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Dynamics of microtubules 
and molecular motors
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Microtubule dynamic instability

catastrophe occurs 
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cap disappears
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Molecular model for growth of protective cap
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Molecular model for growth of protective cap

Continuum limit of the master equation
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length of protective cap

Gedanken experiment
Grow microtubules in a medium with large GTP-tubulin concentration [T] for time to
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Waiting time to the next catastrophe event
H. Flyvbjerg, T.E. Holy and S. Leibler,

PRL 73, 2372-2375 (1994)
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Equation (1) can be solved analytically; see below.
We compare its predictions with recent experiments.
Figure 1 shows the catastrophe rate as a function of
growth velocity for the plus end of MTs [9]. Figure 3
compares with the results of dilution experiments for
both ends, taken from Ref. [12]. From the top half
of this figure, we see that the waiting time before
catastrophe is indeed nearly independent of the initial
growth velocity. This allows one to group the data
and show the distribution of waiting times as done
in the bottom portion of this figure. The theoretical
curves in Figs. 1 and 3 were fitted simultaneously to

(+) (-)the experimental data using VA~, v», and r as fitting
(+)parameters, giving vAq = 0.21 ~ 0.01 p,mmin, VAq =

0.22 ~ 0.01 p,mrnin ', and r = 360 + 20 p,mmin
With these values, the cap of a growing microtubule
contains roughly 40gv/v&s monomers, as long as
vg ~ 0.3 p,mmin
The level of agreement between theory and experiment

shown in Figs. 1 and 3 is surprising, given the simplicity
of the theory. It is encouraging that one can model
the collective behavior of a complex system of proteins
quantitatively, and that with a model so simple it can be
solved analytically.
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FIG. 3. Delays before catastrophe following dilution.
Data taken from Ref. [12]. (a) and {c): plus end; (b) and
(d): minus end. (a) and (b): delay as a function of initial
growth velocity. Each point represents a single measurement
on a MT. Curves are theoretical mean (solid) and standard
deviation (dashed) of the delay, from Eqs. (6) and (7). (c)
and (d): histograms showing the experimental distribution of
delays before catastrophe. The curves are fits of the theoretical
distribution given in Eq. (6). Dilution was initiated at t = 0
and required some time (6.1 s when used as a free parameter in
our fit) for completion.

Solving the model. —We now sketch the solution of
Eq. (1). Equation (1) is equivalent to

B,P = (—v(3, + DB, —rx)P, (2)
where P(x, t) = f„dyp(y, r) Th.is can be seen quite eas-
ily by inserting the definition of P(x, r) into Eq. (2). We
introduce dimensionless variables g = x/xo, ~ = t/ro,
and y = vto/2xo, where xo = (D/r)'~' and to =
(Dr~) ' 3. Defining P(g, r) = exp( vx—/2D)P(x, i),
Eq. (2) takes the form B,P(g, ~) = (Bg —g —y2) &&

P(g, r). Since P by its definition must vanish for g
its general form is

P(g, r) = duc(u) exp(—ur)Ai($ + y —u), (3)

(t)„,= 2rlvfl ~ lvfll1+
v; )

) i/2
(7)(2r lvgl )

Here v; ~ 0 and vI & 0 are the predilution and postdi-
lution cap growth velocities, respectively. The approxi-
mations employed here may be justified by comparing

where Ai($) is the first Airy function [14]. The absorbing
boundary condition, p(0, t) = 0, is equivalent to

—Ai'(y —u) = yAi(y —u), (4)
which is solved only by a discrete set of relaxation rates,
uk(y), k = 0, 1, 2, . . . .
When y & 0, there is a gap of order y2 between the

slowest relaxation rate, uo, and higher rates. Conse-
quently, P (g, r) quickly approaches its asymptotic form,
so fast that faster modes do not show in experimental data,
we find. Thus, all observed catastrophes are Poisson dis-
tributed in time with rate

