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Microtubules 

Alberts et al., Molecular Biology of the Cell (2008)!

tubulin to microtubules!

• chiral, tubular polymer!
• 24 nm diameter!
• most have 13 protofilaments !
• very, very stiff!
• dynamic growth & depolymerization!
• track from motor proteins!

polymerization!

depolymerization!
time!
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Monomer Model 
Wedge monomer!
• shape designed to produce rings that stack into cylinders !

• 13 wedges/ring!
• gray particles define shape!

• gray particles interact purely repulsively!
• attraction only between sites of same ‘color’!
• implicit good solvent!

Lateral, AL!

Vertical, AV! Attractive sites on sides!
symmetry breaking for!
orientation control!
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MD Simulations 
•  monomer is a rigid body 
•  standard NVT MD, ~ 1 billion time steps 
•  1000 achiral wedge monomers 

•  Starting state: with AL =4.2 kT and AV =3.0 kT 
•  Wedge shown as single sphere 
•  Monomers to tubules 

vary lateral AL and vertical AV!
 interaction strengths!
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Helical Tubules? 

chirality = 0!

Shouldn’t mismatch between attractive sites 
make the energy be much higher for pitch > 0?!
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Twist & Energy 

• Build tubule with pitch p!
• Do MD!
• Calculate energy distribution!

• Energy drops!
• Tubule twists!

AL = 4.2 and AV = 2.6!

p = 2!
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Twist & Energy 
− Number of protofilaments (N) 
− Pitch of helix (p) 
− N_p 

13_0! 13_1!

13_2! 13_3!

Why do p=0 & 1 overlap?!
Why don’t p=0 and 3 overlap?!

AL = 4.2 and AV = 2.6!
p = 0! 1   2   3 !

Overlap of D(E) ⟹ coexistence of different pitches!
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Twist & Alignment 

Figure 3: A 13_2 tubule starting with straight protofilaments (a) undergoes a skew deformation to
transform into a tubule with twisted protofilaments (b) at AL = 4.2 and AV = 2.6, which results in
a better packing of wedges. Twist angle � is the angle between protofilaments and the central axis
of the tubule. (c) The stacking of two consecutive wedges in a protofilament involves an offset
between the binding sites at vertical interfaces due to rotation about the vertical axis.

ing the tubule. For small differences in p and c, where c is the chirality of monomers, the twist

deformation of protofilaments reduces the energy by making the lateral alignment closer to the

ideal configuration determined by the interaction site geometry. This finding challenges the com-

mon practice of treating a microtubule as an elastic tubule within the framework of continuum

elasticity, where twist of the tubule always costs energy and induces a restoring force.? In our

simulations, the continuum theory breaks down because the mechanical response is dominated by

the contacts between neighboring monomers without deforming the monomers themselves; the de-

formation is accommodated simply by locally rotating the monomers. The fact that microtubules

are composed of individual building blocks plays an important role that sets a limit on continuum

theory.

A more detailed examination of the packing of M0 wedges in helical tubules reveals a limit of

twist deformation. In a twisted protofilament, the wedges must rotate about their vertical axis so

that its inner surface always points to the interior of the tubule, which introduces an offset between

the vertical binding sites of two consecutive stacking wedges, as shown in Figure 3(c). For M0

monomers, this offset is very small in a 13_1 tubule, which makes it energetically close to the

13_0 tubule. However, as the pitch of a helical tubule gets larger, the offset increases as a result

of the increasing amount of twist. The offset is clearly visible for a 13_2 tubule as in Figure 3(c)
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Twist:!
Rotation about radial axis aligns lateral binding sites!
Rotation about vertical axis misaligns vertical sites!

p=3!
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Tubule Pitch 

•  How control pitch? 
–  chiral monomer 
–  reduce variation in pitch 

•  Twist misaligns vertical placement 
–  increase Av ? 
–  lock & key 

Figure 1: (a) An achiral wedge monomer designed for nonhelical tubules (i.e. pitch p = 0). (b) A
chiral wedge monomer with chirality c = 2 (i.e. designed for tubules with p = 2). (c) An achiral
wedge monomer with a lock-and-key configuration for the vertical binding; the vertical binding
sites stick out at the bottom surface. (d) A chiral wedge monomer with c = 2 and with a lock-and-
key configuration for the vertical binding; the top view shows that the vertical binding sites are
buried below the top surface.

in the self-assembly of tubules, and therefore provide a guidance of the design of building blocks

that will efficiently self-assemble into a controlled tubular structure.

The details of wedge-shaped monomers and MD simulations of their self-assembly are in-

cluded in Methods section. The original design of the monomer studied is shown in Figure 1(a).

