10 nm

Intermediate
filament

m

n

Actin
filament
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(3) Types of cytoskeletal fibers
Fibers made of polymerized protein
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Cell Shape and Transportation:

Fibroblast

Microtubule polarity in cells

Epithelial cell Neuron

(Cells, Figure 7.14)

Organization of the Cell

Organelles are not passive blobs?

(b) Eukaryotic cell

Nuclear membrane

Plasma

membrane

Golgi vesicles
Mitochondrion
Peroxisome

Lysosome

Rough
endoplasmic

: Secretory
reticulum

vesicle



Exocytosis — lEndocytosis

i %
Do these organelles move on microtubules?- . '
/_,/-/»~—-4(_'.:’ Endocytic (3};;3;‘1
\/\ ,’ S«re(or:“hway’ —Early )\\\
(5 ) =7 vesicle / Endosome
@K\‘/ éConsmutlve (—
k . ” (E@ secreto b/
(b) Eu.aryotlc ce . i /

I pathway

)
Nuclear membrane ®®\‘ 1©) ®~we Lysosome

Plasma Samcy W Jd
-
membrane Regulated @ </
Golgi vesicles “"‘:"; 5 ,
Mitochondrion @
Peroxisome 4
trans Golgi
Lysosome network
trans
= Cisterna
medial
— Cisterna
D ) cis
= \/ Cisterna
endoplasmic \ a2 Secretory
reticulum ’ vesicle Rough
endoplasmic
reticulum

Nucleus

oo
© John Wiley & Sons, Inc. All rights reserved.

A snapshot

From E.A.C. Wiemer, et al,, ), Cell Biol, 136:78, 1997, courtesy of S, Subramaniam, Fig. 6.

Reproduced with permission of the Rockefeller University Press

(Figure 9.2)



Can we stop it?

Nocodazole Taxol

Drugs can be used to study the functions of Microtubules

What is the structure?

TP/GDP

Figure 9.9

(4} (13) protofilaments align to form a hollow tube



What is the structure? Microtubules are polymers

fa) 100 am &

Self-assembly into polymer/microtubule

Microtubule Organizing Center (MTOC)

Centrosome

- PCM

- Centrioles

10 pm



Transportation and Polarity:

Microtubule polarity in cells
Fibroblast Epithelial cell Neuron

(Cells, Figure 7.14)

Experiment to tell you where the MTOC is?

0 pm

Colcemid washout experiment

Figure 9.19



Microtubule Assembly

{c)

(13) protofilaments align to form a hollow tube = microtubule
lateral bonds give tubule strength

v Pericentrolar
* material (PCM)
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Microtubule Assembly

{c)

(13) protofilaments align to form a hollow tube = microtubule
lateral bonds give tubule strength



Where are subunits added?

Figure 9.26
Injected with biotin-Tubulin (1 minute)

Figure 9.8



FRAP:

Figure 9.8

Can tell you about the dynamics of molecules in the polymer

We can watch MT dynamics

Injected with rhod-Tubulin

Figure 9.4



Dynamic Instability (Speckles)

Distance (um)

N
o

Figure 9.27

Inject with GFP-Tubulin

GTP hydrolysis changes conformation and stability of MTs

!
ig dimers
gé o ;_
3:;1 E:; Tubeclosure | !
ﬁ ' GDP dimers os s 428
> AX >
(a)o ©
--------- b
§§' & (R
i il
i 5
i %
ig ;;‘; Catastrophe & E
§§ & s
" o v

Copyright © John Wiley & Sons, Inc. All rights reserved.



(+) end cap regulates stability of MT

GDP ends quickly disassemble

Protofilaments
of GTP tubulin

Protofilaments
of GDP tubulin

@ =GTP

Most stable conformation
STRAIGHT

o =GDP

F80g8 8

Most stable conformation
CURVED

GTP cap: s

GTP cap prevents
protofilaments of
GDP tubulin from
relaxing into curved
conformation

If the GTP cap
is lost, the
protofilaments
curl outward

Md@é
%w@t
@ oy,

Individual curved
protofilaments
break off the
microtubule and
depolymerize

(+) end
B-tubulin

GTP-bound structure is different than GDP-bound

Stability of microtubules

1) GTP vs GDP bound cap

2) Microtubule associated
proteins (MAPS)




Tau and microtubules.

