
MAE 545: Lecture 19 (4/27)
How proteins find  

target sites on DNA?
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Figure 1. (A) Schematic representation of the protein–DNA search problem. The protein (yellow)
must find its target site (red) on a long DNA molecule confined within the cell nucleoid (in bacteria)
or cell nucleus (in eukaryotes). Compare with figure 9(A) which shows confined DNA. (B) The
target site must be recognized with 1 base-pair (0.34 nm) precision, as displacement by 1 bp results
in a different sequence and consequently a different site.
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Figure 2. (A) The mechanism of facilitated diffusion. The search process consists of alternating
rounds of 3D and 1D diffusion, each with average duration τ3D and τ1D, respectively. (B) The
antenna effect [9]. During 1D diffusion (sliding) along DNA, a protein visits on average n̄ sites.
This allows the protein to associate some distance ∼n̄ away from the target site and reach it by
sliding, effectively increasing the reaction cross-section from 1bp to ∼n̄. The antenna effect is
responsible for the speed-up by facilitated diffusion.

1.3. History of the problem: theory

To resolve this discrepancy, one possible mechanism of facilitated diffusion that includes both
3D diffusion and effectively 1D diffusion of protein along DNA (the 1D/3D mechanism) was
suggested. This mechanism was first proposed and dismissed by Riggs et al [1] but was soon
revived and rigorously studied by Richter and Eigen [3], then further expanded and corrected
by Berg and Blomberg [4] and finally developed by Berg et al [5]. The basic idea of the 1D/3D
mechanism is that while searching for its target site, the protein repeatedly binds and unbinds
DNA and, while bound non-specifically, slides along the DNA, undergoing one-dimensional
(1D) Brownian motion or a random walk. Upon dissociation from the DNA, the protein
diffuses three dimensionally in solution and binds to the DNA in a different place for the next
round of one-dimensional searching (figure 2(A)).

During 1D sliding the protein is kept on DNA by the binding energy to non-specific
DNA. This energy has been measured for several DNA-binding proteins and has a range
of 10–15 kBT (at physiological salt concentration), was shown to be driven primarily by
screened electrostatic interactions between charged DNA and protein molecules [6], and
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Berg - von Hippel theory (1980s)

1. Proteins diffuse in space and non-
specifically bind to a random location on DNA.
2. Proteins slide (diffuse) along the DNA.
3. Proteins jump (diffuse) to another random 
location on DNA and continue this sliding/
jumping process until the target site is found.

O.G.Berg et al., 
Biochemistry 20, 6929-48 (1981)

(facilitated diffusion)

How long that is it take to find a target site in this process?
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This allows the protein to associate some distance ∼n̄ away from the target site and reach it by
sliding, effectively increasing the reaction cross-section from 1bp to ∼n̄. The antenna effect is
responsible for the speed-up by facilitated diffusion.

1.3. History of the problem: theory

To resolve this discrepancy, one possible mechanism of facilitated diffusion that includes both
3D diffusion and effectively 1D diffusion of protein along DNA (the 1D/3D mechanism) was
suggested. This mechanism was first proposed and dismissed by Riggs et al [1] but was soon
revived and rigorously studied by Richter and Eigen [3], then further expanded and corrected
by Berg and Blomberg [4] and finally developed by Berg et al [5]. The basic idea of the 1D/3D
mechanism is that while searching for its target site, the protein repeatedly binds and unbinds
DNA and, while bound non-specifically, slides along the DNA, undergoing one-dimensional
(1D) Brownian motion or a random walk. Upon dissociation from the DNA, the protein
diffuses three dimensionally in solution and binds to the DNA in a different place for the next
round of one-dimensional searching (figure 2(A)).

