
Highlight:  Artificial Microtubules  

Task Goal:  Duplicate the functions of programmable energy-consuming proteins 
using artificial analogues. 

tubulin dimer = monomer 

Monomer is a nanoparticle and  
is capable of multiple interactions 

Akhmanova &  Steinmetz 

Grow 

Shrink 

minus end 

plus end 

tubulin: 

protofilament 

GTP 

GDP 

polymerize depolymerize 
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Attributes of Microtubules to be Reproduced  

•  Nano-scale “monomer” (or dimer). 
•  Monomer geometry that dictates assembled architecture. 
•  Polymerization/Depolymerization (nature of the bond) 
•  Programmable sites and “glue” (~GTP). 
•  Energy source to program glue. 
•  Active sites for artificial motors 

tubulin 
analog 

8 nm 

Motor binding 

GTP binding 

Lateral interactions 

GTP binding 
Lateral interactions 



Task Components:  Artificial Microtubules 
Task Lead:  Erik Spoerke 

Theory/Modeling 

Programmable Elements 

To date, research in the new task has focused on Modeling and Dendrimers. 

Dendrimers and Particles 

Jim McElhanon 

George Bachand, Bruce Bunker 

Mark Stevens 

Polypeptide scaffolds 

Erik Spoerke 



Developing Design Rules for Artificial Tubulin 

Step 1:  Create Monomer Model Step 2: Polymerization Dynamics 

Adjustable parameters: 
• Bonding sites & strengths 
• Shape 

Simulations are used to guide the design of monomers to achieve end-states: 
e.g. filaments, sheets, tubes 



Simulations: Sheet Formation 

Monomer Attributes 

Conclusion:  Must control symmetry of attractive binding sites 

Polymerized Structure 
gray sites are repulsive 
  make particles impenetrable 

red:blue and green:cyan are attractive 
   polarity (future) 
like colored sites are repulsive 

should produce sheets 

broken  
symmetry 



Tubular Assembly 

wedge monomer 
•  similar to Rapaport (PRL 08) for capsids 
•  designed to produce rings that stack into cylinders (13 wedges per ring) 
•  attraction only between specified sites (no size) 

•  include broken symmetry 
•  gray particles interact purely repulsively 



Self-Assembly of Wedge Monomers 

5000 wedge monomers 
random distribution of monomers 
0.2 monomer number density 

Force field: 8.8 / 5.2 (kT) 
 ring vs. filament strength 
 (POST-IT note strength) 

Many tubules form. 



(Helical) Ring Formation 

52 53 54 73 74 frame 

Ring forms first. Then transitions to helix. 
Interaction strength allows reconfiguration. 



Tubule Formation 

smooth edge 

All the parts that make this helical tubule 

134 135 137 144 145 152 152 

jagged edge 

monomers diffuse within cluster  



Future Work:  Design Rules for Artificial Tubulin 

Demonstrated can achieve some of the basic assembly properties 
Now doing statistical analysis 
Next: 

 Assembly-Disassembly: 
  explicit solvent (Rappaport) [much more CPU time] 
 Modeling energy driven dynamics  
  ~GTP/GDP in microtubules? 
  nonlocal dynamics 
  two state monomer 
  how do within MD? 
   time dependent potentials 
 Electrostatics 
  long range 
  push/pull 
     
 Specific modeling of experimental systems 
 Atomistic simulations to model monomer-monomer interactions (peptide). 
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Artificial Microtubules:  Dendrimeric Monomers  

Structures of Programmable Dendrimers* 

*See Poster by Jim McElhanon. 

*Polaske, McGrath, and McElhanon, Macromolecules (2010) 

Dendrimer Attributes: 
Asymmetric core. 
“Programmable” axial groups. 
“Non-interacting” side chains. 

Initial dendrimers are designed to promote reversible 
polymerization of protofilaments. 

heat 

Monomer  Polymer 



Reversible Dendrimer Polymerization 

Assembly Disassembly 

Gel permeation chromatography reveals the kinetics and extent of 
both polymerization and depolymerization processes. 

*See Poster by Jim McElhanon. 

Monomer  Polymer Polymer  Monomer 
Polaske, McGrath, McElhanon, Macromolecules (2010)  
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Future Work:  Dendrimer/Particle Constructs 
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•  Investigate other programmable linkers. 
•  Modify both longitudinal and lateral interactions. 
•  Explore constructs that function in water. 
•  Explore particulate constructs (Janus particles). 

