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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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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)).
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DNA. This energy has been measured for several DNA-binding proteins and has a range
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How long proteins remain bound on DNA?

ko↵

Probability that protein unbinds 
in a small time interval       :

Probability that protein remains bound for time    
and then it unbinds between time    and              :

t
t t+�t

�t

ko↵�t

ko↵�t⇥ (1� ko↵�t)t/�t

�t ! 0limit

p(t) = ko↵e
�kofft

Average binding time

Proteins remain bound to specific target sites for minutes to hours, 
while they unbind from nonspecific sites after milliseconds to seconds.

hti =
Z 1

0
t p(t)dt =

1

ko↵
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How quickly proteins find target sites on DNA?

concentration of free proteins 
far from the target site

rate of absorption (see slide 6)
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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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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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for lac repressor protein in E. coli
b ⇡ 0.34nm D3 ⇡ 30µm2/s

[T] ⇠ 1 per cell ⇠ 10�9M

kon ⇠ 108M�1s�1 ts ⇠ 10s

in vitro experiments (1970)
kexpon ⇠ 1010M�1s�1 ts ⇠ 0.1s

Why is experimentally observed rate 100 times larger?

A.D.Riggs et al., 
J. Mol. Biol. 53, 401-417 (1970)

Characteristic search time via 3D diffusion

ts = (kon[T])
�1

kon = 4⇡D3b

1M = 6⇥ 1026m�3

Molar concentration

1917 Smoluchowski theory
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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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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)

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)

J. Phys. A: Math. Theor. 42 (2009) 434013 L Mirny et al

..ATTATGCATGACGAT..

(B)(A)

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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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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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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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
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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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Statistical mechanics of polymers and filaments

 14



 15

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: in equilibrium 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
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actin `p ⇡ 17µm

microtubule `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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Over time thermal fluctuations reorient 
filaments in all possible directions!D
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Polymers shrink, when 
temperature is increased!

Negative thermal 
expansion of rubber.
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Ideal chain vs worm-like chain

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

freely rotating joints
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has zero energy cost.
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Bending energy cost 
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Each configuration C appears with probability 

pc / e�Ec/kBT

L = Na - chain length

Continuous unstretchable rod



 20

Ideal chain vs worm-like chain

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

freely rotating joints
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Stretching of ideal freely jointed chain
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Stretching of worm-like chains

x̂

ŷ
ẑ

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

Approximate expression that interpolates between both regimes
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large force F `p � kBT
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entropic spring constant
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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 
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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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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

https://www.youtube.com/watch?v=FzcTgrxMzZk
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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

https://sites.tufts.edu/guastolab/movies/

10µm
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7nm

Actin filaments

Persistence length `p ⇠ 10µm

Minus end
(pointed end)

Plus end
(barbed end)

Typical length L . 10µm

actin
monomer

Actin treadmilling

Minus end Plus end

Hydrolysis of ATP

Exchange of 
ATP for ADP



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 .  

 34

Actin growth

k+on

k+o↵

k�o↵

k�on

dn�

dt
= k�on[M ]� k�o↵

dn+

dt
= k+on[M ]� k+o↵

growth of minus end growth of plus end

concentration of free 
actin monomers

no growth at no growth at

[M ]+c =
k+o↵
k+on

[M ]�c =
k�o↵
k�on

actin growsactin shrinks

Steady state regime
dn+

dt
= �dn�

dt

front speed
dn+

dt
=

k+onk
�
o↵ � k�onk

+
o↵

k+on + k�on
⇡ 0.6s�1

[M ]ss =
k+o↵ + k�o↵
k+on + k�on

⇡ 0.17µM
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Actin filament growing against the barrier
work done against the 
barrier for insertion of 

new monomer

W = Fa

effective monomer free energy  
potential without barrier

away from
filament

attached
to the tip

�

k+on ⇠ 4⇡D3a

k+o↵ / e��/kBT

effective monomer free energy 
potential with barrier

�

W

away from
filament

attached
to the tip

k+on(F ) ⇠ k+one
�Fa/kBT

k+o↵(F ) ⇠ k+o↵

F

k+on(F )

k+o↵(F )

2a

��W
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Actin filament growing against the barrier

effective monomer free energy 
potential with barrier

�

W

away from
filament

attached
to the tip

Growth speed of the tip

k+on(F ) ⇠ k+one
�Fa/kBT

k+o↵(F ) ⇠ k+o↵

F

k+on(F )

k+o↵(F )

2a

v+(F ) =
dn+(F )

dt
= k+on[M ]e�Fa/kBT � k+o↵

Maximal force that can be balanced by growing filament 

v+(Fmax) = 0 Fmax =
kBT

a
ln

✓
k+on[M ]

k+o↵

◆
k+on ⇠ 10µM�1s�1

k+o↵ ⇠ 1s�1

[M ] ⇠ 10µM
a ⇡ 2.5nm
Fmax ⇠ 8pN

(stall force)

work done against the 
barrier for insertion of 

new monomer

W = Fa



1
1

4
| 

N
O

V
EM

BE
R

 2
00

0 
|

V
O

LU
M

E 
1 

 
w

w
w

.n
at

ur
e.

co
m

/r
ev

ie
w

s/
m

ol
ce

ll
bi

o

R
E

V
IE

W
S

ga
tio

n 
by

 V
AS

P 
m

ay
 n

ot
 d

ire
ct

ly
 tr

an
sla

te
 in

to
 a

n
in

cr
ea

se
 in

 cr
aw

lin
g s

pe
ed

 in
 m

am
m

ali
an

 ce
lls

,p
os

sib
ly

hi
gh

lig
ht

in
g a

n 
im

po
rt

an
t d

iff
er

en
ce

 b
et

w
ee

n 
la

m
el

-
lip

od
ia

 an
d 

L.
m

on
oc

yt
og

en
es

m
ot

ili
ty

 (f
or

 o
th

er
 d

iff
er

-
en

ce
s,

se
e B

OX
 2)

.
Bu

t r
eg

ar
dl

es
s o

ft
he

 n
at

ur
e o

ft
he

 ac
ce

ler
at

or
,w

ha
t

tu
rn

s t
he

 ig
ni

tio
n 

ke
y b

y c
at

aly
sin

g F
-a

ct
in

 n
uc

lea
tio

n 
in

th
e f

irs
t p

lac
e?

 T
he

 an
sw

er
 to

 th
is 

qu
es

tio
n 

ca
m

e f
ro

m
 a

bi
oc

he
m

ica
l s

tu
dy

.P
lat

ele
t e

xt
ra

ct
s,

ric
h 

in
 ac

tin
-a

ss
oc

i-
at

ed
 cy

to
sk

el
et

al
 p

ro
te

in
s a

nd
 ea

sy
 to

 o
bt

ai
n 

in
 la

rg
e

qu
an

tit
ies

,w
er

e f
ra

cti
on

at
ed

,a
nd

 th
e f

ra
cti

on
s e

xa
m

in
ed

us
in

g a
 vi

su
al

 as
sa

y t
o 

de
te

rm
in

e w
hi

ch
 co

ul
d 

su
pp

or
t

th
e f

or
m

at
io

n 
of

F-
ac

tin
 cl

ou
ds

 ar
ou

nd
 L

.m
on

oc
yt

o-
ge

ne
s.