V, +»af'. = uo(y)/&o — = -r& ', (5)
V 2 Vg VAB

where the approximation follows from the asymptotic
form of the Airy function in Eq. (4) [14]. Equation (5)
shows that the catastrophe rate has a finite limit, rex/2,
for vg/v~s ~, the same for both MT ends. This
prediction is consistent with experimental results for the
minus end given in Fig. 7 of Ref. [11],but a significant
test requires the collection of more data.
In dilution experiments, MTs are first grown in a high

concentration of tubulin, giving a high assembly rate, vg,
then submitted to rapid and massive dilution to induce
catastrophes and disassembly [11,12]. Under both these
conditions, it is a good approximation to treat D as equal
to zero. In this approximation we find the distribution
in time of catastrophes upon sudden dilution, p„,(t), by
solving Eq. (2), using for initial condition the steady-state
solution that it has before dilution. We find

p„,(t) = —B,P(0, t) = 2 exp — 2, (6)
2 t)..t ( 4(r ...) '

where the average delay (r)„,before catastrophe is
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Equation (1) can be solved analytically; see below.
We compare its predictions with recent experiments.
Figure 1 shows the catastrophe rate as a function of
growth velocity for the plus end of MTs [9]. Figure 3
compares with the results of dilution experiments for
both ends, taken from Ref. [12]. From the top half
of this figure, we see that the waiting time before
catastrophe is indeed nearly independent of the initial
growth velocity. This allows one to group the data
and show the distribution of waiting times as done
in the bottom portion of this figure. The theoretical
curves in Figs. 1 and 3 were fitted simultaneously to

(+) (-)the experimental data using VA~, v», and r as fitting
(+)parameters, giving vAq = 0.21 ~ 0.01 p,mmin, VAq =

0.22 ~ 0.01 p,mrnin ', and r = 360 + 20 p,mmin
With these values, the cap of a growing microtubule
contains roughly 40gv/v&s monomers, as long as
vg ~ 0.3 p,mmin
The level of agreement between theory and experiment

shown in Figs. 1 and 3 is surprising, given the simplicity
of the theory. It is encouraging that one can model
the collective behavior of a complex system of proteins
quantitatively, and that with a model so simple it can be
solved analytically.
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FIG. 3. Delays before catastrophe following dilution.
Data taken from Ref. [12]. (a) and {c): plus end; (b) and
(d): minus end. (a) and (b): delay as a function of initial
growth velocity. Each point represents a single measurement
on a MT. Curves are theoretical mean (solid) and standard
deviation (dashed) of the delay, from Eqs. (6) and (7). (c)
and (d): histograms showing the experimental distribution of
delays before catastrophe. The curves are fits of the theoretical
distribution given in Eq. (6). Dilution was initiated at t = 0
and required some time (6.1 s when used as a free parameter in
our fit) for completion.

Solving the model. —We now sketch the solution of
Eq. (1). Equation (1) is equivalent to

B,P = (—v(3, + DB, —rx)P, (2)
where P(x, t) = f„dyp(y, r) Th.is can be seen quite eas-
ily by inserting the definition of P(x, r) into Eq. (2). We
introduce dimensionless variables g = x/xo, ~ = t/ro,
and y = vto/2xo, where xo = (D/r)'~' and to =
(Dr~) ' 3. Defining P(g, r) = exp( vx—/2D)P(x, i),
Eq. (2) takes the form B,P(g, ~) = (Bg —g —y2) &&

P(g, r). Since P by its definition must vanish for g
its general form is

P(g, r) = duc(u) exp(—ur)Ai($ + y —u), (3)

(t)„,= 2rlvfl ~ lvfll1+
v; )

) i/2
(7)(2r lvgl )

Here v; ~ 0 and vI & 0 are the predilution and postdi-
lution cap growth velocities, respectively. The approxi-
mations employed here may be justified by comparing

where Ai($) is the first Airy function [14]. The absorbing
boundary condition, p(0, t) = 0, is equivalent to

—Ai'(y —u) = yAi(y —u), (4)
which is solved only by a discrete set of relaxation rates,
uk(y), k = 0, 1, 2, . . . .
When y & 0, there is a gap of order y2 between the

slowest relaxation rate, uo, and higher rates. Conse-
quently, P (g, r) quickly approaches its asymptotic form,
so fast that faster modes do not show in experimental data,
we find. Thus, all observed catastrophes are Poisson dis-
tributed in time with rate