During 1D sliding the protein is kept on DNA by the binding energy to non-specific
DNA. This energy has been measured for several DNA-binding proteins and has a range
of 10–15 kBT (at physiological salt concentration), was shown to be driven primarily by
screened electrostatic interactions between charged DNA and protein molecules [6], and
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Berg - von Hippel theory (1980s)

Number of distinct sites visited 
during each sliding event

(valid for n>>1)

Probability that target site is 
found during a sliding event

q = nb/L
Probability that target site is 

found exactly after NR rounds

p(NR) = q(1� q)NR�1

First assume fixed sliding time 

n =
p
16D1⌧1d/(⇡b2)

⌧1d

Average number of rounds 
needed to find the target

O.G.Berg et al., 
Biochemistry 20, 6929-48 (1981)

Average search time

NR =
1X

NR=1

NR p (NR) = 1/q

ts = NR (⌧1d + ⌧3d)
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Figure 2. (A) The mechanism of facilitated diffusion. The search process consists of alternating
rounds of 3D and 1D diffusion, each with average duration τ3D and τ1D, respectively. (B) The
antenna effect [9]. During 1D diffusion (sliding) along DNA, a protein visits on average n̄ sites.
This allows the protein to associate some distance ∼n̄ away from the target site and reach it by
sliding, effectively increasing the reaction cross-section from 1bp to ∼n̄. The antenna effect is
responsible for the speed-up by facilitated diffusion.

1.3. History of the problem: theory

To resolve this discrepancy, one possible mechanism of facilitated diffusion that includes both
3D diffusion and effectively 1D diffusion of protein along DNA (the 1D/3D mechanism) was
suggested. This mechanism was first proposed and dismissed by Riggs et al [1] but was soon
revived and rigorously studied by Richter and Eigen [3], then further expanded and corrected
by Berg and Blomberg [4] and finally developed by Berg et al [5]. The basic idea of the 1D/3D
mechanism is that while searching for its target site, the protein repeatedly binds and unbinds
DNA and, while bound non-specifically, slides along the DNA, undergoing one-dimensional
(1D) Brownian motion or a random walk. Upon dissociation from the DNA, the protein
diffuses three dimensionally in solution and binds to the DNA in a different place for the next
round of one-dimensional searching (figure 2(A)).

During 1D sliding the protein is kept on DNA by the binding energy to non-specific
DNA. This energy has been measured for several DNA-binding proteins and has a range
of 10–15 kBT (at physiological salt concentration), was shown to be driven primarily by
screened electrostatic interactions between charged DNA and protein molecules [6], and
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Facilitated diffusion

Average number of distinct sites 
visited during each sliding

In reality sliding times  
are exponentially distributed

Average probability that target site 
is found during a sliding event

Average number of rounds NR 
needed to find the target site

hqi = hni b/L

p(⌧
1d) = kNS

o↵

e�kNS

off

⌧
1d

h⌧
1di =

Z 1

0

d⌧
1d ⌧1d p(⌧1d) = 1/kNS

o↵

hni =
Z 1

0
d⌧1d p(⌧1d)

p
16D1⌧1d/ (⇡b2)

hni = 2
p

D1 h⌧1di / (b2)

hNRi = 1/ hqi

Average search time

htsi = hNRi (h⌧1di+ ⌧3d)

htsi =
L

2
p

D1 h⌧1di
(h⌧1di+ ⌧3d)
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This allows the protein to associate some distance ∼n̄ away from the target site and reach it by
sliding, effectively increasing the reaction cross-section from 1bp to ∼n̄. The antenna effect is
responsible for the speed-up by facilitated diffusion.
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To resolve this discrepancy, one possible mechanism of facilitated diffusion that includes both
3D diffusion and effectively 1D diffusion of protein along DNA (the 1D/3D mechanism) was
suggested. This mechanism was first proposed and dismissed by Riggs et al [1] but was soon
revived and rigorously studied by Richter and Eigen [3], then further expanded and corrected
by Berg and Blomberg [4] and finally developed by Berg et al [5]. The basic idea of the 1D/3D
mechanism is that while searching for its target site, the protein repeatedly binds and unbinds
DNA and, while bound non-specifically, slides along the DNA, undergoing one-dimensional
(1D) Brownian motion or a random walk. Upon dissociation from the DNA, the protein
diffuses three dimensionally in solution and binds to the DNA in a different place for the next
round of one-dimensional searching (figure 2(A)).