Th
e m

os
t p

ur
ifi

ed
 a

ct
iv

e f
ra

ct
io

n 
co

nt
ai

ne
d 

a
tig

ht
ly

 as
so

ci
at

ed
 p

ro
te

in
 co

m
pl

ex
 co

ns
ist

in
g o

fs
ev

en
po

ly
pe

pt
id

e c
ha

in
s42

.T
hi

s c
om

pl
ex

,n
am

ed
 A

rp
2/

3a
fte

r
tw

o 
of

its
 m

em
be

rs
 (a

ct
in

 re
lat

ed
 p

ro
te

in
s 2

 an
d 

3)
,h

ad
in

iti
all

y b
ee

n 
iso

lat
ed

 as
 a 

pr
of

ili
n-

bi
nd

in
g c

om
pl

ex
 b

y
af

fin
ity

 ch
ro

m
at

og
ra

ph
y o

fA
ca

nt
ha

m
oe

ba
 ca

ste
lla

ni
i

cy
to

so
l43

,b
ut

 it
s f

un
ct

io
n 

in
 th

e 
re

gu
la

tio
n 

of
ac

tin
dy

na
m

ics
 h

ad
 p

re
vi

ou
sly

 b
ee

n 
un

cle
ar

.T
he

 n
uc

lea
tin

g
ac

tiv
ity

 o
fA

rp
2/

3 
ca

n 
be

 m
ea

su
re

d 
in

 vi
tr

o44
,b

ut
 it

 is

en
ha

nc
in

g 
th

e 
sp

ee
d 

of
ac

tin
-b

as
ed

 m
ot

ili
ty

38
,3

9 .
Pr

of
ili

n 
ta

gg
ed

 
w

ith
 

gr
ee

n 
flu

or
es

ce
nt

 
pr

ot
ei

n
(G

FP
–p

ro
fil

in
) 

as
so

ci
at

es
 w

ith
 m

ov
in

g 
ba

ct
er

ia
 in

in
fe

ct
ed

 c
el

ls 
an

d,
st

ri
ki

ng
ly,

th
e 

co
nc

en
tr

at
io

n 
of

G
FP

–p
ro

fil
in

 at
 th

e b
ac

te
ria

l s
ur

fa
ce

 is
 cl

os
ely

 co
rr

ela
te

d
w

ith
 b

ac
te

ria
l s

pe
ed

40
.T

hi
s i

nd
ic

at
es

 th
at

 th
e p

ro
lin

e-
ric

h 
re

pe
at

s,
VA

SP
 an

d 
pr

of
ili

n 
m

ay
 ac

t t
og

et
he

r a
s a

n
ac

ce
ler

at
or

 fo
r b

ac
te

ria
l m

ov
em

en
t.

VA
SP

 an
d 

pr
of

ili
n 

m
ay

 al
so

 h
av

e i
nd

ep
en

de
nt

 ef
fec

ts
on

 fi
la

m
en

t e
lo

ng
at

io
n.

Ex
pe

ri
m

en
ts

 u
sin

g 
hu

m
an

pl
at

el
et

 ex
tr

ac
ts 

sh
ow

 th
at

 m
ov

em
en

t o
fL

.m
on

oc
yt

o-
ge

ne
si

s s
til

l e
nh

an
ce

d 
in

 th
e p

re
se

nc
e o

fa
 m

ut
an

t p
ro

-
fil

in
 th

at
 d

oe
s n

ot
 b

in
d 

pr
ol

in
e-

ri
ch

 se
qu

en
ce

s a
nd

th
er

ef
or

e c
an

no
t a

ss
oc

iat
e w

ith
 V

AS
P.

Co
nv

er
se

ly,
VA

SP
st

ill
 ac

ce
le

ra
te

s L
.m

on
oc

yt
og

en
es

m
ot

ili
ty

 in
 p

ro
fil

in
-

de
pl

et
ed

 e
xt

ra
ct

s39
.S

ur
pr

isi
ng

ly,
ov

er
ex

pr
es

sio
n 

of
m

em
be

rs
 o

ft
he

 E
na

/V
AS

P 
fa

m
ily

 in
 m

am
m

al
ia

n 
ce

lls
ca

us
es

 th
em

 to
 m

ov
e a

t l
es

s t
ha

n 
ha

lf
th

e s
pe

ed
 o

fw
ild

-
ty

pe
 ce

lls
,a

nd
 re

m
ov

al 
of

En
a/

VA
SP

 p
ro

te
in

s b
y s

eq
ue

s-
tr

at
io

n 
to

 th
e 

m
ito

ch
on

dr
ia

l s
ur

fa
ce

 c
au

se
s c

el
ls 

to
m

ov
e f

as
te

r t
ha

n 
w

ild
-t

yp
e c

el
ls41

.T
hi

s o
bs

er
va

tio
n

in
di

ca
te

s t
ha

t e
nh

an
ce

m
en

t o
ft

he
 ra

te
 o

ff
ila

m
en

t e
lo

n-

Fi
gu

re
 4

 | 
D

ia
gr

am
 o

f t
he

 m
ol

ec
ul

ar
 c

om
po

ne
nt

s 
re

qu
ire

d 
fo

r a
ct

in
-b

as
ed

 m
ot

ili
ty

 o
f L

is
te

ri
a

 m
o

n
o

c
yt

o
g

e
n

e
s
.

a
| I

nt
er

ac
tio

ns
 b

et
w

ee
n 

ho
st

-c
el

l p
ro

te
in

s 
an

d 
A

ct
A

 a
t t

he
 b

ac
te

ria
l s

ur
fa

ce
. T

w
o 

do
m

ai
ns

 o
f A

ct
A

 a
re

 re
qu

ire
d 

fo
r n

or
m

al
m

ot
ilit

y.
 T

he
 a

m
in

o-
te

rm
in

al
 d

om
ai

n 
ac

tiv
at

es
 a

ct
in

 fi
la

m
en

t n
uc

le
at

io
n 

th
ro

ug
h 

A
rp

2/
3.

 T
he

 c
en

tra
l p

ro
lin

e-
ric

h 
do

m
ai

n 
bi

nd
s

VA
S

P
 a

nd
 p

ro
fili

n 
in

te
ra

ct
s 

w
ith

 V
A

S
P,

 e
nh

an
ci

ng
 fi

la
m

en
t e

lo
ng

at
io

n.
 b

| H
os

t p
ro

te
in

 fu
nc

tio
ns

 th
ro

ug
ho

ut
 th

e 
co

m
et

 ta
il.

 In
ad

di
tio

n 
to

 th
e 

fa
ct

or
s 

th
at

 a
ct

 a
t t

he
 b

ac
te

ria
l s

ur
fa

ce
, c

ap
pi

ng
 p

ro
te

in
 b

in
ds

 to
 th

e 
ba

rb
ed

 e
nd

 o
f a

ct
in

 fi
la

m
en

ts
 to

 p
re

ve
nt

el
on

ga
tio

n 
of

 o
ld

er
 fi

la
m

en
ts

, α
-a

ct
in

in
 c

ro
ss

lin
ks

 fi
la

m
en

ts
 to

 s
ta

bi
liz

e 
th

e 
ta

il s
tru

ct
ur

e,
 a

nd
 A

D
F/

co
fili

n 
di

sa
ss

em
bl

es
 o

ld
fila

m
en

ts
. (

VA
S

P,
 v

as
od

ila
to

r-
st

im
ul

at
ed

 p
ho

sp
ho

pr
ot

ei
n.

