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Microtubule	  (MT)	  structure	  and	  
dynamics	  Introduction: MT Structure

Figure : Structure of a single microtubule showing 13 protofilaments, each is
composed of ↵- and �-tubulin heterodimers, connected laterally forming a hollow
cylinder.
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Introduction: MT Dynamics

Figure : Dynamic instability and treadmilling in microtubules
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Typical	  MT	  structure	   Typical	  MT	  dynamic	  proper>es	  



Microtubule	  organiza>on	  in	  vivo	  Introduction: MT organization in vivo

Fibroblast [1] Typical dividing
 cell [1]

Polarized epithelial
 cell [2]

+ - - +
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- + - - -

+ +
 Aster Anti-parallel bundle Parallel bundle 

Figure : Example of microtubule organization in vivo.
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Motor	  proteins	  and	  MTs	  
D

.W
hite

etal.

F
ig.2

E
xam

ples
of

M
T

m
ovem

entcaused
by

m
otors.

a
M

T
reorientation

by
a

m
inus-end-directed

m
otor,

b
M

T
sliding

O
ver

the
pastfew

decades,both
localand

non-localm
odels

have
been

proposed
to

describe
how

M
T

patterning
occurs

in
system

s
com

posed
of

m
otor

proteins
and

M
T

s.
M

T
sliding

is
described

by
sim

ple
advection

(directed
m

ovem
ent),placing

these
m

od-
els

in
the

category
of

transport-type
m

odels.
T

ransport-type
m

odels
are

defi
ned

as
m

odels
w

here
the

particles
of

interest
are

defi
ned

by
their

position
in

space,
tim

e,
and

velocity
(P

ertham
e

2007).
D

efi
ning

a
m

odel
as

local
or

non-local
generally

has
do

to
w

ith
the

redistribution
part

of
the

m
odel;

in
our

case,
this

corresponds
to

M
T

reorientation
(governed

by
m

otor
proteins).

M
ost

m
odels

of
M

T
evolution

describe
M

T
reorientation

using
localm

odels
(K

im
etal.2003;L

ee
and

K
ardar

2001;Jia
etal.

2008).
L

ocal
m

odels
incorporate

diffusion
term

s
to

describe
sm

all-scale
m

ovem
ent

(m
ovem

ent
in

orientation
or

location).
For

exam
ple,

the
m

odel
of

L
ee

and
K

ardar
(2001)

suggests
thatM

T
s

undergo
sm

allreorientations
in

the
presence

of
m

otor
pro-

teins.
H

ow
ever,

w
e

know
from

recent
in

vitro
studies

that
large

reorientations
are

possible
(N

edéléc
etal.1997;N

edéléc
and

S
urrey

2001),and
so

non-localm
odels

are
m

ore
desirable

from
a

biologicalperspective.N
on-localm

odels
provide

a
description

of
large-scale

m
ovem

ent
and

generally
use

integral
term

s
to

describe
redistribution.

S
uch

non-localm
odelsthatdescribe

redistribution
in

term
sofprobabilitiesare

referred
to

asvelocity-jum
p

m
odels(O

thm
er2010),and

have
a

rich
history

in
the

study
oflarge-

scale
anim

al
m

ovem
ent

governed
by

certain
cues

that
can

exist
over

large
distances

(O
thm

er
etal.1988).M

ore
recently,such

m
odels

have
been

used
to

describe
the

evo-
lution

of
cellular

system
s

(H
illen

2006).A
n

interesting
exam

ple
of

such
a

m
odelused

in
M

T
/m

otor
system

s
is

a
recentstudy

by
A

ranson
and

T
sim

ring
(2006).T

his
m

odel
uses

a
diffusion

term
(to

describe
sm

all
scale

fl
uctuations

of
M

T
s

in
the

absence
of

m
otors),butalso

includes
a

non-localterm
to

describe
alignm

entof
M

T
s

as
they

col-
lide

w
ith

one
another.T

he
action

of
the

m
otor

proteins
is

im
plicithere,and

suggests
thatm

otors
are

dispersed
uniform

ly
throughoutspace,so

thatw
hen

tw
o

M
T

s
interact

they
instantaneously

align
due

to
m

otor
protein

action.
O

ther
polym

er/m
otor

system
s,

such
as

actin/m
yosin

system
s,

have
been

studied
extensively

from
both

an
experim

entalpointofview
(L

uo
etal.2013;S

m
ith

etal.2007;
H

um
phrey

etal.2002;R
eym

ann
etal.2010)and

a
theoreticalfram

ew
ork

pointofview
.