During 1D sliding the protein is kept on DNA by the binding energy to non-specific
DNA. This energy has been measured for several DNA-binding proteins and has a range
of 10–15 kBT (at physiological salt concentration), was shown to be driven primarily by
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responsible for the speed-up by facilitated diffusion.
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To resolve this discrepancy, one possible mechanism of facilitated diffusion that includes both
3D diffusion and effectively 1D diffusion of protein along DNA (the 1D/3D mechanism) was
suggested. This mechanism was first proposed and dismissed by Riggs et al [1] but was soon
revived and rigorously studied by Richter and Eigen [3], then further expanded and corrected
by Berg and Blomberg [4] and finally developed by Berg et al [5]. The basic idea of the 1D/3D
mechanism is that while searching for its target site, the protein repeatedly binds and unbinds
DNA and, while bound non-specifically, slides along the DNA, undergoing one-dimensional
(1D) Brownian motion or a random walk. Upon dissociation from the DNA, the protein
diffuses three dimensionally in solution and binds to the DNA in a different place for the next
round of one-dimensional searching (figure 2(A)).

During 1D sliding the protein is kept on DNA by the binding energy to non-specific
DNA. This energy has been measured for several DNA-binding proteins and has a range
of 10–15 kBT (at physiological salt concentration), was shown to be driven primarily by
screened electrostatic interactions between charged DNA and protein molecules [6], and
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Example: search time for target site in 
bacteria on DNA with 106 base pairs
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Simultaneous search for target site by multiple proteins
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Figure 1. (A) Schematic representation of the protein–DNA search problem. The protein (yellow)
must find its target site (red) on a long DNA molecule confined within the cell nucleoid (in bacteria)
or cell nucleus (in eukaryotes). Compare with figure 9(A) which shows confined DNA. (B) The
target site must be recognized with 1 base-pair (0.34 nm) precision, as displacement by 1 bp results
in a different sequence and consequently a different site.
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Figure 2. (A) The mechanism of facilitated diffusion. The search process consists of alternating
rounds of 3D and 1D diffusion, each with average duration τ3D and τ1D, respectively. (B) The
antenna effect [9]. During 1D diffusion (sliding) along DNA, a protein visits on average n̄ sites.
This allows the protein to associate some distance ∼n̄ away from the target site and reach it by
sliding, effectively increasing the reaction cross-section from 1bp to ∼n̄. The antenna effect is
responsible for the speed-up by facilitated diffusion.

1.3. History of the problem: theory

To resolve this discrepancy, one possible mechanism of facilitated diffusion that includes both
3D diffusion and effectively 1D diffusion of protein along DNA (the 1D/3D mechanism) was
suggested. This mechanism was first proposed and dismissed by Riggs et al [1] but was soon
revived and rigorously studied by Richter and Eigen [3], then further expanded and corrected
by Berg and Blomberg [4] and finally developed by Berg et al [5]. The basic idea of the 1D/3D
mechanism is that while searching for its target site, the protein repeatedly binds and unbinds
DNA and, while bound non-specifically, slides along the DNA, undergoing one-dimensional
(1D) Brownian motion or a random walk. Upon dissociation from the DNA, the protein
diffuses three dimensionally in solution and binds to the DNA in a different place for the next
round of one-dimensional searching (figure 2(A)).

During 1D sliding the protein is kept on DNA by the binding energy to non-specific
DNA. This energy has been measured for several DNA-binding proteins and has a range
of 10–15 kBT (at physiological salt concentration), was shown to be driven primarily by
screened electrostatic interactions between charged DNA and protein molecules [6], and
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responsible for the speed-up by facilitated diffusion.

1.3. History of the problem: theory

To resolve this discrepancy, one possible mechanism of facilitated diffusion that includes both
3D diffusion and effectively 1D diffusion of protein along DNA (the 1D/3D mechanism) was
suggested. This mechanism was first proposed and dismissed by Riggs et al [1] but was soon
revived and rigorously studied by Richter and Eigen [3], then further expanded and corrected
by Berg and Blomberg [4] and finally developed by Berg et al [5]. The basic idea of the 1D/3D
mechanism is that while searching for its target site, the protein repeatedly binds and unbinds
DNA and, while bound non-specifically, slides along the DNA, undergoing one-dimensional
(1D) Brownian motion or a random walk. Upon dissociation from the DNA, the protein
diffuses three dimensionally in solution and binds to the DNA in a different place for the next
round of one-dimensional searching (figure 2(A)).