)

C

C

C
C

C

C
C

P
P

P

P

P
P

P

C

C C
C

C

C

C

C

C

C

C
C

C
A

c
tin

/A
rp

2
/3

in
te

ra
c
tio

n
P

ro
lin

e
-r

ic
h

re
p

e
a
ts

V
A

S
P

V
A

S
P

P

P
P

a
b

P
C

ap
p

in
g 

p
ro

te
in

A
rp

2/
3 

co
m

p
le

x
C

of
ilin

α
-A

ct
in

in
P

ro
fil

in
A

ct
in

B
a
c
te

riu
m

B
a
c
te

riu
m

A
c
tA

A
c
tA

Ta
b

le
 1

 |
Ac

tin
-b

as
ed

 m
ot

ili
ty

 in
 o

th
er

 s
ys

te
m

s 

Sy
st

em
St

ru
ct

ur
e 

fo
rm

ed
H

os
t f

ac
to

rs
Sp

ec
ia

l f
ea

tu
re

s
R

ef
er

en
ce

s

S
h
ig

e
lla

 fl
e
xn

e
ri

C
o
m

e
t 
ta

il
N

-W
A

S
P,

 A
rp

2
/3

, 
p

ro
fil

in
• B

a
c
te

ria
l f

a
c
to

r 
Ic

sA
 (V

irG
) h

a
s 

n
o
 h

o
m

o
lo

g
y 

w
ith

 A
c
tA

1
4
, 
1
5
, 
2
5
,

si
m

ila
r 

to
 L

is
te

ria
• A

c
tin

 d
yn

a
m

ic
s 

a
re

 id
e
n
tic

a
l t

o
 L

. 
m

o
n
o
c
yt

o
g
e
n
e
s

5
0
, 
8
0
, 
8
1

R
ic

ke
tt

si
a
 s

p
p

.
C

o
m

e
t 
ta

il,
 m

a
d

e
 o

f
• B

a
c
te

ria
l f

a
c
to

r 
n
o
t 
id

e
n
tif

ie
d

8
2

–8
5

lo
n
g
 t
w

is
te

d
 b

u
n
d

le
s

• T
a
ils

 a
re

 s
tr

a
ig

h
t

• D
yn

am
ic

s 
ar

e 
d

is
tin

ct
 fr

o
m

 L
. m

o
n
o
cy

to
g
en

es
an

d
 S

. f
le

xn
er

i

E
n
te

ro
p

a
th

o
g
e
n
ic

P
e
d

e
st

a
l

W
A

S
P,

 A
rp

2
/3

• S
ig

n
al

lin
g
 fr

o
m

 b
ac

te
riu

m
 o

cc
u
rs

 a
cr

o
ss

 h
o
st

 c
el

l m
em

b
ra

n
e

8
6
, 
8
7

E
sc

h
e
ric

h
ia

 c
o
li

• B
a
c
te

ria
l f

a
c
to

rs
 in

tim
in

 a
n
d

 T
ir 

re
q

u
ire

d

V
a
c
c
in

ia
vi

ru
s 

C
o
m

e
t 
ta

il
N

-W
A

S
P,

 N
c
k,

 W
IP

,
• I

n
tr

a
c
e
llu

la
r 

e
n
ve

lo
p

e
d

 fo
rm

 m
o
ve

s
8
8

–9
0

si
m

ila
r 

to
 L

is
te

ria
S

rc
-f

a
m

ily
 t
yr

o
si

n
e
 k

in
a
se

• A
c
tin

-b
a
se

d
 m

o
ve

m
e
n
t 
m

a
y 

c
o
n
tr

ib
u
te

 t
o
 v

ira
l b

u
d

d
in

g

V
e
si

c
le

s
Tr

a
n
si

e
n
t 
c
o
m

e
t 
ta

il
P

td
In

s(
4
,5

)P
2
, 
C

d
c4

2
,

• E
n
d

o
so

m
a
l r

o
c
ke

tin
g
 in

d
u
c
e
d

 b
y 

p
h
o
rb

o
l e

st
e
rs

, 
m

e
ta

l i
o
n
s

9
1
–9

5
si

m
ila

r 
to

 L
is

te
ria

N
-W

A
S

P,
 A

rp
2
/3

• M
a
y 

o
c
c
u
r 

n
o
rm

a
lly

 w
ith

 n
a
sc

e
n
t 
e
n
d

o
so

m
e
s

N
c
k,

 n
o
n
-c

a
ta

ly
tic

 r
e
g
io

n
 o

f t
yr

o
si

n
e
 k

in
a
se

; 
P

td
In

s(
4
,5

)P
2
, 
p

h
o
sp

h
a
tid

yl
in

o
si

to
l-
4
,5

-b
is

p
h
o
sp

h
a
te

; 
 N

-W
A

S
P,

 n
e
u
ra

l W
is

ko
tt

–A
ld

ric
h
 s

yn
d

ro
m

e
 p

ro
te

in
; 
W

A
S

P,
W

is
ko

tt
–A

ld
ric

h
 s

yn
d

ro
m

e
 p

ro
te

in
; 
W

IP
, 
W

is
ko

tt
–A

ld
ric

h
 s

yn
d

ro
m

e
 p

ro
te

in
 in

te
ra

c
tin

g
 p

ro
te

in
.

© 
20

00
 M

ac
m

ill
an

 M
ag

az
in

es
 L

td

 37

Movement of bacteria

Julie Theriot (speeded up 150x)

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

v ⇠ 0.1� 0.3µm/s

Actin 
polymerization 

is pushing 
bacteria

Actin is 
randomly 

depolymerized 
in comet tails

Caps prevent 
further 

polymerization 
in comet tails

Listeria monocytogenes
moving in infected cells 
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Microtubules

25nm

Persistence length 
Typical length L . 50µm

`p ⇠ 1mm
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Microtubule dynamic instability

Wikipedia

catastrophe occurs 
when protective 
cap disappears
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Simple model of microtubule growth

Average growth speed of microtubules

Let’s ignore all molecular details and assume 
that microtubules switch at fixed rates 
between growing and shrinking phases

vg

vs

x

rres rcat

Typical values in a tubilin solution 
of concentration                    :
vg ⇡ 2µm/min

vs ⇡ 20µm/min

rcat ⇡ 0.24min�1

rres ⇡ 3min�1

[T] ⇡ 10µM

/ [T]

/ [T]

⇠ const

⇠ const

@pgrowth

@t
= �rcat pgrowth + rres pshrinking

@pshrinking
@t

= +rcat pgrowth � rres pshrinking

pgrowth + pshrinking = 1

Master equation:

Steady state (                 ):@p/@t ⌘ 0

p⇤shrinking =
rcat

rres + rcat
p⇤growth =

rres
rres + rcat

v = p⇤growthvg � p⇤shrinkingvs

v ⇡ 0.4µm/min
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How cells control the total length of microtubules

from the end by the number of Kip3p that arrive at the end. We
counted the numbers of Kip3p-EGFP molecules that reached
the plus ends in a given time interval and calculated the flux of
Kip3p-EGFP to the ends. This Kip3p-EGFP flux was then multi-
plied by the ratio of the total Kip3p concentration to the concen-
tration of Kip3p-EGFP to estimate the total flux of Kip3p to the
microtubule ends. We found that the total flux was strongly
correlated with the microtubule depolymerization rate expressed
as the number of tubulin dimers dissociating from the end of a
microtubule per minute (Figure 2E). We fitted a line through these
data with a y-intercept fixed at 26 tubulin dimers per minute
(corresponding to the spontaneous depolymerization rate of
0.015 mm/min). The slope of the line was 1.47 ± 0.08 (SEM, N =
450 Kip3p-EGFP molecules on 45 microtubules), with an addi-
tional error of !10% arising from uncertainty in the ratio of
labeled to unlabeled Kip3p. This value of the stoichiometry is
overestimated by about 20% due to photobleaching of mole-
cules moving on the lattice. We conclude that each Kip3p mole-
cule arriving at the end causes the dissociation of (on average)
one to two tubulin dimers.

