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The cytoskeleton

• Rearrange internal organization and polarity
• Move
• Pool chromosomes apart
• Divide
• Traffic organelles
• Support the fragile plasma membrane
• Provide mechanical link between organelles. 

Connect and stabilize organelles

The self assembly and dynamic 
A nano machines-cytoskeleton

• Intermediate filaments
• Microtubules
• Actin filaments
• These can operate only with 

accessory proteins

The cytoskeletal polymers are 
formed by  weak noncovalent 
interactions – assembly or 
disassembly occurs without the 
formation of covalent 
modifications

MTs Organization and Dynamics

Cylindrical tubes  25 nm in diameter
Length  fraction of µm to hundreds of µm
Cells contain two populations of MTs:
Stable MTs- long lived  (Neurons –structure and 
tracks for vesicle transport, flagella, cilia)
Unstable – short lived in mitosis  the spindle shape 
apparatus



2

Stable MTs
Ciliated epithelium of rabbit oviduct

Unstable MTs

Mitotic apparatus
Structure assembly and 

disassembly of MTs
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Building blocks are α and β-tubulin bound together by noncovalent bonds
55.000 MW. GTP-binding sites; α tubulin irreversibly, β tubulin binds GTP reversibly 
and serves as a GTPase. The GDP modulate the addition of tubulin subunits.

Protofilaments longitudinal interactions α- α; β- β
Cylindrical –tube, lateral interactions of 13 protofilaments
Because of the structure addition of new dimers takes place only at the +or – ends.

Heterodimeric tubulin subunits 
compose the wall of MT

• Building blocks are α and β-tubulin bound together by 
noncovalent bonds

• 55.000 MW
� γ tubulin
• GTP-binding sites; α tubulin irreversibly, β tubulin binds 

GTP reversibly and serves as a GTPase. The GDP 
modulate the addition of tubulin subunits.

• Protofilaments longitudinal interactions α− α; β− β
• Cylindrical –tube, lateral interactions of 13 protofilaments
• Because of the structure addition of new dimers takes 

place only at the +or – ends.
• The MTs have distinct polarity

MTs assembly and disassembly
preferentially at the + end.

• Polymerization
• Temperature dependence 4o

depolymerization 37o polymerization
• Polymerization dynamics: (1) [αβ]>Cc 

polymerization of  the dimers into MTs.
• if [αβ]<Cc depolymerization (2) GTP/GDP 

modulate the Cc, (3)αβ>Cc at +end but is 
lower than the Cc of the-end, tread milling.
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[αβ]>Cc polymerization of  the dimers into MTs
Stages in the assembly of MTs

• The free tubulin dimers have GTP bound 
to the exchangeable nucleotide binding 
site.

• The GTP on the β tubulin is hydrolyzed
to GDP

If the rate of polymerization is faster than the 
hydrolysis a cap of GTP-tubulin is formed

Polymerization is faster on the + end than 
the - end.

Unstable protofilaments

Stable curved sheetsThe Cc for assembly is 0.03µM 
The intracellular concentration is 

10-20µM
Polymerization is highly favored 

in cells

Assembly and disassembly 
mechanisms are different

The plus end appears uneven as some protofilaments grow faster 
than the others,

During disassembly  the tips splays, suggesting that 
protofilaments contact is reduced
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Dynamic instability of MTs 
under given conditions all MTs should either grow 

or shrink!!!!!!
• Instead, at concentration near the Cc MTs 

grow and shrink !!

• Assembly; catastrophe, 
disassembly, rescue

MTs instability

• Dissociation of GDP dimer is 4x larger than that 
of GTP dimer. Thus the +end is  depolymerized 
if it is capped by GDP dimers

• This can happened when:
• The MT shrink rapidly
• When the polymerization is slow and the GTP is 

hydrolyzed to GDP

• GDP/GTP-binding site on β tubulin.
• off rate of GDP-tubulin > off rate of GTP-tubulin
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• Proteins that regulate MTs 
dynamics, stability, and 

cross linking

MAPs

• stabilizes MTs- composed of a MT binding 
domain –positively charged 4 residue 
amino acid sequence that bind to tubulin.

• and acidic projection domain
• MAP1A MAP1B, MAP2 in dendrites only, 

MAP4 MTs stability, Tau axonogenesis, 
abbarent polymerization of tau -AD, 
CLIP170 cross link MTs to chromosomes

Phosphorylation of MAPs

• Phosphorylated MAPs are unable to bind 
MTs, leading to MTs disassembly.

• MAP kinase participate in many signal-
transduction events indicating that MAP 
are targets of many extracellular signals

• MAp4 is phosphorylated by cyclin-
dependent kinase (CDK) cell cycle
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Colchicine/taxol-Microtubules organizing center
MTOC

• MTs polarity is fixed in a characteristic 
organization

• This orientation is determined by the 
centrosome which function as an MTOC
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Structure of the MTOC

• A pair of two orthogonal centrioles
• Pericentriolar Matrix containing γ-tubulin 

and pericentrin
• The minus ends of MTs are embedded in 

the PC matrix

• Injection of antibodies 
against γγγγ-tubulin blocks MTs 
assembly

The γγγγ-tubulin  ring complex

• The γ-tubulin  ring complex 
directly nucleate MTs 
assembly at sub Cc levels



10

MTs based intracellular 
movements

• Organelles
• Cilia flagella

Colocalization of ER and MTs

ER

MTs

Dissociation of the 
MTs leads to 
dissociation of the 
ER network.