During 1D sliding the protein is kept on DNA by the binding energy to non-specific
DNA. This energy has been measured for several DNA-binding proteins and has a range
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target site must be recognized with 1 base-pair (0.34 nm) precision, as displacement by 1 bp results
in a different sequence and consequently a different site.
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1.3. History of the problem: theory

To resolve this discrepancy, one possible mechanism of facilitated diffusion that includes both
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suggested. This mechanism was first proposed and dismissed by Riggs et al [1] but was soon
revived and rigorously studied by Richter and Eigen [3], then further expanded and corrected
by Berg and Blomberg [4] and finally developed by Berg et al [5]. The basic idea of the 1D/3D
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(1D) Brownian motion or a random walk. Upon dissociation from the DNA, the protein
diffuses three dimensionally in solution and binds to the DNA in a different place for the next
round of one-dimensional searching (figure 2(A)).

During 1D sliding the protein is kept on DNA by the binding energy to non-specific
DNA. This energy has been measured for several DNA-binding proteins and has a range
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What is the typical search time for the fastest 
of n independently searching proteins?

Search times for target site by individual 
proteins are exponentially distributed

(Extreme value distributions)

pn(ts) = n⇥ p1(ts)⇥
✓Z 1

ts

dt0 p1(t
0)

◆n�1

Average search time is 
reduced by factor n

Interactions and collisions  
between proteins are ignored

{ {
probability that other n-1 
proteins take longer time 

to find the target site

probability that one of 
n proteins finds the 
target site at time ts

Z 1

0
dts ts pn(ts) =

htsi
n

=
n

htsi
e�nts/htsi

p1(ts) =
1

htsi
e�ts/htsi



Statistical mechanics of polymers and filaments
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molecular dynamics simulation

Statistical mechanics of polymers and filaments

partition function
(sum over all possible 

configurations)
Z =

X

c

e�Ec/kBT Ec
energy of a given

configuration

T

kB

temperature
Boltzmann 
constant

kB = 1.38⇥ 10�23JK�1

expected value of 
observables

hOi =
X

c

Oc
e�Ec/kBT

Z

Note: averaging over time is 
equivalent to averaging over all 

possible configurations weighted 
with Boltzmann weights!



ht(s) · t(s+ x)i = e

�x/`p

Long filaments 
perform self-avoiding 

random walk

Persistence length
correlations between tangents

Short filaments  
remain straight

L ⌧ `p L � `p

B - filament bending rigidity
T - temperature
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`p =
B

kBT L - filament length

persistence  
length

tangents become uncorrelated 
beyond persistence length!



Examples: persistence length
polyethylene

`p = 2.6 nm

Persistence length for 
polymers is on the order of nm

double stranded DNA
`p ⇡ 50 nm

single stranded DNA
`p ⇡ 2 nm

actin

microtubule
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`p ⇡ 17µm

`p ⇡ 1.4mm

uncooked spagetthi
`p ⇡ 1018 m

`p =
B

kBT



Long filaments

End-to-end distance
Short filaments L ⌧ `p L � `p
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~RAB ~RAB

A B

B

A

Polymers shrink, when 
temperature is increased!

Negative thermal 
expansion of rubber.

D
~R2
AB

E
= 2`pL


1� `p

L

⇣
1� e�L/`p

⌘�
Exact result

Over time thermal fluctuations reorient 
filaments in all possible directions!D

~RAB

E
= 0

D
~RAB

E
= 0

D
~R2
AB

E
⇡ L2

D
~R2
AB

E
⇡ 2`pL =

2BL

kBT
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Ideal chain vs worm-like chain

N identical unstretchable links 
(Kuhn segments) of length a with 

freely rotating joints

~RAB

B

A

a

~RABA
B

Ideal chain Worm-like chain

Each configuration C 
has zero energy cost.

Ec = 0

Bending energy cost 
of configuration C:

Ec =
B

2

Z L

0
ds

✓
d2~r

ds2

◆2

Each configuration C appears with probability 

pc / e�Ec/kBT

L = Na - chain length

Continuous unstretchable rod
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Ideal chain vs worm-like chain