The Kinetics of Microtubule Length Changes Can Be
Quantitatively Described by the Antenna Model
The observed linearity between the flux of Kip3p to the plus end
and the depolymerization rate provided the crucial information
needed to formulate the antenna model mathematically.
Because the total rate of Kip3p landing on a microtubule is
proportional to its length (Figure S3) and the processivity is very
high (most motors that bind reach the end), we can predict both
the time course of microtubule shortening and the density of
Kip3p along the microtubule lattice (Supplemental Data). The
depolymerization rate, n", of a microtubule of length L is the
product of the flux of Kip3p molecules to the end and the distance
the microtubule shortens per Kip3p arrival at the end. The flux is
rðLÞðn + n"Þ, where rðLÞ is the density of Kip3p at the end of the

microtubule and n is the velocity of movement of Kip3p along
the microtubule. Note that the flux is proportional to the sum of
the rate at which the motors move to the plus ends and the rate
at which the plus ends move to the motors. The shortening
distance is equal to nd, where n is the number of tubulin dimers
removed per Kip3p molecule (the stoichiometry), and d is the
change of microtubule length corresponding to the removal of
one tubulin dimer (d = 0.6 nm equals the tubulin dimer length,
8.4 nm, divided by the number of protofilaments in GMPCPP
microtubules, 14, Hyman et al., 1995). This gives n" = nndrðLÞ=
½1" ndrðLÞ& (see Supplemental Data for a full derivation).

To compare the predictions of the model to the experimental
data, we simultaneously measured the length of the rhodamine-
labeled microtubules and the density of Kip3p-EGFP molecules
(in experiments where no unlabeled motors were added), using
epifluorescence and TIRF microscopy, respectively. For these
experiments, it was crucial to keep the concentration of Kip3p-
EGFP in solution constant over time, i.e., to minimize seques-
tering effects of Kip3p-EGFP by the microtubules. To alleviate
this problem, we used large-volume chambers (depth 400 mm
instead of the usual 100 mm) and a low density of microtubules
(2–5 microtubules per 80 3 80 mm2). Figure 3A shows a kymo-
graph of a microtubule depolymerizing under these conditions.

Two phases of depolymerization were observed. Phase (i)
corresponds to an acceleration phase during which a linear
density profile of Kip3p-EGFP along the microtubule toward
the plus end is being built up (Figure S4A). The density profile
accords with the model: at early times (t) after addition of
Kip3p, the density increases linearly with distance (x) from the
minus end (rðxÞ= rx=n, x%nt), where r is the landing rate of
Kip3p per unit length of the microtubule lattice, and then remains
at a constant value ðrðxÞ= rtÞ until the plus end. This phase
finishes when the density profile is fully established and the
depolymerization rate reaches its maximum. Phase (ii) corre-
sponds to a slow-down phase during which the density

A B C

D E

Figure 2. Determination of the Kip3p Depolymeriza-
tion Stoichiometry from Spiking Experiments
(A–C) Kymographs of single Kip3p-EGFP molecules (green)

imaged by TIRF microscopy on microtubules (red) in the pres-

ence of varying amounts of unlabeled Kip3p molecules (white

motors in the schematics). (A) 0.05 nM Kip3p-EGFP, 0 nM

unlabeled Kip3p, 1 frame per 10 s. (B) 0.05 nM Kip3p-EGFP,

2.9 nM unlabeled Kip3p, 1 frame per 10 s. (C) 0.03 nM

Kip3p-EGFP, 5.1 nM unlabeled Kip3p, 1 frame per 3.5 s.

(See also Movie S1).

(D) End-residence time of Kip3p-EGFP (mean ± SEM, each

point is from one microtubule) versus average lifetime of the

terminal tubulin dimers (calculated from the depolymerization

rate). The red line corresponds to a stoichiometry of 1.0.

(E) Average depolymerization rates (expressed as tubulin

dimers per minute) versus flux of Kip3p to the microtubule

plus ends. The different symbols denote two different Kip3p-

EGFP preparations. The red line corresponds to a stoichiom-

etry of 1.5.

1176 Cell 138, 1174–1183, September 18, 2009 ª2009 Elsevier Inc.

time

only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate

Figure 1. Antenna Model
Motor molecules land randomly on the microtubule lattice. Consequently, the

number of landings in a given time interval is proportional to the microtubule’s

length. The high processivity of movement assures that almost all motors

reach the plus end of the microtubule, where they cause depolymerization.

The net result is that longer microtubules depolymerize more quickly.

Cell 138, 1174–1183, September 18, 2009 ª2009 Elsevier Inc. 1175

Special kinesin-8 motors bind to 
microtubules and then walk towards 
the plus end, where they help detach 

(depolymerize) tubulin dimers

kymograph

Motors walk at speed
vmot ⇡ 3µm/min

V. Varga et al., Cell 138, 1174-1183 (2009)

vmot ⇡ 3µm/min
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Density of motors bound to microtubules

only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.
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A second, independent way to estimate the stoichiometry of
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.
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a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate
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when both microtubules are hundreds of times larger than the
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One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
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of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.
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Figure 15.38: Antenna mechanism of microtubule length control. (A) Schematic of antenna mechanism of microtubule length
control. (B) Toy model of the antenna mechanism. Kip3 molecules free in solution associate with microtubule monomers depicted
as blocks, and then proceed toward the plus end moving at a constant speed v. Once at the end, they detach from the
microtubule, taking a block/monomer with them. This Kip3-dependent depolymerization is counteracted by monomer addition at
the plus end. (C) Data showing the length-dependent depolymerization rate for different concentrations of Kip3. (A, adapted from
V. Varga et al., Cell 138:1174, 2009; C, adapted from V. Varga et al., Nat. Cell Biol. 8:957, 2006.)

growing with a rate f−+. If you account for all four of these
possibilities, you will have the correct master equation. Use
a Taylor expansion on factors like p+(n− 1, t)− p+(n, t) to
obtain Equations 15.124 and 15.125.

(b) Solve these equations for p±(n) in the steady state (that
is, ∂p±(n, t)/∂t = 0). Show that in the steady state, the
probabilities p±(n) decay exponentially with constant

σ = v+f−+ − v−f+−
v+v−

. (15.126)

(c) Use Figure 15.34 to estimate the parameters
v+, v−, f+−, f−+, and then find the average length of the
polymers that is predicted by this simple model. To find the
average length, you will need to sum over all lengths with
their appropriate probability. The slopes of the growth and
decay regions tell you about the on and off rates, and the
durations of the growth and decay periods tell you
something about the parameters f+− and f−+. Note that by
fitting the dynamical data, you are deducing/predicting
something about the distribution of lengths.

• 15.7 Antenna model for microtubule length
control

In the chapter, we examined the equilibrium polymer and
found that it is characterized by a broad, exponential
distribution of lengths. Contrary to this observation,
cytoskeleton filaments in cells often have well-defined
lengths that appear to be properly adjusted to their cellular
function. How length control is achieved is an interesting
problem, since the building blocks of cytoskeletal filaments
and their interactions take place at the nanometer scale, yet
they assemble into structures whose length is on the micron
scale. It has been hypothesized that the cell needs to set up
some sort of mechanism by which length is measured. One

such mechanism was proposed for microtubule length
control whereby the kinesin Kip3 walks toward the plus end
of a microtubule and once there leads to depolymerization
of the terminal tubulin dimers as depicted in
Figure 15.38(A).

In this problem, we examine a toy model of this mechanism
and show that it leads to a steady-state length for
microtubules. The model assumes that Kip3 molecules in
solution bind to the filament monomers represented as
blocks in Figure 15.38(B) with rate kbind, and then proceed
to step toward the plus end of the filament with rate v. Only
at the end of the filament do the Kip3 molecules fall off
taking a monomer block along with them. This
depolymerization process competes with monomer
attachment at the plus end with rate kon.

(a) Show that the model predicts a steady-state occupation
of the filament by Kip3 molecules such that the number of
Kip3 molecules per monomer increases linearly with
position toward the plus end. This is observed in
experiments. For example, see Figure 3(b) in Varga et al.
(2006).