V, +»af'. = uo(y)/&o — = -r& ', (5)
V 2 Vg VAB

where the approximation follows from the asymptotic
form of the Airy function in Eq. (4) [14]. Equation (5)
shows that the catastrophe rate has a finite limit, rex/2,
for vg/v~s ~, the same for both MT ends. This
prediction is consistent with experimental results for the
minus end given in Fig. 7 of Ref. [11],but a significant
test requires the collection of more data.
In dilution experiments, MTs are first grown in a high

concentration of tubulin, giving a high assembly rate, vg,
then submitted to rapid and massive dilution to induce
catastrophes and disassembly [11,12]. Under both these
conditions, it is a good approximation to treat D as equal
to zero. In this approximation we find the distribution
in time of catastrophes upon sudden dilution, p„,(t), by
solving Eq. (2), using for initial condition the steady-state
solution that it has before dilution. We find

p„,(t) = —B,P(0, t) = 2 exp — 2, (6)
2 t)..t ( 4(r ...) '

where the average delay (r)„,before catastrophe is
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This is in contrast with experimental 
observations that the waiting time to next 

catastrophe event is very insensitive to the 
tubulin concentration of the first medium!

Waiting time to the catastrophe 
event depends on GTP-tubulin 
concentration (~growth speed)!
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Molecular model for growth of protective cap

a ⇡ 8nm/13 ⇡ 0.6nm
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Include spontaneous
hydrolysis, that appears equally 
likely everywhere along the cap

k
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khyd [T ]khyd

x

k(s)hyd

only this parts serves as a protective 
cap that prevents catastrophe

H. Flyvbjerg, T.E. Holy and S. Leibler,
PRL 73, 2372-2375 (1994)

initial cap length x
spontaneous hydrolysis at y < x

initial cap length y > x
spontaneous hydrolysis at x

Master equation for the 
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Molecular model for growth of protective cap

a ⇡ 8nm/13 ⇡ 0.6nm
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Continuum limit of master equation for the length x of protective cap
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Distribution of protective cap lengths

a ⇡ 8nm/13 ⇡ 0.6nm
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cumulative 
distribution

P (x, t) =

Z 1

x

dy p(y, t)

What is the stationary distribution of protective cap lengths?
small diffusion D ⇡ 0

P

⇤(x) = e
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2
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length x =
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0
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r
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Because of spontaneous 
hydrolysis the typical length of 
protective caps remains finite!

(Note: microtubules still grow with time, 
because of hydrolysis of the tail)

assume large GTP-tubulin concentration v > 0
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Frequency of catastrophe events

a ⇡ 8nm/13 ⇡ 0.6nm
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Catastrophe event happens when cap length shrinks to zero (x=0). In the 
absence of diffusion (D=0) catastrophes would never occur in GTP-tubulin 

rich medium. For small diffusion D, the probability distribution P(x,t) quickly 
approaches steady state distribution P*(x) multiplied by a prefactor A(t), the 

probability that no catastrophe events occurred  by time t.
@P (x = 0, t)

@x

=
dA(t)

dt

= �Dr

v

A(t) A(t) = e�Drt/v
P (x, t) ⇡ A(t)e�rx

2
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Probability distribution of 
waiting time to catastrophe pcat(t) = �dA(t)

dt
=

Dr

v
e�Drt/v tcat =

v

Dr
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length of protective cap

Gedanken experiment
Grow microtubules in a medium with large GTP-tubulin concentration [T] for time to

k
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x

Then move microtubules to another medium without tubulin
khyd

What is the probability for waiting times to the next catastrophe 
event in the presence of spontaneous hydrolysis?