l—

Can o

From website: flipper e nuvola

A Covrnn <le e
—ars = 1l

| s

\5 :
srad >

From website: flipper e nuvola



Stability of microtubules

GTP

1) GTP vs GDP bound cap

GDP

2) Microtubule associated
proteins (MAPS)

Mcrotubule

From Anna Akhmanova and Michel 0. Steinmetz, J. Cell Science 123, 3415, 2010; by permission of the Company
of Biologists. Courtesy Anna Akhmanova and llya Grigoriev, Utrecht University, The Netherlands.
http://jcs.biologists.org/content/123/20/3415.full?sid=f97 c0f52-¢919-4739-2062-0d83b8e8f68b



MAPs can destabilize MTs

MAPs can speed up microtubule turnover

Remove cap

Sever

Sequester dimers

Growing
microtubule

Intact
microtubule

’Vd

Subunits free N
to polymerize

Shortening Severed Subunits unable
microtubule microtubule to polymerize
MCAK (GAP) katanin Colchicine (drug)

How do (+) TIPs stabilize the (+) tip?

Microtubule

R B W

+ END

Polymerization

@® Tubulin
@@ subunits

~ @® +TIP
«—  ®protein

XMAP215

+TIP proteins
bind to the
polymerizing
+ end of the
microtubule

CLIP170 (function)




Clip170

wocndacde (19 uN

GEPLLIM ™
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Role of the Cytoskeleton and Motor Proteins in
Membrane Trafficking

Actin filaments

Microtubules

General principle:
Long-distance transport occurs on MTs
Short-distance on Actin




Transportation and Polarity:

Microtubule polarity in cells
Fibroblast Epithelial cell Neuron

(Cells, Figure 7.14)

Figure 9.13
(a)



Which direction do mitochondria travel on
microtubules?

Auterograde
—_—

10m

Pilling and Saxton, MBOC 2006

Microtubules

Microtubule motor proteins

MOSTLY Plus-end directed motors----- kinesins

Minus-end directed motors----dyneins



Motors “walk” along MTs towards the plus or minus end

Microtubtlesbinding Microtubulesbinding

domains. domains

Intermediate
chain / light
chain complex

TAIL

................... Light
chains

dyneins (-, only) kinesins (+, mostly)




How cargoes are loaded onto motors:

Microtubulesbinding'
domains

Tail domain binds cargo
via adaptor protein

vesicle

Kinesin:

O VI S ¥

mmmm

Current Opincn in Cell Biclogy



What can measure from this movie?

" From Dawen Cal, Kristen ), Verhey and Edgac Meyhofer, Blophys. J, 92:4137, 2007, with permission from Elsevier

+End
of Microtubule

Watching Kinesin-1 move —speed, processive

- Microtubule

4 — GFP
\

S
N

Y/ w

Kinesin

Microtubules
Kinesin-1

Figure 9.6



How do you determine which motor is involved?

mitochondria

Motors “walk” along MTs towards the plus or minus end

---------- Intermediate
chain / light
chain complex || e B ceeenns
TAIL
................... nght .o
chains

dyneins (-, only) kinesins (+, mostly)



Kinesins:

-MT (+) end

-motor domain at N-terminus
-ATP-dependent

dyneins:

-MT (-) end

-motor domain at C-terminus
-cytoplasmic form (homodimer)
-ATP-dependent

Ron Vale and colleagues



Key to Cytoskeletal Functions
(1) Stuctre and Support (2) tracetular Tramsport (3 Cortractity ana Mottty (4) Seatal Oeganizaton

Intermediate picrotubule
filament

Motor protein

Nerve cell

Il Structure and Support
"1 Intracellular Transport
I Contractility and Motility
|| Spatial Organization

Copyright © John Wiley & Soms, Inc. Al rights reserved.



Plus end
of filament

Myosin |

From T. Seif, et al., courtesy of K. P. Steel, Develop. 125:560, 1998 by permission of The

Microvillus

© John Wiley & Sons, Inc. All rights reserved.