Dendrimers 
(H-bonded) 

Janus 
Particles 



Future Research:  Polypeptide Templates 

Goal:  Exploit folding motifs in polypeptides/proteins to direct the formation 
of both “monomers” and extended architectures. 

Fig. 1. (A)Phenylacetylene oligomers 1 to 9 (inset, upper left).Also shown is

octadecamer 9 in a representative random coil conformation. (8) Helical con-

formation of a meta-substituted phenylacetylene octadecamer (n = 18),where
R = H and the end groups have been removed.
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[R = (CHzCHzO)3CH3] are soluble in a

number of different solvents, including

chloroform, acetonitrile, and acetonitrile-

water mixtures.

The hypochromic effect is a powerful

indicator of the oriented chromophores

commonly seen in DNA, RNA, and other

polymers (15, 16), where the effect is

observed as the reduction in optical ab·
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for two different side chains in two very

different solvents: carboxylic acid oligomers

(R = H) in water and methyl benzoate

oligomers (R = CH3) in chloroform (Fig. 2).

We synthesized soluble oligomers

(dimer 1 through octadecamer 9) (14)

whose chain lengths span this onset of

helical stability (Fig. lA). Oligomers bear-

ing the triglyme mono methyl ether group

backbone. A substantial number of open

chain conformations are available to an

all-meta phenylacetylene oligomer, whereas

the compact helical conformation has a

well-defined tubular cavity that is poten-

tially useful for binding (Fig. IB).

Computational studies suggest the possi-

bility of self-organization. Chain lengths at

which the fully helical conformation be-

comes stable were estimated with molecular

mechanics and the microscopic theory of

the helix-coil transition (12, 13). We cal-

culated the difference in free energy (~G)

between the helically ordered state and the
ensemble of unfolded conformations. To

simplify these calculations, we considered

chains having benzoate end groups and ru-

dimentary side chains (see Fig. 1B). The

length of an oligomer refers to n, the number

of benzene rings per molecule. The onset of

helical stability (~G < 0) is predicted to

occur at similar chain lengths (n) of 7 and 8
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Fig. 4. (A) The ratio of
the intensities of the UV

absorption maxima at

290 and 303 nm (/303/

/2gJ versus percent of
chloroform in acetonitrile

(by volume) at 25°C for

octadecamer 9. (8) /303/

/290 versus temperature
(T) for octadecamer 9 in
60% chloroform. The

curves in (A)and (8) are fits to a simple all-or-none two-state model of the helix-coilequilibria (12),where

the equilibrium constant is Keq = (Js"-5, (J and s are the helix nucleation and growth parameters, and
In(s)is linearlydependent on the percent of chloroform (A)or 1/ T (8). For example, (J = 10-3 and s = 3
in acetonitrile at 25°C. The spectra were measured at micromolar concentrations.

Fig. 3. (A) The molar extinction coefficient E (303 nm) versus oligomer length n for oligomers 1 to 9 in

chloroform (black) and acetonitrile (red and blue). The lines are linear fits to the data; for acetonitrile, the

fits are for n = 2 to 8 (red)and n = 10 to 18 (blue). (8) Representative UVspectra inacetonitrile: hexamer

3 (red) and dodecamer 6 (blue).
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Fig. 2. Estimated free energy of helix formation

t:..G versus chain length formeta-substituted oligo-

mers at 27°C. Squares, methyl benzoate-substi-

tuted oligomers (R = CH3) in chloroform; circles,

carboxylic acid-substituted oligomers (R = H) in
water.
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Foldamers 

Polypeptides + 
Oligonucleotides 



Molecular Switches: 
•  Ferrocene/Cyclodextrin 
•  Elastin 
•  Redox-active switches 
•  Azobenzene S S
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Future Research:  Programmable “Glues” 

Goal:  Exploit both enzymes and other programmable molecules to mediate 
polymerization and/or reconfiguration processes involving designer monomers. 

Enzymes: 
•  Phosphatases 
•  Kinases 
•  Chymotrypsin 
•  Oxidoreductase 

– A – B – 



Summary 

•  Dendrimer system that thermally polymerization/depolymerization 
•  hydrogen bonded version underway 

•  Found need symmetry broken interaction regions 
•  Model produces tubular structures 

•  helical structures 
•  monomer diffusion within clusters occurs 
•  have interaction strengths in regime for dynamic formation/reformation 

We have multiple strategies to create artificial microtubules 
•  different mechanisms to turn on/off the molecular glue 
•  will be examining what works and what advantages/disadvantages exist 

Our initial success gives us confidence that at least some of these systems will 
work. We expect that there is a broad set of systems that will produce exciting 
new materials. 