(b) Compute the rate of monomer detachment at the plus
end in steady state assuming that it is equal to the flux of
Kip3 molecules into the terminal monomer. Compare your
result with the data shown in Figure 15.38(C) and estimate
the rate kbind for different Kip3 concentrations from the
plots. Explore the dependence of kbind on Kip3
concentration. What do you conclude?

(c) Write down the equation for L(t), the filament length as a
function of time, by considering polymerization at the plus
end and the length-dependent depolymerization, which we
derived in the previous part. Determine the steady-state
length of the microtubule at 3 nM Kip3 concentration typical
of a cell, assuming a typical attachment rate of
kon = 1 µm/min. (Problem courtesy of Justin Bois.)
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Controlled length of microtubules

only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate

Figure 1. Antenna Model
Motor molecules land randomly on the microtubule lattice. Consequently, the
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate
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only a few tens of nanometers in diameter know to depolymerize
a 10 mm-long microtubule faster than a 5 mm-long microtubule,
when both microtubules are hundreds of times larger than the
dimensions of Kip3p?

One possible model for length-dependent depolymerization is
the antenna model shown in Figure 1 (Varga et al., 2006). Accord-
ing to this model, motor molecules bind randomly along the
length of the microtubule and their high processivity funnels
them to the plus end, leading to depolymerization. The model
predicts that the motors form a concentration gradient along
a microtubule (increasing toward the plus end), as has been
observed for kinesin-8 in vitro (Varga et al., 2006) and in vivo
(Stumpff et al., 2008). Recently, it has been proposed that kine-
sin-5 uses a similar mechanism to control the lengths of kineto-
chore microtubules in budding yeast (Gardner et al., 2008).

In this paper, we have used total-internal-reflection-fluores-
cence (TIRF) microscopy to critically test the antenna model
and understand the molecular mechanism of the actual depoly-
merization event mediated by Kip3p. By directly observing the
behavior of individual Kip3p molecules on microtubules over
a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
dissociation is greatly accelerated by incoming Kip3p molecules.
Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
formulation of the antenna model allowed us to account quantita-
tively for the length dependence of depolymerization.

RESULTS

Observing Single Kip3p Molecules at High
Concentrations Requires Spiking Experiments
To understand how Kip3p shortens microtubules, we needed to
study the interactions of individual Kip3p molecules with the
microtubule lattice and ends over a wide range of Kip3p concen-
trations. However, a limitation of single-molecule fluorescence
experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
to be able to resolve the individual ones. To overcome this limita-
tion, we performed spiking experiments. In these experiments, the
concentration of Kip3p-EGFP was kept low (<0.1 nM) so that indi-
vidual fluorescent Kip3p molecules interacting with GMPCPP-

stabilized, rhodamine-labeled microtubules could be detected
by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.

The End-Residence Time of Kip3p Depends
on the Total Kip3p Concentration
Spiking experiments revealed an unusual interaction between
Kip3p molecules at the microtubule end. At low total Kip3p
concentrations (<0.1 nM), single Kip3p-EGFP molecules at-
tached to the microtubules and moved processively with
a velocity of 3.2 ± 0.3 mm/min (SD, N = 67) and with a run length
of 11 ± 2 mm (standard error of the mean [SEM], N = 26 dissoci-
ations that occurred before the molecules reached the plus end)
toward the microtubule plus ends. There, they remained for 36 ±
4 s (SEM, N = 46) before dissociating (Figure S1 available online).
An example is shown in Figure 2A; end pausing is seen on all
microtubules (Figure S2). At these low Kip3p concentrations,
the depolymerization rate at the plus ends was !0.015 mm/
min, similar to the spontaneous depolymerization measured in
the absence of Kip3p. When the total Kip3p concentration was
increased by adding unlabeled Kip3p to give a depolymerization
rate of !0.1 mm/min, we measured a similar walking velocity
of 2.7 ± 0.4 mm/min (SD, N = 36) and a similar processivity of
13 ± 5 mm (SEM, N = 8). However, remarkably, the end-residence
time decreased !3-fold to !10 s (Figure 2B). When the total
Kip3p concentration was increased further to give a depolymer-
ization rate of!1 mm/min, the walking velocity (3.0 ± 0.4 mm/min,
SD, N = 40) and run length (10 ± 3 mm, SEM, N = 14) again
remained almost unchanged. But the end-residence time
decreased even further to < 3.5 s (Figure 2C and Movie S1).
Thus, the end-residence time decreases as the total concentra-
tion of Kip3p increases. This indicates that Kip3p molecules
influence each other at the microtubule ends.

The End-Residence Time of Kip3p Inversely Correlates
with the Depolymerization Rate
As the total Kip3p concentration was increased, the depolymer-
ization rate increased. Because all protofilaments must be depo-
lymerizing at the same average rate, we can determine an average
lifetime of the terminal tubulin dimers at the microtubule end from
the depolymerization rate (using the fact that the tubulin dimer has
a length of 8.4 nm; Hyman et al., 1995). A plot of the Kip3p end-
residence time against this average lifetime (200 molecules on
31 microtubules) was well fitted by a straight line (Figure 2D).
The y-intercept was 2.1 ± 0.5 s (SEM), consistent with a small
bias due to the minimum frame rate of 3.0 s for these experiments.
The slope was 1.00 ± 0.08 (SEM), indicating that on average one
tubulin dimer dissociated for each Kip3p that dissociated. This
value of the stoichiometry of the Kip3p depolymerase activity
(i.e., the number of tubulin dimers removed per Kip3p) is a slight
underestimate due to photobleaching of Kip3p-EGFP at the
ends. The underestimate is by about 5%, calculated from the
average bleaching time of 400 to 600 s at the frame rates used.

The Depolymerization Rate Linearly Correlates
with the Flux of Kip3p to the Plus End
A second, independent way to estimate the stoichiometry of
Kip3p is to divide the number of tubulin dimers that dissociate

Figure 1. Antenna Model
Motor molecules land randomly on the microtubule lattice. Consequently, the

number of landings in a given time interval is proportional to the microtubule’s

length. The high processivity of movement assures that almost all motors

reach the plus end of the microtubule, where they cause depolymerization.

The net result is that longer microtubules depolymerize more quickly.

Cell 138, 1174–1183, September 18, 2009 ª2009 Elsevier Inc. 1175
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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

https://www.youtube.com/watch?v=FzcTgrxMzZk
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Movement of molecular motors is 
powered by ATP molecules

Graham Johnson

Myosin motor walking 
on actin in muscles

Kinesin motor walking 
on microtubule

https://www.youtube.com/watch?v=oHDRIwRZRVI https://www.youtube.com/watch?v=YAva4g3Pk6k
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Molecular motors vs 
Brownian ratchets

Brownian ratchet

Structural parameter dependence of directed current generation
in GaAs nanowire-based electron Brownian ratchet devices

Yushi Abe, Ryota Kuroda, Xiang Ying, Masaki Sato, Takayuki Tanaka, and Seiya Kasai*

Research Center for Integrated Quantum Electronics, and Graduate School of Information Science and Technology,
Hokkaido University, Sapporo 060-8628, Japan
E-mail: kasai@rciqe.hokudai.ac.jp

Received December 1, 2014; accepted January 16, 2015; published online April 15, 2015

We investigated the structural parameter dependence of the directed current in GaAs-nanowire-based Brownian ratchet devices. The directed
current was generated by flashing a ratchet potential array repeatedly using multiple asymmetric gates with a periodic signal. The amount of
current in the fabricated device increased as the nanowire width W decreased, which contradicted the theoretical model. The current also
depended on the number of the gates N, when N was smaller than 6. We discussed the obtained results in terms of the structural parameter
dependence of carrier transfer efficiency and the effect of electron reservoirs on current generation in flashing ratchet operation.