khyd

k(s)hyd

Waiting time to the next catastrophe event

x =

r
⇡v

2r
⇠ 0.1µm r ⇡ 400µm�1min�1

v ⇡ 2µm/mintypical growth time 
before catastrophe

D ⇡ 10�3µm2/mintcat =
v

Dr
⇠ 10min

[T ] ⇡ 10µM
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Waiting time to the next catastrophe event
khyd khyd

k(s)hyd x

Next catastrophe event occurs at time t if spontaneous hydrolysis 
occurs at some time                   at place                          . 0 < ⌧ < t x = vhyd(t� ⌧)

0

t

⌧
x = vhyd(t� ⌧)

Any spontaneous hydrolysis inside 
the blue region would lead to 

catastrophe event at earlier time!

x = vhydt

pcat(t) = rvhydt⇥ e�rvhydt
2/2

Probability distribution of waiting 
time to next catastrophe event

probability that no 
spontaneous 

hydrolysis happens 
inside blue region

probability that 
spontaneous 

hydrolysis happens 
somewhere at the 

interface between blue 
and red region
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Waiting time to the next catastrophe event

H. Flyvbjerg, T.E. Holy and S. Leibler,
PRL 73, 2372-2375 (1994)

VOLUME 73, NUMBER 17 PH YS ICAL REVIEW LETTERS 24 OcToaER 1994

Equation (1) can be solved analytically; see below.
We compare its predictions with recent experiments.
Figure 1 shows the catastrophe rate as a function of
growth velocity for the plus end of MTs [9]. Figure 3
compares with the results of dilution experiments for
both ends, taken from Ref. [12]. From the top half
of this figure, we see that the waiting time before
catastrophe is indeed nearly independent of the initial
growth velocity. This allows one to group the data
and show the distribution of waiting times as done
in the bottom portion of this figure. The theoretical
curves in Figs. 1 and 3 were fitted simultaneously to

(+) (-)the experimental data using VA~, v», and r as fitting
(+)parameters, giving vAq = 0.21 ~ 0.01 p,mmin, VAq =

0.22 ~ 0.01 p,mrnin ', and r = 360 + 20 p,mmin
With these values, the cap of a growing microtubule
contains roughly 40gv/v&s monomers, as long as
vg ~ 0.3 p,mmin
The level of agreement between theory and experiment

shown in Figs. 1 and 3 is surprising, given the simplicity
of the theory. It is encouraging that one can model
the collective behavior of a complex system of proteins
quantitatively, and that with a model so simple it can be
solved analytically.
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FIG. 3. Delays before catastrophe following dilution.
Data taken from Ref. [12]. (a) and {c): plus end; (b) and
(d): minus end. (a) and (b): delay as a function of initial
growth velocity. Each point represents a single measurement
on a MT. Curves are theoretical mean (solid) and standard
deviation (dashed) of the delay, from Eqs. (6) and (7). (c)
and (d): histograms showing the experimental distribution of
delays before catastrophe. The curves are fits of the theoretical
distribution given in Eq. (6). Dilution was initiated at t = 0
and required some time (6.1 s when used as a free parameter in
our fit) for completion.

Solving the model. —We now sketch the solution of
Eq. (1). Equation (1) is equivalent to

B,P = (—v(3, + DB, —rx)P, (2)
where P(x, t) = f„dyp(y, r) Th.is can be seen quite eas-
ily by inserting the definition of P(x, r) into Eq. (2). We
introduce dimensionless variables g = x/xo, ~ = t/ro,
and y = vto/2xo, where xo = (D/r)'~' and to =
(Dr~) ' 3. Defining P(g, r) = exp( vx—/2D)P(x, i),
Eq. (2) takes the form B,P(g, ~) = (Bg —g —y2) &&

P(g, r). Since P by its definition must vanish for g
its general form is

P(g, r) = duc(u) exp(—ur)Ai($ + y —u), (3)

(t)„,= 2rlvfl ~ lvfll1+
v; )

) i/2
(7)(2r lvgl )

Here v; ~ 0 and vI & 0 are the predilution and postdi-
lution cap growth velocities, respectively. The approxi-
mations employed here may be justified by comparing

where Ai($) is the first Airy function [14]. The absorbing
boundary condition, p(0, t) = 0, is equivalent to