This building block is achiral and designed to form nonhelical 13-protofilament tubules. In gen-

eral, a monomer will de designated as Mc, where c designates the chirality of the monomer such

that the pitch p of the tubules assembled from Mc is ideally p = c. M2 is shown in Figure 1(b). To

label tubular structures, we follow the literature and use N_p to denote tubules with N protofila-

ments and pitch p (counted in the unit of building blocks and also called helix start number in the

literature on microtubules).9

One surprise found in our previous simulations using M0 is the preferential assembly of helical

tubules with pitch 1 or even 2, even though the monomer is achiral.21 In other words, mismatch

occurs between the chirality of building blocks and the pitch of assembled tubules. We first ex-

amine the energetics of the assembly of the achiral M0 system and explain the physical origin

of the helical tubules that assemble from M0. We then include explicit chirality in the monomer

and present the assembly and energetics for these systems. Finally, we discuss the results of the

systems that include both chirality and a lock-and-key interaction that provide the best control of

tubule structure.

5

Chirality c !
Shift positions of 
lateral site up/down 
to produce chirality!

��� ���

Figure 1: (a) An achiral wedge monomer designed for nonhelical tubules (i.e. pitch p = 0). (b) A
chiral wedge monomer with chirality c = 2 (i.e. designed for tubules with p = 2). (c) An achiral
wedge monomer with a lock-and-key configuration for the vertical binding; the vertical binding
sites stick out at the bottom surface. (d) A chiral wedge monomer with c = 2 and with a lock-and-
key configuration for the vertical binding; the top view shows that the vertical binding sites are
buried below the top surface.

in the self-assembly of tubules, and therefore provide a guidance of the design of building blocks

that will efficiently self-assemble into a controlled tubular structure.

The details of wedge-shaped monomers and MD simulations of their self-assembly are in-

cluded in Methods section. The original design of the monomer studied is shown in Figure 1(a).

This building block is achiral and designed to form nonhelical 13-protofilament tubules. In gen-

eral, a monomer will de designated as Mc, where c designates the chirality of the monomer such

that the pitch p of the tubules assembled from Mc is ideally p = c. M2 is shown in Figure 1(b). To

label tubular structures, we follow the literature and use N_p to denote tubules with N protofila-

ments and pitch p (counted in the unit of building blocks and also called helix start number in the

literature on microtubules).9

One surprise found in our previous simulations using M0 is the preferential assembly of helical

tubules with pitch 1 or even 2, even though the monomer is achiral.21 In other words, mismatch

occurs between the chirality of building blocks and the pitch of assembled tubules. We first ex-

amine the energetics of the assembly of the achiral M0 system and explain the physical origin

of the helical tubules that assemble from M0. We then include explicit chirality in the monomer

and present the assembly and energetics for these systems. Finally, we discuss the results of the

systems that include both chirality and a lock-and-key interaction that provide the best control of

tubule structure.

5

Lock & Key LK !
Push central column down!
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Modifying Monomer 

Figure 1: (a) An achiral wedge monomer designed for nonhelical tubules (i.e. pitch p = 0). (b) A
chiral wedge monomer with chirality c = 2 (i.e. designed for tubules with p = 2). (c) An achiral
wedge monomer with a lock-and-key configuration for the vertical binding; the vertical binding
sites stick out at the bottom surface. (d) A chiral wedge monomer with c = 2 and with a lock-and-
key configuration for the vertical binding; the top view shows that the vertical binding sites are
buried below the top surface.

in the self-assembly of tubules, and therefore provide a guidance of the design of building blocks

that will efficiently self-assemble into a controlled tubular structure.

The details of wedge-shaped monomers and MD simulations of their self-assembly are in-

cluded in Methods section. The original design of the monomer studied is shown in Figure 1(a).

This building block is achiral and designed to form nonhelical 13-protofilament tubules. In gen-

eral, a monomer will de designated as Mc, where c designates the chirality of the monomer such

that the pitch p of the tubules assembled from Mc is ideally p = c. M2 is shown in Figure 1(b). To

label tubular structures, we follow the literature and use N_p to denote tubules with N protofila-

ments and pitch p (counted in the unit of building blocks and also called helix start number in the

literature on microtubules).9

One surprise found in our previous simulations using M0 is the preferential assembly of helical

tubules with pitch 1 or even 2, even though the monomer is achiral.21 In other words, mismatch

occurs between the chirality of building blocks and the pitch of assembled tubules. We first ex-

amine the energetics of the assembly of the achiral M0 system and explain the physical origin

of the helical tubules that assemble from M0. We then include explicit chirality in the monomer

and present the assembly and energetics for these systems. Finally, we discuss the results of the

systems that include both chirality and a lock-and-key interaction that provide the best control of

tubule structure.