© 2015 The Japan Society of Applied Physics

1. Introduction

Biological systems are highly energy-efficient as compared
with artificial electronic systems.1) Electronic implementation
of the energy efficiency of biological systems has been an
attractive issue toward ultralow-power electronics. From
this point of view, a molecular motor is one of the important
examples, which drives muscular contraction exploiting
fluctuation.2–5) Its energy conversion efficiency is considered
to be as high as 50%.6) The mechanism of the molecular
motor is known as the Brownian ratchet,7,8) in which the
motion of Brownian particles is rectified using a periodic
array of asymmetric ratchet potentials.9,10) The Brownian
ratchet has been artificially demonstrated using various
systems such as microparticles,11–17) living cells,18) and
electrons.19–23) So far, several electron Brownian ratchet
devices that generated directed current have been re-
ported;19–23) however, the main interest has been in the
experimental demonstration and physical aspect. The next
step is to achieve a high energy efficiency comparable to
biological systems for application. Recently, we have
fabricated an electron Brownian ratchet device using an
etched GaAs nanowire with multiple asymmetric Schottky
wrap gates and demonstrated the generation of directed
current at room temperature.24) The advantages of this device
in terms of energy efficiency are the collimation of electron
motion in the nanowire direction, and formation and flashing
of ratchet potentials by an asymmetric wrap gate that
provides a tight potential control owing to its three-dimen-
sional gate configuration.25–28) In this study, we investigate
the structural parameter dependence of the directed current
in the GaAs-based nanowire Brownian ratchet device. We
fabricate and characterize the devices having various nano-
wire widths and numbers of gates in terms of the amount of
current and carrier transfer efficiency.

2. Concept and experiment

The mechanism of the Brownian ratchet is schematically
shown in Fig. 1(a). In the case of the biological molecular
motor, the actin filament is a one-dimensional rail for moving
myosin. The chemical interaction between actin and myosin
achieves the situation as shown in Fig. 1(a).3,9) In the case
of the electron Brownian ratchet, the ratchet is electrically

formed with an asymmetric electrostatic potential. Consider
that the electrons with Brownian motion are accumulated in
the potential valleys, as shown in the top illustration in

(a)

Asymmetric potential

INET

Asymmetric 
Schottky gates

GaAs nanowire

GaAs
Square wave for
flashing potential

AlGaAs

(b)

LG LD

W

(c)

Fig. 1. (Color online) (a) Mechanism of Brownian ratchet in the case of
flashing operation, (b) schematic illustration of a GaAs-nanowire-based
Brownian ratchet device with measurement circuit, and (c) a scanning
electron microscopy image of a fabricated device.
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 ∫  P ( x ) d x  = 1. Equating the dispersions of the two distributions, namely 

〈  x  2  〉 =   σ   2  and 〈  x  2  〉 =  w  2 /6, gives the relation    

   w  =  √ 6   σ    ≅  2.5   σ  ,    (11.13)  

 as one might intuitively expect from the shapes of the distributions. The 

accuracy of the triangle approximation is tested further in the problem set. 

 To begin our calculation of motion in the ratchet model, we refer to 

 Fig. 11.20  and determine the probability of a particle hopping to the 

right. If the potential is turned off for too short a time, a particle dif-

fuses locally and the probability distribution is very narrow, such that 

 w  is less than   α   b . In such situations, a particle simply returns to its ori-

ginal position once the potential is turned on again. For somewhat longer 

diffusion times with  w  >   α   b , the particle may have moved so far that it 

seeks out a neighboring minimum once the potential is restored. Now, 

we will assume that the potential is turned on so fast that any particle 

    Fig. 11.19      If the monomers of a biofi lament have a dipolar charge distribution, the head of a motor molecule 

carrying a local positive charge experiences a potential energy with a soft sawtooth form (left). This 

potential is largely eliminated if the head captures an oppositely charged molecule like ATP from 

solution (right).  

    Fig. 11.20      In a simplifi ed model for a thermal ratchet, the potential energy has a sharply peaked sawtooth form 

with period  b  and minimum peak-to-trough separation   α   b . We replace the Gaussian probability 

distribution by a triangular one with base 2 w  to calculate the probability of motion.  

bound ATP no ATP

actin
filament
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Figure 16.53: Single-molecule
measurements of steps taken by
myosin V along actin filaments. The
histogram in the inset is of all the
measured step sizes, which are
measured with 1.5 nm precision.
(Adapted from A. Yildiz et al., Science
300:2061, 2003.) nu
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(b) Assume that the stepping rate is k. This is the
probability per unit time that the motor will make a step.
Calculate the waiting time distribution between the two
steps observed in the experiment if the fluorescent marker
is placed at position x found in (a). What is the expected
distribution, assuming a hand-over-hand stepping
mechanism if the marker is placed very close to one of the
heads (that is, x ≈ 18 nm)? Use your calculated distributions
to rationalize and fit the data (from Yildiz et al., 2003)
provided on the book’s website. Does your analysis support
the hand-over-hand mechanism? What value of k do you
obtain?

• 16.3 Kinesin as an ATP-hydrolyzing enzyme

As described in the chapter, careful measurements have
been performed that examine the dependence of motor
velocity on ATP concentration. Under certain conditions, the
hydrolysis reaction performed by a molecular motor can be
described using the Michaelis–Menten model introduced in
Section 15.2.7 (p. 596). In the particular case of kinesin, its
stepping is strongly coupled to its ATPase activity, which
translates into relatively constant step sizes. Finally, its high
processivity allows for a clear definition of a speed, since
kinesin takes many steps before falling off the microtubule.

Relate the reaction speed (the rate of ATP hydrolysis) to
the maximum stepping speed of kinesin and determine its
dependence on ATP concentration. Fit your model to the
data by Schnitzer and Block (1997) shown in Figure 16.54
and provided on the book’s website. Then work out what
change in substrate concentration is needed to increase the
reaction rate from 0.1vmax to 0.9vmax.

• 16.4 Kinetics of two-state motors

In the chapter, in order to obtain the velocity of a two-state
motor, we made use of a trick to circumvent solving the
master equation directly. Here we take up this task and in
the process also derive an expression for the diffusion
constant.

(a) Consider a trial solution of the system of equations for
p0(n, t) and p1(n, t), given by Equations 16.33 and 16.34,

that is of the form

(
p0(n, t)
p1(n, t)

)
= ei(Kn−ωt)

(
A
B

)
. (16.91)

Find a relation between K and ω that guarantees the
existence of a solution of this form. This is the so-called
dispersion relation.

(b) By substituting the trial solution ei[(K/a)−ωt] into the
differential equation for diffusion with drift (Equation 13.54,
p. 530), show that the dispersion relation in this case is

ω = v
K
a
− iD

K2

a2
. (16.92)

where v is the drift velocity and D is the diffusion constant.
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Figure 16.54: ATP hydrolysis by kinesin. Speed of a kinesin
motor as a function of ATP concentration and fit of the data to
a Michaelis–Menten model. (Adapted from M. J. Schnitzer and
S. M. Block, Nature 388:386, 1997.)
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ATP concentration dependent speed of motors

R. Phillips et al., Physical Biology of the Cell

Kinesin motor on microtubules

Maximal speed

ATP concentration at 
half the maximal speed

v ⇡ vmax
[ATP]

[ATP] +Kd

vmax ⇡ 0.6µm/s

Kd ⇡ 50µM
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Motors carrying the load

K. Visscher et al., Nature 400, 184-189 (1999)

Force exerted on kinesin motors carrying plastic 
beads can be controlled with optical tweezers

How motor speed depends 
on the loading force?

Effective spring constant 
k depends on the bead 

size,  refractive indices of  
the bead and surrounding 
medium, and the gradient 

of laser intensity

focused 
laser beam

F ⇡ k�x

v
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Motor velocity dependence on the load

K. Visscher et al., Nature 400, 184-189 (1999)
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kinesin walking on microtubules

Fdrag = 6⇡⌘Rv

How important is viscous drag 
for motors carrying vesicles?