—Ai'(y —u) = yAi(y —u), (4)
which is solved only by a discrete set of relaxation rates,
uk(y), k = 0, 1, 2, . . . .
When y & 0, there is a gap of order y2 between the

slowest relaxation rate, uo, and higher rates. Conse-
quently, P (g, r) quickly approaches its asymptotic form,
so fast that faster modes do not show in experimental data,
we find. Thus, all observed catastrophes are Poisson dis-
tributed in time with rate

V, +»af'. = uo(y)/&o — = -r& ', (5)
V 2 Vg VAB

where the approximation follows from the asymptotic
form of the Airy function in Eq. (4) [14]. Equation (5)
shows that the catastrophe rate has a finite limit, rex/2,
for vg/v~s ~, the same for both MT ends. This
prediction is consistent with experimental results for the
minus end given in Fig. 7 of Ref. [11],but a significant
test requires the collection of more data.
In dilution experiments, MTs are first grown in a high

concentration of tubulin, giving a high assembly rate, vg,
then submitted to rapid and massive dilution to induce
catastrophes and disassembly [11,12]. Under both these
conditions, it is a good approximation to treat D as equal
to zero. In this approximation we find the distribution
in time of catastrophes upon sudden dilution, p„,(t), by
solving Eq. (2), using for initial condition the steady-state
solution that it has before dilution. We find

p„,(t) = —B,P(0, t) = 2 exp — 2, (6)
2 t)..t ( 4(r ...) '

where the average delay (r)„,before catastrophe is
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Waiting time to the catastrophe 
event is insensitive to GTP-tubulin 

concentration (~growth speed)!

Note: observed ~6s delay 
from the initiation of dilution
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Equation (1) can be solved analytically; see below.
We compare its predictions with recent experiments.
Figure 1 shows the catastrophe rate as a function of
growth velocity for the plus end of MTs [9]. Figure 3
compares with the results of dilution experiments for
both ends, taken from Ref. [12]. From the top half
of this figure, we see that the waiting time before
catastrophe is indeed nearly independent of the initial
growth velocity. This allows one to group the data
and show the distribution of waiting times as done
in the bottom portion of this figure. The theoretical
curves in Figs. 1 and 3 were fitted simultaneously to

(+) (-)the experimental data using VA~, v», and r as fitting
(+)parameters, giving vAq = 0.21 ~ 0.01 p,mmin, VAq =

0.22 ~ 0.01 p,mrnin ', and r = 360 + 20 p,mmin
With these values, the cap of a growing microtubule
contains roughly 40gv/v&s monomers, as long as
vg ~ 0.3 p,mmin
The level of agreement between theory and experiment

shown in Figs. 1 and 3 is surprising, given the simplicity
of the theory. It is encouraging that one can model
the collective behavior of a complex system of proteins
quantitatively, and that with a model so simple it can be
solved analytically.
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FIG. 3. Delays before catastrophe following dilution.
Data taken from Ref. [12]. (a) and {c): plus end; (b) and
(d): minus end. (a) and (b): delay as a function of initial
growth velocity. Each point represents a single measurement
on a MT. Curves are theoretical mean (solid) and standard
deviation (dashed) of the delay, from Eqs. (6) and (7). (c)
and (d): histograms showing the experimental distribution of
delays before catastrophe. The curves are fits of the theoretical
distribution given in Eq. (6). Dilution was initiated at t = 0
and required some time (6.1 s when used as a free parameter in
our fit) for completion.

Solving the model. —We now sketch the solution of
Eq. (1). Equation (1) is equivalent to

B,P = (—v(3, + DB, —rx)P, (2)
where P(x, t) = f„dyp(y, r) Th.is can be seen quite eas-
ily by inserting the definition of P(x, r) into Eq. (2). We
introduce dimensionless variables g = x/xo, ~ = t/ro,
and y = vto/2xo, where xo = (D/r)'~' and to =
(Dr~) ' 3. Defining P(g, r) = exp( vx—/2D)P(x, i),
Eq. (2) takes the form B,P(g, ~) = (Bg —g —y2) &&

