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Lecture 13:Lecture 13: 

Mechanical Properties of Cytoskeletal Polymers

( )Modeling Biochemical Reactions (I)

1BME42-620 Lecture 13, October 11, 2011



Course Administration Notes

• Third reading assignment posted online. 
 Presentation schedule

• Problem set 1 graded and returned today.
MEAN = 104; STD = 18; MIN = 65; MAX = 139

• Lectures to choose from (http://www.ibioseminars.org)

1) Julie Theriot, Cell Organization & Cell Motility
2) Ron Vale, Cytoskeletal Motor Proteins
3) Jennifer Lippincott-Schwartz, Breakthroughs in Intracellular

Fluorescent ImagingFluorescent Imaging

A one-page summary report is due Oct-18 in class. 
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Outline

• Review: problem set 1• Review: problem set 1

• Mechanical properties of cytoskeletal filamentsy

• Fundamentals of chemical reaction modeling
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Problem Set 1 (I)

• 1-1

• 1 2• 1-2 
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Problem Set 1 (II)

• 1-3

• 1-5
 Protein analysis Protein analysis
 DNA sequence analysis
 Genetic code
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Problem Set 1 (III)( )
• 1-7  (A, B, E) ((A, B), E) (A, (B, E)) ((A, E), B)
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Polymer Mechanics (I)y ( )

• Rationale: characterizing mechanical properties of 
individual filaments as a starting point for understandingindividual filaments as a starting point for understanding 
mechanical properties of cells, tissues, and organs. 

• Polymer mechanics is an established research field. 
- A classic treatment: M. Doi & S.F. Edwards, The theory of polymer 
dynamics Oxford University Press 1986dynamics, Oxford University Press, 1986.

• Investigating the mechanics of biopolymers in cells is a 
very active research field. 
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Polymer Mechanics (II)y ( )

• We will take an approach of simplification and 
approximation hereapproximation here. 

• Theory of elasticity holds at the scale of single filaments.Theory of elasticity holds at the scale of single filaments. 

• Cytoskeleton polymers are modeled as thin and slender 
beams. 
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Basic Mechanical Properties of Cytoskeletal Filamentsp y

• Bending rigidityg g y

• Viscous drag coefficient

• Buckling force

• Persistence length
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Bending Rigidityg g y
• Basic equation

1

R di f

M EI
R

R



: Radius of curvature
: Torque; bending moment

: Young's modulus

R
M

E

B di i idit f t k l t l fil t i ll

g
:  second moment of inertia

: bending (flexural) rigidity
I
EI

• Bending rigidity of cytoskeletal filaments is generally 
independent of bending direction since cytoskeletal filaments 
have approximately circular or helical symmetry. 
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Cantilever Beam Under Small-Angle Bending

• Beam deflection
 2 Md  2

2

M xd y
dx EI



• Cantilever beam
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• Spring constant
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Mechanics of Materials, 7th ed., J. M. Gere & B. J. Goodno, 2008
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Examples: cantilever beam modelsp
• Glass cantilever beam

r = 0.25μm, L = 100 μmμ , μ
E=70 GPa, I=(/4)r4=310-27

k=0.64 pN/nm
N kg1P 1 1

• Microtubule
EI=30 10-24N·m2. L = 10 μm

2 2

N g1Pa=1 1
m m s




k = 0.00009 pN/nm

• Coiled coil
EI=400 10-30N·m2. L = 8 nm
k = 2.34 pN/nm
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Drag Coefficient

• Viscous drag on slender 
rods

• Example: drag on a sperm
Head: length 5.8 μm, width 

3.1 μm, viscosity 1mPa·s 
(assuming water)

Head drag coefficient = 0.0547 
pN/ (μm·sec) [use the sphere 

d l 2 9]model, r =2.9]
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Buckling Force
• Euler's force: buckling force 

on both endson both ends

2
2c

EIF
L



• Example: microtubule 
b kli f

L

buckling force
EI=30 10-24N·m2. L = 10 μm
Fc=6.1pNp

2
2c

EIF
L
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Persistence Length (I)

• Persistence length is defined as the characteristic 
di t d fi d idistance defined in

   0
2 p

scos s exp
L

 
 

        
 

• Persistence length is proportional to the bending rigidity 

p 

and inversely proportional to thermal energy. 

EIL pL
kT



17



Persistence Length (II)

• Persistence length of cellular filaments

- Actin:  15 m
- Microtubule: 6 mm
- Keratin intermediate filament: ~ 1 m

- Coiled coil: 100-200 nm- Coiled coil: 100-200 nm
- DNA: 50 nm
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Cytoskeletal Filaments in vivo

• Cytoskeletal filaments• Cytoskeletal filaments 
- Highly dynamic in vivo.

Function in networks- Function in networks.

- Function under tight regulation. 

- Crosstalk between different filaments. 

T. Wittmann et al, J. Cell Biol., 161:845, 2003. 
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Outline
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Modeling First Order Reactions (I)

• First order reactions involves one reactant (A).

A P
• Two examples

A P

 Protein conformation change
 Disassociation of a molecular complex

• Reaction rate model
     d P d A     d d

R k A
dt dt    
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Modeling First Order Reactions (II)

• Determination of equilibrium state K

A P



• Reaction rate model

   d A d P

K

A P



     d A d P

R k P
dt dt    

eq eqk A k P       

eq
eq

eq

P kk
A k
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Modeling Second Order Reactions (I)

• Second order reactions involves two reactants (A,B).

• A second order molecular binding reaction

 A B AB

Reaction rate model

 A B AB 

• Reaction rate model     d P
R k A B

dt  

 k  R k AB 
 
  eq

ABkk
k A B
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Questions ?
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Calculation of Diffusion Coefficient

2

2 
• Einstein-Smoluchowski Relation

1 1
2 2

x
d

Fv a
m

  
22
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kTD
f

 f: viscous drag coefficient

• Stokes' relation: the viscous drag coefficient of a 
sphere moving in an unbounded fluid

6f r : viscousity
r: radius
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An example of D calculation

• Calculation of diffusion coefficient

6
kTD

r


• k=1.38110-23J/k=1.381 10-17 N·m/k
• T = 273.15 + 25
• =0.8904mPa·s=0.8904 10-3 10-12N·m-2·s
• r= 500nm=0 5μmr 500nm 0.5μm
• D=0.5 m2/s
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