Fdrag ⇠ 6⇡10�3kgm�1s�1 · 1µm · 1µm/s ⇠ 10�2pN

Note: viscous drag is negligible

Fdrag ⇠ 10�2 pN

stall force
v(Fs) = 0
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ATP concentration dependent stall force

K. Visscher et al., Nature 400, 184-189 (1999)
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maximal possible force exerted by motors can 
be estimated from energy conservation
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Figure 16.7: The structure of muscle. (A) Thin-section electron micrograph showing the organization of a single sarcomere
when a muscle is stretched. The dark band in the middle represents the location of the aligned myosin thick filaments and the
light bands on the sides show the position of actin. The diagrams below show the change in sarcomere length during muscle
contraction. (B) The regular structure of the sarcomere depends on the precise arrangement and alignment of many structural
proteins. The long proteins titin and nebulin help to set the length of the actin thin filaments and determine the overall length
of the sarcomere. The Z disc serves as an anchor point for the actin thin filaments, and ensures that they are all oriented in the
same direction, so that the myosin heads walking toward the actin filament plus ends will cause the sarcomere to shorten. (C)
A quick-freeze deep-etch electron micrograph shows the extremely regular spacing of thick myosin filaments alternating with
thin actin filaments and the myosin heads bridging the gap between them. (A, courtesy of Roger Craig; B, adapted from
B. Alberts et al., Molecular Biology of the Cell, 5th ed. Garland Science, 2008; C, courtesy of J. Heuser.)

properties of individual motors, how much force might we esti-
mate can be applied by an array of motors such as are found in
a muscle? We can develop an estimate of this force by examin-
ing the structure and function of muscles. Figure 16.7(B) shows
a cartoon of a muscle cell made up of muscle fibers or myofib-
rils. The myofibrils are themselves composed of contractile
units called sarcomeres. Myosin molecules are arranged in a
cylindrically symmetric structure called the thick filament, and
exert forces on the outer actin filaments. We can estimate the
net force per myosin molecule by appealing to a simple picture
in which muscles are thought of as arrays of springs in series
and parallel as shown in Figure 16.8. The number of myosins
in a cross-section of muscle is roughly

Nmyosin ≈
cross-sectional area of muscle

cross-sectional area of thick filament

×Nmyosin/thick filament ≈
π(3 cm)2

π(60 nm)2
× 300 ≈ 1014.

If we assume that the force scale associated with a muscle
like the biceps in the upper arm is 100 N (corresponding to
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Figure 16.7: The structure of muscle. (A) Thin-section electron micrograph showing the organization of a single sarcomere
when a muscle is stretched. The dark band in the middle represents the location of the aligned myosin thick filaments and the
light bands on the sides show the position of actin. The diagrams below show the change in sarcomere length during muscle
contraction. (B) The regular structure of the sarcomere depends on the precise arrangement and alignment of many structural
proteins. The long proteins titin and nebulin help to set the length of the actin thin filaments and determine the overall length
of the sarcomere. The Z disc serves as an anchor point for the actin thin filaments, and ensures that they are all oriented in the
same direction, so that the myosin heads walking toward the actin filament plus ends will cause the sarcomere to shorten. (C)
A quick-freeze deep-etch electron micrograph shows the extremely regular spacing of thick myosin filaments alternating with
thin actin filaments and the myosin heads bridging the gap between them. (A, courtesy of Roger Craig; B, adapted from
B. Alberts et al., Molecular Biology of the Cell, 5th ed. Garland Science, 2008; C, courtesy of J. Heuser.)

properties of individual motors, how much force might we esti-
mate can be applied by an array of motors such as are found in
a muscle? We can develop an estimate of this force by examin-
ing the structure and function of muscles. Figure 16.7(B) shows
a cartoon of a muscle cell made up of muscle fibers or myofib-
rils. The myofibrils are themselves composed of contractile
units called sarcomeres. Myosin molecules are arranged in a
cylindrically symmetric structure called the thick filament, and
exert forces on the outer actin filaments. We can estimate the
net force per myosin molecule by appealing to a simple picture
in which muscles are thought of as arrays of springs in series
and parallel as shown in Figure 16.8. The number of myosins
in a cross-section of muscle is roughly

Nmyosin ≈
cross-sectional area of muscle

cross-sectional area of thick filament

×Nmyosin/thick filament ≈
π(3 cm)2

π(60 nm)2
× 300 ≈ 1014.

If we assume that the force scale associated with a muscle
like the biceps in the upper arm is 100 N (corresponding to
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Skeletal muscle contraction is 
controlled by nerve cells
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Figure 16.39: Schematic of coordination in muscle contraction. (A) A bundle of muscle fibers is innervated by a single motor
neuron that forms communication synapses with all the fibers in the bundle. (B) At each of these synapses, a differentiated
portion of the nerve terminal is stuffed with acetylcholine-containing vesicles lined up across the intercellular gap from their
target muscle cell. After the neuron releases its neurotransmitters, acetylcholine binding to receptors on the muscle cell triggers a
nearly instantaneous influx of calcium ions throughout the entire cytoplasm of the giant muscle cell. (C) In the resting muscle cell,
myosin heads are prevented from binding to the actin filaments because the actin is coated with a series of copies of a long,
skinny protein called tropomyosin, which is also associated with several small calcium-binding proteins called troponins. When
calcium ions bind to troponin, a conformational change causes tropomyosin to shift its position on the actin filament, revealing
the myosin-binding sites, which can then be simultaneously attacked by the myosin motor heads poised nearby. (A, courtesy of
T. Caceci; B, courtesy of J. Heuser; C, adapted from B. Alberts et al., Molecular Biology of the Cell, 5th ed. Garland Science, 2008.)

the rear head not release from the filament until the front head is
firmly bound. Otherwise, the motor and its attached cargo would be
at risk of drifting away due to thermal motion, which is significant
at molecular distance scales. Thus, the two heads must somehow
communicate through their linked domains to influence one another’s
cycles of ATP hydrolysis and filament binding. The mechanisms of this
form of molecular communication are currently under investigation.
One interesting approach to this problem is illustrated in Figure 16.40.
In this experiment, protein engineering was used to create a series of
artifically oligomerized kinesin motor heads, linked by a series of rigid
rod-shaped protein domains and elastic spring-like protein domains.
While individual kinesin heads were able to generate microtubule glid-
ing at reasonable rates, linked pairs and triplets were able to cooperate
to generate progressively faster motion. Cooperation was manifested
even by these artificially engineered protein constructs, where the
molecular structure of the links between the motor heads bears no
resemblance to the links found in any real molecular motors. This
result provides hope that the mechanisms of cooperation between
linked heads can perhaps be understood in purely mechanical terms.

Frequently, it is necessary for multiple copies of different kinds of
motors to work together, for example in the intracellular transport of
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How muscles get ATP energy?

Aerobic respiration

glucose pyruvate

O2

no O2

Aerobic respiration

Anaerobic respiration

C6H12O6 + 6O2 =) 6CO2 + 6H2O+ 36ATP

C6H12O6 =) 2 Lactic Acids + 2ATP
(muscle fatigue)

Note:
Citric acid cycle

= Krebs cycle
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Electron transport chain

ATP synthase

Mitochondrion

NADH products of the Cytric acid cycle are 
used to pump H+ to the space between 

outer and inner mitochondrial membrane.

Gradient of H+ concentration drives the ATP 
synthase motor that converts ADP to ATP.