5

Figure 5: The probability density of energy distribution per monomer, D(E), for various 13_p
tubules: p = 0 (red), 1 (green), 2 (blue), and 3 (black). (a) M0 at AL = 3.0 and AV = 6.3; (b) M2 at
AL = 3.0 and AV = 3.9; and (c) MLK

0 at AL = 3.0 and AV = 6.3, where the 13_3 tubule is unstable
and its D(E) not calculated.

than one simulation for these parameters and nonhelical (p = 0) do form in some cases, but this

result is indicative of the overall finding that helical tubules are more common than nonhelical even

though the monomer has no chirality. When the self-assembly is induced at AV = 3.9 > AL = 3.0

(Figure 6(b)), then the pitch is 0 or 1, which is a closer match to monomer’s chirality. In both cases

12

Make vertical mismatch!
expensive!
Av > AL better?!
AV = 6.3 
AL  = 3.0 
 
but kinetically trapped 

Chirality c → 
tubule pitch p!

c=0!

c=2!p=2!

Chirality does shift !
pitch values.!

p = 0!1  2        3 !
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Energy distribution 

Figure 5: The probability density of energy distribution per monomer, D(E), for various 13_p
tubules: p = 0 (red), 1 (green), 2 (blue), and 3 (black). (a) M0 at AL = 3.0 and AV = 6.3; (b) M2 at
AL = 3.0 and AV = 3.9; and (c) MLK

0 at AL = 3.0 and AV = 6.3, where the 13_3 tubule is unstable
and its D(E) not calculated.

than one simulation for these parameters and nonhelical (p = 0) do form in some cases, but this

result is indicative of the overall finding that helical tubules are more common than nonhelical even

though the monomer has no chirality. When the self-assembly is induced at AV = 3.9 > AL = 3.0

(Figure 6(b)), then the pitch is 0 or 1, which is a closer match to monomer’s chirality. In both cases

12

Lock & Key 
(must increase AV to  
insert key)  
AV = 6.3 
AL  = 3.0 
 
c=0 
 
 
See increased 
separation of D(E)  
and disappearance of 
p=3. 

p = 0   1          2          3?!
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Lock & Key, Chiral Assembly 

��� ���

Figure 1: (a) An achiral wedge monomer designed for nonhelical tubules (i.e. pitch p = 0). (b) A
chiral wedge monomer with chirality c = 2 (i.e. designed for tubules with p = 2). (c) An achiral
wedge monomer with a lock-and-key configuration for the vertical binding; the vertical binding
sites stick out at the bottom surface. (d) A chiral wedge monomer with c = 2 and with a lock-and-
key configuration for the vertical binding; the top view shows that the vertical binding sites are
buried below the top surface.

in the self-assembly of tubules, and therefore provide a guidance of the design of building blocks

that will efficiently self-assemble into a controlled tubular structure.

The details of wedge-shaped monomers and MD simulations of their self-assembly are in-

cluded in Methods section. The original design of the monomer studied is shown in Figure 1(a).

This building block is achiral and designed to form nonhelical 13-protofilament tubules. In gen-

eral, a monomer will de designated as Mc, where c designates the chirality of the monomer such

that the pitch p of the tubules assembled from Mc is ideally p = c. M2 is shown in Figure 1(b). To

label tubular structures, we follow the literature and use N_p to denote tubules with N protofila-

ments and pitch p (counted in the unit of building blocks and also called helix start number in the

literature on microtubules).9

One surprise found in our previous simulations using M0 is the preferential assembly of helical

tubules with pitch 1 or even 2, even though the monomer is achiral.21 In other words, mismatch

occurs between the chirality of building blocks and the pitch of assembled tubules. We first ex-

amine the energetics of the assembly of the achiral M0 system and explain the physical origin

of the helical tubules that assemble from M0. We then include explicit chirality in the monomer

and present the assembly and energetics for these systems. Finally, we discuss the results of the

systems that include both chirality and a lock-and-key interaction that provide the best control of

tubule structure.

5

Need stronger vertical interaction, but cannot increase AV!
!
Introduce lock & key!
!
It works!!

N is 11 or 12, which is a result of the closure dynamics discussed above.

Figure 6: The self-assembly of tubules with various monomers: (a) M0 at AL = 4.2 and AV = 2.6;
(b) M0 at AL = 3.0 and AV = 3.9; (c) M1 at AL = 3.0 and AV = 3.9; (d) M2 at AL = 3.0 and AV = 3.9;
(e) MLK

0 at AL = 4.4 and AV = 4.2; (f) MLK
0 at AL = 3.0 and AV = 6.3; (g) MLK

1 at AL = 3.6 and
AV = 5.4; (h) MLK

2 at AL = 3.0 and AV = 6.3;

Self-assembly of Chiral Wedges

We now discuss results for the self-assembly of chiral monomers. Chirality is important for better

modeling microtubules, which have pitch 3. Chiral wedges are produced by introducing an offset

along the vertical direction between the two sets of lateral attractive sites on the opposite sides of

the monomer. The amount of offset controls the value of chirality. As noted earlier, the value of

the chirality in Mc is that which would yield a tubule with pitch c. An M2 monomer is shown in

Figure 1(b).