Figure 9.66

Picture of Neuron labelled for actin and its shape

General principle 2: Large
structural changes occur with
microtubules, small changes

are with actin filaments
Jonathan Friedman



Role of the Cytoskeleton and Motor Proteins in
Membrane Trafficking

Actin filaments

Microtubules

General principle 1: long-
distance transport occurs on
microtubules, short distance on
actin filaments

Actin filaments

building block = actin

Figure 9.44 (-) end

C-terminus

Lodish Fig. 19-3

(a) (b)

Functions: structural support, contraction, migration



0.2 pm

Courtesy of M. 5. Runge and T. D. Pollard F|gure 946

Rate and direction of growth depends on free actin concentration
- +

© Seed Add to high
l concentration

g +/
) Ceeest sl iSses 4
9 Concentration
‘\\\\ _ l. drops ,/.

l. Concentration

\\ _ drops /

0 Concentration
° 10 @

\\ _ remains consta ,//l
o

© John Wiley & Sons, Inc. All rights reserved.

Figure 9.46
Critical concentration



Regulation by actin-binding proteins
Actin polymerization

@
- ® 5] " "
\o 0‘)& © XX ERREEXEYY L 23395529895 539
@

P ® F-actin '3 F-actin
G-actin @] @ ®(-)end (+) end ®

The ARP 2/3 complex and formins nucleate different actin arrays

ARP2/3 Formins

Actin
monomers | ARP2/3 C°”"F"ex Formin recruits
® :g'r"%‘g:rgt n actin monomers

3
e N | Formin

ARP2/3 \\ Actin
complex Dimer

Barbed
(+) end

Elongation occurs
at the barbed (+)
end

BRANCHING NONBRANCHING
ARRAY LINEAR ARRAY




Proteins that regulate actin polymerization

Profilin binds to the barbed end of actin

ADP-actin

9 | (ADP + Pj)-
actin

ATP-actin

Barbed

(+) end
@TP-avcvtin
Profilin
«® Q @

@ Profilin

Profilin

Therefore, the direction of growth is regulated

Proteins that depolymerize actin filaments

Cofilin changes the average twist of filaments
T % . O

Cofilin-
decorated
actin
filament

Native
actin :
filament :




Small G protein activation regulates actin organization

Cdc42
Rac \Rho

Stress fibers ! ' |

lamellipodia Filopodia
ACt|n ' Actn Marventsy
i1 ’ S =
‘ — AT s .
e —— W
— o= o - 3 =
[F74 i |
ww,utn u-m::tn- ll llll| -
- J 1
Nerve coll
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(d)
© John Wiley & Sons, Inc. All rights reserved.

© John Wiley & Sons, Inc. All rights reserved.



Directed cell motility

© John Wiley & Saas, Inc. All rights reserved.

Figure 9.71

Actin

. Myosin Va
1. Kinesin
== Microtubules
+— Actin filaments
@ Pigment granule

© John Wiley & Sons, Inc. Al rights reserved.




Myosin: variety of tail domains

Tall domains of myosin classes

‘ B Motor [ Regulatory Tall

CLASS domain domain domain

| HASIC DOMAIN
rE——
e

GPASQrich domain SH3 domamn

S T
COILED COIL *
BEeEe———a 4 ¢«

Kinase domam

r

MyThi

Motor domain *

N+terminal extenson
v _ L8 = | 3
: Reverse Qear

ﬁ-ﬁ;i

Tahin Pomelogy daman

S W BN D EmOY D

Structure of myosin proteins

Myosins have distinct domains Structure of the myosin motor and regulatory domains

TAIL MYOSIN
DOMAIN iy REGULATORY
2 A DOMAIN

Binds to other REGULATORY “/ —— Light
cellular proteins DOMAIN -~ chgins (Lever Arm)
(Lever arm) 05
¢ < LIGHT CHAINS
= (Confer stability)\ WALDY

. NUCLEOTIDE
BINDING SITE

MOTOR
DOMAIN

ATP

binding site

ACTIN
BINDING SITE

Binds tightly in the absence of ATP
ATP hydrolysis - power stroke - lever arm



Regulation of myosin by phosphorylation

Phosphorylation of
myosin-V tail

Myoslnév

: 8 CaMKII
CaMKII

Rab proteins on vesicles are linked to cytoskeleton
Also regulated by GTP-Rab state

OO s
EEEOOSEAIX

Filament
© John Wiley & Sons, Inc. All rights reserved.

Figure 9.52



Walker et al.

From

d ( Motor
neuron

Nucleus

© John Wiley & Sons, Inc. All rights

y of Peter J. Knight.
© Copyright 2000; Macmillan Magazines Ltd.