P(g, r). Since P by its definition must vanish for g
its general form is

P(g, r) = duc(u) exp(—ur)Ai($ + y —u), (3)

(t)„,= 2rlvfl ~ lvfll1+
v; )

) i/2
(7)(2r lvgl )

Here v; ~ 0 and vI & 0 are the predilution and postdi-
lution cap growth velocities, respectively. The approxi-
mations employed here may be justified by comparing

where Ai($) is the first Airy function [14]. The absorbing
boundary condition, p(0, t) = 0, is equivalent to

—Ai'(y —u) = yAi(y —u), (4)
which is solved only by a discrete set of relaxation rates,
uk(y), k = 0, 1, 2, . . . .
When y & 0, there is a gap of order y2 between the

slowest relaxation rate, uo, and higher rates. Conse-
quently, P (g, r) quickly approaches its asymptotic form,
so fast that faster modes do not show in experimental data,
we find. Thus, all observed catastrophes are Poisson dis-
tributed in time with rate

V, +»af'. = uo(y)/&o — = -r& ', (5)
V 2 Vg VAB

where the approximation follows from the asymptotic
form of the Airy function in Eq. (4) [14]. Equation (5)
shows that the catastrophe rate has a finite limit, rex/2,
for vg/v~s ~, the same for both MT ends. This
prediction is consistent with experimental results for the
minus end given in Fig. 7 of Ref. [11],but a significant
test requires the collection of more data.
In dilution experiments, MTs are first grown in a high

concentration of tubulin, giving a high assembly rate, vg,
then submitted to rapid and massive dilution to induce
catastrophes and disassembly [11,12]. Under both these
conditions, it is a good approximation to treat D as equal
to zero. In this approximation we find the distribution
in time of catastrophes upon sudden dilution, p„,(t), by
solving Eq. (2), using for initial condition the steady-state
solution that it has before dilution. We find

p„,(t) = —B,P(0, t) = 2 exp — 2, (6)
2 t)..t ( 4(r ...) '

where the average delay (r)„,before catastrophe is

2374

vg[µm/min]

t[
s]

r ⇡ 400µm�1min�1 vhyd ⇡ 0.2µm/min
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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.
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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.
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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

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.
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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

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
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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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.

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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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

Figure 1. Antenna Model
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The net result is that longer microtubules depolymerize more quickly.

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

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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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.
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experiments is that they can only be performed at low concentra-
tions because otherwise there are too many fluorescent molecules
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we then added variable amounts of unlabeled Kip3p.
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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
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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.
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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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Length dependent depolymerization rate

V. Varga et al., Nat. Cell Biol.  8, 957-962 (2006)
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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
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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
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A second, independent way to estimate the stoichiometry of
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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-
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by TIRF microscopy. To increase the total Kip3p concentration,
we then added variable amounts of unlabeled Kip3p.
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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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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

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-
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a wide range of Kip3p concentrations, we found that an individual
Kip3p molecule remains stationary at the plus end, and that its
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Dissociation is accompanied by removal of just one or two tubulin
dimers. Incorporation of this mechanism into a mathematical
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study the interactions of individual Kip3p molecules with the
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tions because otherwise there are too many fluorescent molecules
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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
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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.
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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-
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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
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The slope was 1.00 ± 0.08 (SEM), indicating that on average one
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value of the stoichiometry of the Kip3p depolymerase activity
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Molecular motors
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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
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Typical rates (timescales)

Myosin-ATP Myosin-ADP-Pi

Actin-
Myosin-ADP-Pi

Actin-
Myosin-ADP

Actin-
Myosin

Actin-
Myosin-ATP

timescale=1/rate

100s�1

30s�1

& 10000s�11000s�1

2000s�1

stepping motion for kinesin: ~100 µs

Microtubule-
Kinesin-ATP

Microtubule-
Kinesin-ADP-Pi

Microtubule-
Kinesin-ADP

Microtubule-
Kinesin

50s�1

5000s�1

100s�1

F. Fulga et al., Integr. Biol. 1, 150-169 (2009)

1µM�1s�1

2µM�1s�1