A
ctin

can
take

on
m

any
com

plex
organizations

(like
M

T
s),

and
such

organization
is

crucial
for

norm
al

cell
function.

For
exam

ple,
actin

form
s

tight
parallel

bundles,
called

fi
lopodia,at

the
front

of
fi

broblasts,allow
ing

them
to

m
igrate

in
the

direction
of

a
w

ound.
A

lso,
during

m
uscle

contraction,
actin

fi
bers

form
tight

anti-parallel

123

Motor	  proteins	  walk	  along	  MTs	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Motor	  proteins	  aling	  MTs	  	  	  	  	  	  	  	  
	   	   	   	   	   	   	   	   	   	   	  (produce	  force)	  



Microtubule	  organiza>on	  in	  vitro	  

Experiments	  by	  Surrey	  and	  Nedelec	  2001	  
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Abstract In this paper, we construct a novel nonlocal transport model that describes
the evolution of microtubules (MTs) as they interact with stationary distributions of
motor proteins. An advection term accounts for directed MT transport (sliding due to
motor protein action), and an integral term accounts for reorientation of MTs due to
their interactions with cross-linking motor proteins. Simulations of our model show
how MT patterns depend on boundary constraints, as well as model parameters that
represent motor speed, cross-linking capability (motor activity), and directionality.
In large domains, and using motor parameter values consistent with experimentally-
derived values, we find that patterns such as asters, vortices, and bundles are able to
persist. In vivo, MTs take on aster patterns during interphase and they form bundles
in neurons and polarized epithelial cells. Vortex patterns have not been observed in
vivo, however, are found in in vitro experiments. In constrained domains, we find that
similar patterns form (asters, bundles, and vortices). However, we also find that when
two opposing motors are present, anti-parallel bundles are able to form, resembling
the mitotic spindle during cell division. This model demonstrates how MT sliding and
MT reorientation are sufficient to produce experimentally observed patterns.
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∂mb(x, t)
∂t

+ vb ⋅∇x (mb(x, t)) = kon ( !p)mu(x, t)− koff mb(x, t)

∂mu(x, t)
∂t

−DuΔ xmu(x, t) = −kon ( !p)mu(x, t)+ koff mb(x, t)

∂p(x, t,θ )
∂t

+ SMTθ̂ ⋅∇x p(x, t,θ ) = −λ(mb )p(x, t,θ )+λ(mb ) k(θ, !θ,mb )
−π

π

∫ p(x, t,θ )d !θ

MTs	  treadmill	  along	  a	  directed	  path	  	  	  	  	  	  	  	  	  	  	  	  	  MTs	  reorganize	  in	  the	  presense	  of	  motor	  proteins	  

Bound	  motors	  walk	  along	  MTs	  

Unbound	  motors	  diffuse	  freely	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  motors	  switch	  between	  	  	  	  	  	  	  	  	  	  
	   	   	   	   	   	   	   	  	  	  	  	  	  bound	  and	  unbound	  states	  	  	  



Simula>on	  result	  for	  NCD	  (low	  motor	  density)	  
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Simula>on	  result	  for	  kinesin	  (low	  motor	  density)	  
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Results	  with	  two	  opposing	  mito>c	  
motors	  (kinesin-‐5	  and	  NCD)	  
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Conclusions	  and	  future	  work	  
•  We	  can	  reproduce	  pa.erns	  found	  in	  in	  vitro	  experiments.	  
	  
•  We	  can	  produce	  an>-‐parallel	  bundles	  (like	  in	  the	  mito>c	  spindle!).	  
	  
•  We	  have	  developed	  a	  nice	  E	  and	  U	  result	  (T	  Hillen	  et	  al.	  Submi.ed	  

to	  SIAP).	  
	  
•  Next,	  we	  include	  dynamic	  instability	  and	  look	  at	  ac>on	  of	  

chemotherapy	  drugs	  	  on	  MT	  organiza>on	  (in	  par>cular,	  the	  an>-‐
parallel	  bundles).	  