405:804, 2000;

Neuromuscular
junction

Transverse
tubule

Mitochondrion

Sarcoplasmic
reticulum




Body muscle

Sarcomere

H-zone

© John Wiley & Sons, Inc. All rights reserved.

Myosin: variety of tail domains

Tall domains of myosin classes

B Motor latory Tall
domain main domain

HASIC DOMAIN

GPASQrich domain  SH3 domam

L S —

( | COILED COIL

Kinase domamn

MyTh4e
o= T

Moter domain

R
—

Tahin bomelogy doman




Heads

Myosin Il Figure 9.49

S1fragment
1

Tail

Essential light chain

Regulatory light
chain

(a) 20nm (b) . .
© Joha Wiley & Sons, Inc. All rights reserved. Micrograph from S. A. Burgess, M. L. Walker, H. D. White, and J. Trinick, J. Cel¥ BioL 139:676, 1997; by copyright KI n eS I n

Heavy chain Light chain

Myosin: mostly (+) end directed

Heads Neck Stalk Tail
(catalytic core)

o Wy 8 S . AN g esrved.

Heavy chains

(a) Bipolar filament

2 e, o oy . - z ': A
(b) Courtesy Hugh Huxley

Copyright © John Wiley & Sons, Inc. All rights reserved.



Heavy chains

Bipolar filament

Copyright © John Wiley & Sons, Inc. All rights reserved.




Copyright © John Wiley & Sons, Inc. All rights reserved.

bon W. Fawcett/Photo R'eseatchets, Inc.
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Actin movement Cross-bridge
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Actin Troponin Tropomyosin

Copyright © John Wiley & Sons, Inc. All rights reserved.

Actin Troponin Tropomyosin

© John Wiley & Sons, Inc. All rights reserved.

Tropomyosin £




Myosin: variety of tail domains

Tall domains of myosin classes

B Motor ) Regulatory Tall
CLASS domain main domain
BASIC DOMAIN
)
r & L B e—
GPASQrich domain  SH3 domam
( | COILED COIL
n ‘ EBEeEee——a 4 ¢
Kinase domam
U
MyTid
w ‘_" DI 0 N O
Moter domain
Nterminal extenson
v
everse gear
vi H —%-:1
Tahin bomelogy doman
v

Heads

Myosin Il Figure 9.49

S1fragment
1

Essential light chain

Regulatory light
chain

(a) 20nm (b) . .
© Joha Wiley & Sons, Inc. All rights reserved. Micrograph from S. A. Burgess, M. L. Walker, H. D. White, and J. Trinick, /. Cell BioL 139:676, 1997; by copyright KI n eSI n

Heavy chain Light chain

Myosin: mostly (+) end directed

Heads Neck Stalk Tail
(catalytic core)

o Wy 8 S, . AN g esrved.
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filament
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10 nm

head R »
Myosin
Actin neck filament

filament

© John Wikey & Sans, Inc. All ights reserved.

Power stroke ADP-P;

€ ———-

&
-
ADP
g

ADP

M.Y. Jiang & M. P. Sheetz, Bioessays 16:532, 1994.



Actin Troponin Tropomyosin

© John Wiley & Sond, Inc. All rights reserved.

From Matthew L. Walker et al,, courtesy of Peter J. Knight. Reprinted with permission from Nature 405:804, 2000;
© Copyright 2000; Macmillan Magazines Ltd.



Myosin: variety of tail domains

Tall domains of myosin classes
|

B Motor [) Regulatory Tall
CLASS domain main domain
BASIC DOMAIN
)
] “- I

GPASQrich domain  SH3 domam

L | COILED COIL
1
‘ Kinase domamn
m g
MyTH4
v g W

Moter domain
Nterminal extenson

' i s
_ :;>-4

Tahin Bomelogy dommn

Regulation of myosin by phosphorylation

Phosphorylation of
myosin-V tail

Myosin-V

% CaMKII

CaMKII




The Cytoskeleton: Intermediate Filaments

M Focal adhesion
~O Protein of outer nuciear memie ane . Rbosome
\) W — M
O Protein of inner nutlear membrane . ‘ s |
Plakin cross-beid - 5 IFanchoring plaques w— Fs nbegr
: :-d«dc le.g., plectin) & 0 Actin-anchoring plagues  TIIT) MTs s LaeTien

Repriviod with perminsin foam B Hovmmann ot o, Metre Revs, Mal Colf Bl 8064, 3907, © Copymight 2007, Macmilon Magarines tidt O3