The Golgi is 
associated with the 
MTOC. 
Dissociation of 
MTOC MTs leads 
to “breakdown of 
the Golgi

Molecular –Dyneinand Kinesin
motors

• Intracellular transport is driven by 
molecular motors

• First discovered in neurons – the question 
was how can neurons with long axons 
survive

• Radiolabeleing

Classical pulls chase experiments

Transport rates
• Fast transport-250mm/day about 3µm/sec 

(vesicles mRNAP)
• Slow transport mm/day (tubulin subunits; 

neurofilaments)?????!!!!!!!!!

• There are no fundamental differences 
between the fast and the slow transport as 
they are all driven by molecular motors. 
The differences are a mater of saltatory
transport/ continuous
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GFP tagged neurofilaments exhibit periodic pauses

Discovery of molecular motors

• MTs assembled in vitro (purified, stabilized 
by taxol)

• Vesicles + ATP= no motility
• Cytoplasm from squid ( without MTs and 

vesicles) motility was observed
• Conclusion – a soluble factor underlie 

motility

Kinesin I anterograde vesicles 
transport in axons

• In vitro experiments show that:
• Vesicles move in the presence of ATP
• AMPPNP a non hydrolysable analog of 

ATP leads to binding of vesicles to the 
MTs but not motility 

• This led to the discovery of the molecular 
motors 
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The principal organization of a molecular motor protein

Current models suggest that ATP hydrolysis by kinisin causes movement of the flexible neck.
In 8 nm steps 

110.000-135.000 MW

60.000-70.000

Kinesin I is a dimer of two heavy chains complexed to light chains 
total MW 380.000

The head domain binds to MT and ATP.
The tail domain binds to the cargo through the light chain

Kinisin 1 moves cargo from the minus to the plus end

+ and – end directed kinesin 
motors

• 10 different kinesin subfamilies are known
• They differ mainly in the location of the 

heavy chain: N-terminal centrally located  
(M-type) are plus end directed

• C-terminal , C-type minus end directed.
• Most kinesin have two heavy chain but 

some one or 4.
• Some are bipolar
•

The functional differences are mainly related to the 
nature of the tail domain which determine the cargo
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Direction of movement is 
dependent on the properties of 

the neck not the motor
• Replacement of the neck reverses the 

directionality

Dynein and dynectin 
heterocomplex

• Dynein are very large molecular 
complexes exceeding 1.000.000 MW

• Dynein requires dynectin for functioning
• Dynectin is a complex including glued –MT 

binding, Arp1 which bind spectrin and 
dynamatin which interact with dynein

ARP 1

Glued

• One model propose that dynein 
generate the force to move vesicles but  
remains tethered to the MTs through 
dynactin

Bidirectional transport of organelles
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Cooperation of molecular motors

The end of meeting #1
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Heterodimeric tubulin subunits 
compose the wall of MT

• Building blocks are α and β-tubulin
• 55.000 MW
� γ tubulin
• GTP-binding sites. α tubulin irreversibly, β

tubulin binds it reversibly and serves as a 
GTPase. The GDP modulate the addition of 
tubulin subunits.

• Protofilaments longitudinal interactions
• Cylindrical –tube, lateral interactions of 13 

protofilaments

MTs assembly and disassembly
preferentially at the + end.

• Polymerization
• Temperature dependence 4o

depolymerization 37o polymerization
• Polymerization dynamics: (1) αβ>Cc 

polymerization of  the dimers into MTs, if 
<Cc depolymerization (2) GTP/GDP 
modulate the Cc, (3)αβ>Cc at +end and< 
from the –end, treadmill. 

The Cc for assembly is 0.03µM 
The intracellular concentration is 

10-20µM
Polymerization is highly favored 

in cells

Assembly and disassembly 
mechanisms are different
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Dynamic instability of MTs

• At concentration near the Cc MTs grow 
and shrink !!

• Assembly; catastrophe, 
disassembly, rescue

• GDP/GTP-binding site on β tubulin.
• off rate of GDP-tubulin > off rate of GTP-

tubulin

MAPs

• stabilizes MTs- composed of a MT binding 
domain –positively charged 4 residue 
amino acid sequence that bind to tubulin.

• and acidic projection domain
• MAP1A MAP1B, MAP2 in dendrites only, 

MAP4 MTs stability, Tau axonogenesis, 
abbarent polymerization of tau -AD, 
CLIP170 cross link MTs to chromosomes

Phosphorylation of MAPs

• Phosphorylated MAPs are unable to bind 
MTs, leading to MTs disassembly.

• MAP kinase participate in many signal-
transduction events indicating that MAP 
are targets of many extracellular signals

• MAp4 is phosphorylated by cyclin-
dependent kinase (CDK) cell cycle

Colchicine/taxol
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