at their pointed end.

5. A point is reached where the two 
reactions at opposite ends of the 
filaments are balanced, such that both 
the lengths of the filaments and the 
concentration of free monomers remain 
constant, known as “treadmilling.”

Fig. 9.41b Diagram of the kinetics 
of actin-filament assembly in 
vitro to achieve treadmilling
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9.8 | Actin and Myosin (6 of 12)
Actin Filament Assembly and Disassembly

 Assembly/disassembly rate can be influenced by a number of different 
accessory proteins.

 By controlling this dynamic behavior, the cell can reorganize its actin 
cytoskeleton, required for dynamic processes such as:

• cell locomotion
• changes in cell shape
• phagocytosis
• cytokinesis
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9.8 | Actin and Myosin (7 of 12)
Myosin: The Molecular Motor of Actin

 Molecular motors that operate in conjunction with actin filaments
 Move toward the barbed end of an actin filament
 All myosins share a characteristic motor (head) domain.
 The head domain contains two sites:

• a site that binds an actin filament
• a site that binds and hydrolyzes ATP to drive the myosin motor

 Whereas the head domains of various myosins are similar, the tail 
domains are highly divergent.

 Generally divided into two broad groups:
• conventional (or type II)
• unconventional
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9.8 | Actin and Myosin (8 of 12)
Conventional (Type II) Myosins

 Primary motors for muscle 
contraction

 Also found in a variety of nonmuscle
cells

 All myosin IIs move toward the 
barbed end of an actin filament.

 Among their nonmuscle activities, 
type II myosins are required for:

• splitting a cell in two during cell 
division

• generating tension at focal 
adhesions

• cell migration
• turning behavior of growth cones

Fig. 9.42a Fluorescence micrograph: 
neurites (green) growing out from 
mouse embryonic nervous tissue along a 
coverslip laminin-coated (red)
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9.8 | Actin and Myosin (9 of 12)
Conventional (Type II) Myosins

Myosin II consists of:
1. a pair of globular heads that 

contain the catalytic site of 
the molecule 

2. a pair of necks, each 
consisting of a single, 
uninterrupted α helix and two 
associated light chains

3. a single, long, rod-shaped tail 
formed by the intertwining of 
long a-helical sections of the 
two heavy chains.

Fig. 9.43 Electron micrograph and schematic 
drawing of a myosin II molecule with one pair 
of heavy chains (blue) and two pairs of light 
chains
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9.11 | Actin-Binding Proteins (1 of 2)
 Patterns in living cells include various 

types of bundles as well as 
crosslinked and branched networks.

 The organization and behavior of 
actin filaments inside cells are 
determined by the interaction of 
actin with a variety of actin-binding 
proteins.

Fig. 9.59 Arrangement of actin 
filaments
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9.11 | Actin-Binding Proteins (2 of 2)
Actin-binding proteins can be 
divided into categories based on 
their presumed function in the 
cell:
1. Nucleating
2. Monomer-sequestering
3. End-blocking (capping)
4. Monomer-polymerizing
5. Actin filament 

depolymerizing
6. Cross-linking
7. Filament-severing
8. Membrane-binding

Fig. 9.60 The roles of actin-binding proteins
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