Cowrmiy of Totpane Svrbms and Gory Bovony
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TABLE 9.2 Properties and Distribution of the Major Mammalian

Intermediate Filament Proteins
Primary tissue
IF protein Sequence type  distribution
Keratin |acidic) | Epithelia
(28 different polypeptides)
Keratin (basic) " Epithelia
(26 ditferent polypeptides)
Vimentin mn Mesenchymal cells
Desmin mn Muscle
Glial fibrillary acidic m Astrocytes
protein (GFAP)
Peripherin m Peripheral neurons
Neurofilament proteins Neurons of central
NF-L v and peripheral
NF-M w nerves
NF-H w
Nestin v Neuroepithelial
Lamin proteins All cell types
Lamin A v (Nuclear envelopes)
Lamin B v
Lamin C v

Maore detailed tables can be found in Trends Bloches Sci. 31:384, 2006, Genes
and Development 21:1582, 2007, and Trends CeN Biofd. 18:29, 2008,

©Moha Wiy & Sona inc B8 g maerved

0 2] 2]
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S®
Monomer Dimer Tetramer

S - Unitlength
filament filament of filament

(a) (b)
Copyright © John Wiley & Sons, Inc. All rights reserved.

T T e LBt et
From Anna A. Sokoloa, et al., courtesy of Sergei V. Strefkor, PNAS 103:16209, 2006, Fig. 3a. © 2006
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From Anna A. Sokolova, et al, courtesy of Sergei V. Strelikov, PNAS 103:16209, 2006, Fig. 3a, © 2006

National Academy of Sciences, US.A.

L PN AN Y

NH, Monomer  COOH

o NH, COOH

M

NH, Dimer COOM

NH, COOM COOH NM

NH, COOH Tetramer COOH NM,

“gonm Intermediate filament

© Mobn Wiy & Sevn, i AN gy senerved
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The Cytoskeleton: Intermediate Filaments

_— L —
O Proten of inner nulear membrane ‘m
- 5 IFanchoring plaques e by
Plakin type cross-bridging
Mmu;.m ® 9 Actin-aschoring plaques  LIIT) MTy anm Lowdss
Reperimind with po PR——— ot ok, Mtre Rovs. Mol Coll Ml 8064, 3087, © Cogymight 2007, Macmiton Magasmes Lit] 0 1

epidermolysis bullosa simplex

Mutant Normal

-~
b
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Keratins form Intermediate Filaments that organize tissues

Places where you’ Il find epithelial cells

Intermediate filaments

building block = variable
(keratin, vimentin, nuclear lamins, others)

(a) {b)
Head Rod Tail
—_— C N N C
N 2 3 ') ~ '),w\ Q
-terminus o R $ C-terminus g WO, = 12 L eIl

Tetramer
¢
() "_f —— Proto-

Protofibril filament

o e —

Lodish Fig. 19-33

Functions: mechanical integrity of tissue, cell, or subcellular organelle



Laminopathies (HGPS, progeria)

Some IFs are found in all cells.

Nuclear lamins, a special type of IF, form a basket underlying
the nuclear membrane, giving it strength and organization.

DNA and assocines
(o idesrey WAt omatng

Ml Mat levvry

Outer Nuchasr mamicane .
~uciesr envelo
N e ey ane ot o

Lamin tetramer

Lodish Fig. 19-33 |

*Phosphorylated at head and tail during mitosis



:561,1986. Reprinted

by permission from Macmillan Publishers Ltd.

From Ueli Aebi, et al., Natﬁre 323

Cytoplasm
Intermediate Filaments

Actin Filaments
; Ribosome

Inner nuclear
Outer nuclear membrane
membrane

Rough
ER
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From Werner .
Reproduced with permission of Rockefeller University Press. *

From H. Ma, A.J. Siegel, and R. Berezney, J. Cell Biol. 146:535, Figure 2, 1999.

Reproduced with permission of The Rockefeller University Press




Cell Cycle NE/Lamin Changes

Reqgulation of Nuclear Lamins

CDK1/cyclinB (kinase)

LBR
A — Q
@ S T I - - \
Lamin B P' & ?\

——
PP1 (phosphatase)



Phosphorvlation of Tyrosme Residues

E"%Ow

ATY  Protewn tyrodes Kanases
A
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