Note: ATP synthase can run in reverse and 
use ATP to pump H+ at low concentrations.

https://www.youtube.com/watch?v=CN2XOe_c0iM
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Energetics of ATP hydrolysis

ATP ADP Pi+

Chemical potentials are typically defined 
relative to concentration c0 ~ 1 M.

�G = µADP + µP � µATP

�G = µ0
ADP + µ0

P � µ0
ATP + kBT ln

✓
[ADP][Pi]

[ATP]c0

◆

�12.5kBT

}
Under physiological conditions: 

([ATP], [ADP], [Pi] ⇠ 1mM)
�G ⇠ �20kBT

How much energy is released during ATP hydrolysis?

µs(cs) = µs(c0) + kBT ln(cs/c0)
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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



 62

Crawling of cells
fish skin cell

952 Chapter 16:  The Cytoskeleton

Filopodia, formed by migrating growth cones of neurons and some types of 
fibroblasts, are essentially one-dimensional. They contain a core of long, bun-
dled actin filaments, which are reminiscent of those in microvilli but longer and 
thinner, as well as more dynamic. Lamellipodia, formed by epithelial cells and 
fibroblasts, as well as by some neurons, are two-dimensional, sheetlike structures. 
They contain a cross-linked mesh of actin filaments, most of which lie in a plane 
parallel to the solid substratum. Invadopodia and related structures known as 
podosomes represent a third type of actin-rich protrusion. These extend in three 
dimensions and are important for cells to cross tissue barriers, as when a meta-
static cancer cell invades the surrounding tissue. Invadopodia contain many of 
the same actin-regulatory components as filopodia and lamellipodia, and they 
also degrade the extracellular matrix, which requires the delivery of vesicles con-
taining matrix-degrading proteases. 

A distinct form of membrane protrusion called blebbing is often observed in 
vivo or when cells are cultured on a pliable extracellular matrix substratum. Blebs 
form when the plasma membrane detaches locally from the underlying actin 
cortex, thereby allowing cytoplasmic flow to push the membrane outward (Fig-
ure 16–76). Bleb formation also depends on hydrostatic pressure within the cell, 
which is generated by the contraction of actin and myosin assemblies. Once blebs 
have extended, actin filaments reassemble on the bleb membrane to form a new 

substratum

cortex under tension
actin polymerization at
plus end protrudes
lamellipodium

movement of unpolymerized actin

contraction

focal adhesions
(contain integrins)

MBoC6 m16.86/16.77

myosin II

actin cortex lamellipodium

PROTRUSION

ATTACHMENT AND
TRACTION

Figure 16–75 A model of how forces 
generated in the actin-rich cortex move 
a cell forward. The actin-polymerization-
dependent protrusion and firm attachment 
of a lamellipodium at the leading edge 
of the cell move the edge forward (green 
arrows at front) and stretch the actin 
cortex. Contraction at the rear of the 
cell propels the body of the cell forward 
(green arrow at back) to relax some of 
the tension (traction). New focal contacts 
are made at the front, and old ones are 
disassembled at the back as the cell crawls 
forward. The same cycle can be repeated, 
moving the cell forward in a stepwise 
fashion. Alternatively, all steps can be 
tightly coordinated, moving the cell forward 
smoothly. The newly polymerized cortical 
actin is shown in red.

GFP-actin merge

3 µm

MBoC6 n16.208/16.78

light micrograph

Figure 16–76 Membrane bleb induced 
by disruption of the actin cortex. On 
the left is a light micrograph showing a 
spherical membrane protrusion or bleb 
induced by laser ablation of a small region 
of the actin cortex. The cortex is labeled 
green in the middle image by expression of 
GFP-actin. (Courtesy of Ewa Paluch.)
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Figure 14.2: Organization of actin
filaments at the leading edge of a
crawling cell. This fish skin keratocyte
was moving upward at the time that it
was fixed. Its membrane was stripped
off and the filamentous structures
imaged after being coated with a very
thin layer of platinum. The large white
blob towards the bottom of the cell
shows the location of the nucleus and
the membranous organelles. The area
within the white box is blown up
below. Essentially all of the filaments
are actin. Two regions are shown at
still higher magnification on the right.
At the top, near the front edge of the
cell, the actin filaments are short and
frequently branched. Further back,
individual actin filaments are longer
and overlaid at nearly random angles.
(Adapted from T. M. Svitkina et al.,
J. Cell Biol. 139:397, 1997.)

proteins in mitochondria can be manipulated by the application of an
electric field. The result of the application of a field is to segregate
the membrane proteins to one side of the membrane, as shown in
the electron micrograph of freeze-fractured membranes. This image
and others demonstrate the large fraction of membrane devoted to
membrane proteins. Indeed, in the case of the mitochondria, more
than 50% of the membrane mass is donated by proteins. Interesting
measurements of the relative mass of phospholipids and membrane
proteins are reported in Mitra et al. (2004).

Just as simple estimates on protein concentrations in the cytoplasm
reveal a mean spacing comparable to protein size, similar estimates
can be carried out for the cell membrane as well. To see this, we
recall that the membrane area for a bacterium like E. coli is roughly
6 µm2 and that both the inner and outer membranes are home to
roughly 500,000 proteins. This tells us that the area per protein is
roughly 10 nm2, or that the typical distance between two proteins is
of the order of 3 nm. The cell membrane is tightly packed indeed,
with a crude estimate being that roughly half of the membrane area is
occupied by proteins.

14.1.4 Consequences of Crowding

So far, we have examined the structural features of the crowded envi-
ronment of cells. We have seen that this crowded structure that serves
as the backdrop for the bustling biochemical metropolis of the cell
is quite different from the dilute and homogeneous environments of
solution biochemistry. What are the consequences of this crowding for
cells? We explore two broad classes of consequence arising from this
crowding, namely, how equilibrium binding is modified by crowding
and how diffusive processes are altered as a result of the tight packing
of molecules within cells.
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Swimming of sperm cells

Jeff Guasto
v ⇠ 50µm/s
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Figure 16.4: Structure of the axoneme. (A) Thin-section electron micrograph of a cross-section of the flagellum of the
microscopic algae Chlamydomonas. (B) Diagram of the flagellar parts. The inner dynein arms and outer dynein arms are motor
proteins that make the flagellum beat by sliding the microtubules relative to one another. (C) A side view of the flagellum.
(A, courtesy of Lewis Tilney.)
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Figure 16.5: Bending of flagella and
cilia due to translational motors. (A)
When adjacent filaments are not
tethered together, stepping of the
motors will result in sliding of the
adjacent filaments. (B) When the
adjacent filaments are tethered
together, stepping of the motors will
result in deformation of the filaments.
(Adapted from B. Alberts et al.,
Molecular Biology of the Cell, 5th ed.
Garland Science, 2008.)

compressive force that induces bending. In Figure 16.5(A), we see that
if two adjacent filaments are not linked, then the motion of the molec-
ular motors will induce sliding. On the other hand, if the filaments
are tied together, these motors will generate bending, as is shown
in Figure 16.5(B). The energetics of filament bending can be modeled
using beam theory, as discussed in Chapter 10. Spatial and temporal
coordination of dynein motor stepping along the length of the cilium
or flagellum gives rise to regular beat patterns that propagate down
the structure. For example, a snapshot of the flagellum of a swimming
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compressive force that induces bending. In Figure 16.5(A), we see that
if two adjacent filaments are not linked, then the motion of the molec-
ular motors will induce sliding. On the other hand, if the filaments
are tied together, these motors will generate bending, as is shown
in Figure 16.5(B). The energetics of filament bending can be modeled
using beam theory, as discussed in Chapter 10. Spatial and temporal
coordination of dynein motor stepping along the length of the cilium
or flagellum gives rise to regular beat patterns that propagate down
the structure. For example, a snapshot of the flagellum of a swimming
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Sperm flagellum is constructed from microtubules

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