We first present the energy distributions of prebuilt tubules with various pitches. An example

is shown in Figure 5(b) for M2 monomers at AL = 3.0 and AV = 3.9. As expected, the p = 2 tubule

now has the lowest mean energy per monomer. The p = 1 and 3 tubules have the next two higher

13

c=0!
p=0!

c=1!
p=1!

c=2!
p=2!
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Summary 
•  Model system forms tubules 
•  Have now introduced chiral and lock-and-key in monomer 
•  Twist allows multiple tubule pitch values 
•  Can control pitch better than should be able to 
•  Need strong vertical interaction to limit pitch values 

– true in microtubules 
•  Find a range of pitch and protofilament number in assembly simulations 

– true in microtubules 
Future 
•  mechanics 
•  model development 

– two state monomer (GTP/GDP) 
– dimer (Why is microtubule monomer a dimer?) 
§ need for p=3? 

– charges (repulsion, attraction, longer range) 
– adjust wedge geometry to obtain N = 13 on average 
– explicit solvent (number of particles → ~ 1 Sagan) 
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Self-Assembly with Chiral Monomers 
N is 11 or 12, which is a result of the closure dynamics discussed above.

Figure 6: The self-assembly of tubules with various monomers: (a) M0 at AL = 4.2 and AV = 2.6;
(b) M0 at AL = 3.0 and AV = 3.9; (c) M1 at AL = 3.0 and AV = 3.9; (d) M2 at AL = 3.0 and AV = 3.9;
(e) MLK

0 at AL = 4.4 and AV = 4.2; (f) MLK
0 at AL = 3.0 and AV = 6.3; (g) MLK

1 at AL = 3.6 and
AV = 5.4; (h) MLK

2 at AL = 3.0 and AV = 6.3;

Self-assembly of Chiral Wedges

We now discuss results for the self-assembly of chiral monomers. Chirality is important for better

modeling microtubules, which have pitch 3. Chiral wedges are produced by introducing an offset

along the vertical direction between the two sets of lateral attractive sites on the opposite sides of

the monomer. The amount of offset controls the value of chirality. As noted earlier, the value of

the chirality in Mc is that which would yield a tubule with pitch c. An M2 monomer is shown in

Figure 1(b).

We first present the energy distributions of prebuilt tubules with various pitches. An example

is shown in Figure 5(b) for M2 monomers at AL = 3.0 and AV = 3.9. As expected, the p = 2 tubule

now has the lowest mean energy per monomer. The p = 1 and 3 tubules have the next two higher

13

c=0!
p=0,1!

c=1!
p=1,2!

c=2!
p=2!!

AV=3.9, AL=3.0!
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Microtubules 
monomer is α-β tubulin 
13 monomers per turn 
24 nm diameter 
polymerization/depolymerization 

 protofilaments→sheets→tubules 
 catastrophe 
 polarity 
 binding involves GTP/GDP 

 
motor proteins walk on MT 
 
tubulin polymers 

 straight: protofilaments, GTP bound 
 curved: depolymerizing protofilaments/GDP bound 

Microtubules are an example of heirarchically assembled structure with 
many interesting features.    

GTP cap!

GDP filaments bend!
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What are the factors that control assembly? 

What features are necessary in the monomer?!
The monomer is going to be a nanoparticle or a 

macromolecule (e.g. dendrimer) with large 
surface area.!

•  How do monomer shape and structure 
influence polymer structure (i.e. tubule).!

•  Where are interaction sites placed?!
•  How strong should they be?!

Proteins as monomers possess a complex set of 
interactions.!
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Artificial Microtubules (?) 

Can we generalize microtubules? Can we make synthetic variations? 
What do we need to know about the monomer building block? 
 
complex surfaces → set of interactions → complex systems 
shape change (GDP/GTP binding) [energy driven system] 

   
Very complex. Let’s start ‘simple.’  
 
How assemble tubular polymer? 
 (focus on geometry first) 
 
What features are necessary in the monomer?!
• How do monomer shape and structure influence polymer structure 
(i.e. tubule).!

• Where are interaction sites placed?!
• How strong should they be?!

tubulin dimer!

acidic, basic, polar, nonpolar!
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Theoretical Structure Diagram 

Lateral, AL!

vertical, Av!

M) no assembly!
O) oligomers!
F) filaments!
A) arcs!
R) rings !
S) sheets!
K) kinetically trapped (gunk)!
C) clusters!
T) Tubes!

Each wedge is represented by a sphere.!
Color represents cluster size.!

Soft Matter, 2012!