N identical unstretchable links 
(Kuhn segments) of length a with 

freely rotating joints

~RAB

B

A

a

~RABA
B

Ideal chain Worm-like chain
Continuous unstretchable rod

D
~R2
AB

E
⇡ 2`pL =

2BL

kBT

D
~R2
AB

E
= Na2 = aL

End-to-end distance fluctuations can be made 
identical if one choses the segment length to be 

a = 2`p
L = Na - chain length



Fa/kBT
0 1 2 3 4 5 6 7 8 9 10

⟨x
1
⟩/

a

0

0.2

0.4

0.6

0.8

1

hx
i/
N
a

15

Stretching of ideal freely jointed chain

fixed
end

a

~RABA B

~F

x̂

ŷ
ẑ

hxi = Na

✓
coth


Fa

kBT

�
� kBT

Fa

◆
Exact result for end-to-end distance

small force

large force

Fa ⌧ kBT

hxi ⇡ FNa

2

3kBT
=

2FL`p

3kBT

Fa � kBT

hxi ⇡ Na

✓
1� kBT
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◆
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✓
1� kBT

2F `p
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Stretching of worm-like chains

x̂

ŷ
ẑ

hxi ⇡ L

"
1�

s
kBT

4F `p

#

Approximate expression that interpolates between both regimes

J.F. Marko and E.D. Siggia, 
Macromolecules 28, 8759-8770 (1995)

F `p

kBT
=

1

4

✓
1� hxi

L

◆�2

� 1

4
+

hxi
L

small force

Assume long chains L � `p

~F ~F

large force F `p � kBTF `p ⌧ kBT

hxi ⇡ 2FL`p

3kBT
⌘ F

k

entropic spring constant

k =
3kBT

2L`p
=

3k2BT
2

2LB B - filament bending rigidity
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Experimental results for stretching of DNA

J.F. Marko and E.D. Siggia, 
Macromolecules 28, 8759-8770 (1995)

8760 Marko and Siggia Macromolecules, Vol. 28, No. 26, 1995 

A long enough linear DNA is a flexible polymer with 
random-walk statistics with end-to-end mean-squared 
distance Ro = (bLY2 ,  where b is the Kuhn statistical 
monomer size (excluded volume effects can be ignored 
in most of the experimental data considered in this 
paper;* see section 1II.C). The bending costs an energy 
per length of ~ B T A K ~ / ~ ,  where K = laS2rl is the curvature 
(the reciprocal of the bending radius) and where A is 
the characteristic length over which a bend can be made 
with energy cost kBT. This inextensible polymer model 
is variously called the wormlike chain (WLC), the 
Kratky-Porod model, and the persistent chain model. 
For the WLC, Ro2 = 2AL, and thus b = 2Ae7 

Since A is also the characteristic distance along the 
WLC over which the tangent vector correlations die 
it is called the persistence length. For DNA in vivo 
(where there is about 150 mM Na+ plus other ions), one 
should keep in mind a value A x 50 nm or 150 b ~ , ~  
although at  low ionic strengths electrostatic stiffening 
can cause A to appear as large as 350 nm. Throughout 
this paper, L >> A is always assumed. 

Like any flexible polymer, separation of the ends of a 
DNA by an amount z << L costs free energy F = 3 k ~ T z ~ /  
(2R02)  and therefore requires a force f = aF/az = 3k~Tz/ 
(W). Below the characteristic force of kBTIA, the 
extension z is small compared to L and this linear force 
law is valid. Since 1 kBT/nm = 4.1 piconewtons (pN), 
for A = 50 nm, kBTIA = 0.08 pN: the forces needed to 
extend DNAs are very small compared to the piconew- 
tons needed to fully extend conventional polymers (e.g., 
polystyrene) with Kuhn length b < 1 nm. 

For forces beyond kBTIA, the nonlinear entropic 
elasticity11J2 of the WLC model with fixed total contour 
length determines the force-distance behavior. Only 
for forces of order the base-stackinglpairing energies/ 
length 10kBT/nm = 500k~T/A will the constraint of 
fixed arc length cease to  be a good approximation, thus 
rendering inapplicable the WLC model (see section V). 

The effective energy of a stretched WLC is11,20 

1 0 -  

c T 
e 
LU c? 

L / 

! - 
C 
L - 1= 0.5 r 

J 
/ 

P 

- 3  , 

35 i 30 25 extension z ( p )  
I 

1 0 - ~  10-2 lo- '  l o o  10' 
force f (kT/nm) 

Figure 2. Fit of numerical exact solution of WLC force- 
extension curve to experimental data of Smith et a1.l (97004 
bp DNA, 10 mM Na+). The best parameters for a global least- 
squares fit are L = 32.8 pm and A = 53 nm. The FJC result 
for b = 2A = 100 nm (dashed curve) approximates the data 
well in the linear low-fregime but scales incorrectly at large 
f and provides a qualitatively poorer fit. Inset: f 1 l 2  vs z for 
the highest forces; the exact WLC result (solid line) is in this 
plot a straight line extrapolating to L = 32.8 pm from which 
the experimental points begin to diverge above z = 31 pm; 
including intrinsic elasticity (eq 19 with y = 500 kBT/nm, 
dotted curve) improves the fit. 

also make plausible a crossover from an entropic 
elasticity regime to an intrinsic stretching elasticity 
regime (where the DNA contour length slightly in- 
creases), recently suggested by Odijk.16 In the same 
section, we describe why one can largely ignore effects 
of excluded volume and spontaneous bends that may 
occur along DNA because of its heterogeneous base-pair 
sequence. 

Section IV discusses experiments that stretch teth- 
ered DNAs with one free end (Figure lb) with an electric 
field (again relying on the polyelectrolyte character of 
DNA) or with hydrodynamic Because of the 
complexities of dealing with a nonuniform and self- 
consistently determined tension, these kinds of experi- 
ments furnish less stringent tests of elastic theory but 
are closer to the kinds ofways DNAs and other polymers 
get stretched in the natural world. Finally, section V 
discusses recent experiments17 showing that strong 
forces cause the double-helical "secondary structure" of 
B-DNA to abruptly lengthen by a factor of about 1.85. 
Although the precise nature of the new DNA state is at  
this time unclear (perhaps it is an extended flat ribbon 
or separated random-coil-like single strands), the ge- 
ometry of the lengthening is consistent with straighten- 
ing of the double helix, and the force scale is consistent 
with what is necessary to overcome the cohesive free 
energy binding the DNA strands together. 

11. Entropic Elasticity of the Wormlike Chain 
Double-helical B-DNA is a stiff-rod polymer. At 

length scales comparable to the double-helix repeat of 
3.5 nm or the diameter of 2.1 nm, the pairing and 
stacking enthalpy of the bases makes the polymer very 
rigid, with a well-defined contour length that may be 
measured either in nanometers or in base pairs (1 bp 
= 0.34 nm).4 DNA conformations may therefore be 
described by a space curve r(s) of fixed total lengthA L ,  
where s is arc length and where the tangent vector t = 
a,r is a unit vector.l8Jg 

where the force f appears as a Lagrange multiplier to 
fix the end-to-end extension z = &*[r(L)  - r(0)I. Below 
we will compute the equilibrium extension using the 
Boltzmann distribution e-E1kBT. In the remainder of this 
paper, forces and extensions are taken to be along the 
z axis, and when forces appear with inverse-length 
dimensions, a factor of kBT has been suppressed. 

A. Simple Calculation of WLC StrongStretch- 
ing Behavior. When large forces are applied to a 
WLC, the extension approaches the total length L, and 
the tangent vector fluctuates only slightly around 2.12 
From the constraint It1 = 1, we see that if t, and ty are 
taken as independent components, the t, fluctuations 
are quadratic in the two-vector t l =  [t,,t,], namely, t, = 
1 - tL2/2 + 0(t14). To quadratic order, K~ = (a,tl)2, and 
we obtain the Gaussian approximation to (1):12 

where we have expressed the extension in (1) as z = 
Jds t, and where terms of higher than quadratic order 
in tl have been dropped. 

Fourier transforms ( $ L ( q )  Jds eiqstl(s)) decouple the 
energy into normal modes: 
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Random coil to globule transition in polymers

interaction parameters similar to Ep appear (for an overview of
lattice models in the context of protein folding, see ref 20). For
instance, in the Goj model for proteins,21 the interactions between
monomers (“amino acids”) are designed to uniquely favor one
particular native state (or, to be more precise, a small number
of, usually symmetry-related, lowest-energy states). Hence, the
nearest-neighbor interaction in the Goj model is similar to Ep:
it favors an ordered structure, but because the interaction is so
specific, there is little driving force for the formation of a
disordered dense globule. By analogy with the present results,
we should expect that the Goj model therefore behaves as a
system where B/Ep is small, that is, in the range where there is
a high free-energy barrier separating the coil and native states.

In fact, it is well-known that the Goj model does, indeed, yield
strong, first-order-like, coil-to-native transitions.20,22 The present
study suggests that adding a nonspecific attraction to the Goj
model should facilitate the transition from the coil to the native
state by lowering the nucleation barrier.
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Figures from: W.B. Hu and D. Frenkel, J. Phys. Chem. B 110, 3734 (2006)
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Further reading
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Dynamics of actin 
filaments and microtubules

Actin filament

Microtubule
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Cytoskeleton in cells

Actin filament

Microtubule

(wikipedia)

Cytoskeleton matrix gives the cell shape 
and mechanical resistance to deformation.
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Crawling of cells

David Rogers, 1950s

Immune system:
neutrophils chasing bacteria

migration of skin cells during 
wound healing

spread of cancer cells during 
metastasis of tumors

amoeba searching for food v ⇠ 0.1µm/s

Actin
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Movement of bacteria

Julie Theriot

Listeria monocytogenes
moving in infected cells 

(speeded up 150x)

Actin

L. A. Cameron et al., 
Nat. Rev. Mol. Cell Biol. 1, 110 (2000)

v ⇠ 0.1� 0.3µm/s
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Molecular motors

A.B. Kolomeisky, J. Phys.: Condens. 
Matter 25, 463101 (2013)

Actin

Microtubule

Actin

Transport of large 
molecules around cells

(diffusion too slow)

Contraction of muscles

Harvard BioVisions

v ⇠ 1µm/s
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Cell division

Segregation of chromosomes
Contractile ring divides 

the cell in two

Microtubules Actin
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Swimming
of sperm

cells

Jeff Guasto

Swimming of 
Chlamydomonas

(green alga)

Jeff Guasto

Bending is produced by motors walking on 
neighboring microtubule-like structures

v ⇠ 60µm/sv ⇠ 50µm/s
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Dynamic fi laments423

    Fig. 11.12      (a) If [ M ] c  
+  = [ M ] c   

−
  , both fi lament ends grow or shrink simultaneously. (b) If [ M ] c  

+   ≠  [ M ] c   
−
  , there is 

a region where one end grows while the other shrinks. The vertical line indicates the steady-state 

concentration [ M ] ss  where the fi lament length is constant.  

the same time as the minus end shrinks. A special case occurs when the two 

rates have the same magnitude (but opposite sign): the total fi lament length 

remains the same although monomers are constantly moving through it. 

Setting d n  + /d t  = −d n  − /d t  in Eqs. (11.5), this steady-state dynamics occurs at 

a concentration [ M ] ss  given by 

   [ M ] ss  = ( k  off  
+  +  k  off  

− ) / ( k  on  
+  +  k  on  

− ).    (11.7)  

 Here, we have assumed that there is a source of chemical energy to phos-

phorylate, as needed, the diphosphate nucleotide carried by the protein 

monomeric unit; this means that the system reaches a steady state, but not 

an equilibrium state. 

 The behavior of the fi lament in the steady-state condition is called tread-

milling, as illustrated in  Fig. 11.13 . Inspection of Table 11.1 tells us that 

treadmilling should not be observed for microtubules since the critical con-

centrations at the plus and minus ends of the fi lament are the same; that 

is, [ M ] c  
+  = [ M ] c  

−  and the situation in  Fig. 11.12(a)  applies. However, [ M ] c  
−  is 

noticeably larger than [ M ] c  
+  for actin fi laments, and treadmilling should 

occur. If  we use the observed rate constants in Table 11.1 for ATP-actin 

solutions, Eq. (11.7) predicts treadmilling is present at a steady-state actin 

concentration of 0.17  µ  M , with considerable uncertainty. A direct meas-

ure of the steady-state actin concentration under not dissimilar solution 

conditions yields 0.16  µ  M  (Wegner,  1982 ). At treadmilling, the growth rate 

from Eqs. (11.5) is    

  d n  +  /d t  = −d n  −  /d t  = ( k  on  
+  •  k  off  

−  –  k  on  
−  •  k  off  

+ ) / ( k  on  
+  +  k  on  

− ),   (11.8)  

 corresponding to d n  +  /d t  = 0.6 monomers per second for [ M ] ss  = 0.17  µ  M .  
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Actin filament growing against the barrier
work done against the 
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Actin filament growing against the barrier
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Movement of bacteria

Julie Theriot (speeded up 150x)

L. A. Cameron et al., 
Nat. Rev. Mol. Cell Biol. 1, 110 (2000)
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