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The intrinsic properties of microtubule filaments (e.g., biological nano-rods) direct their self-assembly 

into one-dimensional nano-arrays over extended timescales. 
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Microtubules (MTs) are biological polymer filaments that display unique polymerization 

dynamics, and serve as inspiration for developing synthetic nanomaterials that exhibit similar 

assembly-derived behaviours. Here we explore an assembly process in which extended 1D 

nano-arrays (NAs) are formed through the directed, head-to-tail self-assembly of MT 

filaments. In particular, we demonstrate that the elongation of NAs over time is due to directed 

self-assembly of MTs by a process that is limited by diffusion and follows second-order rate 

kinetics. We further described a mechanism, both experimental and through molecular 

dynamics simulations, where stable junctions among MT building blocks are formed by 

alignment and adhesion of opposing filament ends, which is followed by formation of a stable 

junction through the incorporation of free tubulin and the removal of lattice vacancies. The 

fundamental principles described in this directed self-assembly process provide a promising 

basis for new approaches to manufacturing complex, heterostructured nanocomposites. 

 

 

Introduction 

The spontaneous self-assembly of molecular and nanoscale 

building blocks has been widely studied and remains one of the 

most promising approaches for the mass manufacturing of  

nanomaterials.1, 2 The ability to precisely control the assembly 

and organization of nanoparticles, in particular, would facilitate 

the highly parallel and scalable fabrication of nanomaterials 

with increased complexity and enhanced functionality. For 

example, the properties (e.g., photonic, mechanical, etc.) of 

nanocomposite materials may potentially be enhanced through 

the directed self-assembly of anisotropic nanoparticles where  

the resulting directionality leads to double size confinement of 

the rods.3 Furthermore, the complexity and functionality of 

nanomaterials may also be enhanced through dissipative self-

assembly, in which dynamic nanostructured materials emerge 

and are maintained through the dissipation of energy by entropy 

producing processes.4  

Nature provides a vast number of examples where self-

assembly directs the formation of materials over multiple length 

scales and enables diverse non-equilibrium behaviors. Here, our 

primary interest is in using microtubule filaments (MTs) as a 

model to characterize and understand the directed self-assembly 

of high-aspect ratio nano-arrays. MTs are biopolymer filaments 

formed through the polymerization of αβ tubulin dimers, 

resulting in hollow filaments. MTs have a diameter of ~25 nm 

and lengths in the tens of microns (Fig. 1A). MT filaments may 

be conceptualized as charged, non-interacting rigid rods (Fig. 

1B), and as such, have previously been used to study the self-

assembly of higher-ordered structures,5-8 and the formation of 

liquid crystalline structures.9, 10 Relevant to the present work, 

MTs have aspect ratios >100:1,11 and reported persistence 

lengths ranging from 1 to 10 mm.12 In addition, the net charge 

density of MTs has been reported at ~260 e- µm-1,13, 14 while the 

α- and β-tubulin terminated ends possess positive and negative 

electrostatic potentials, respectively (Fig. 1B).15 Collectively 

these characteristics have spurred the applications of MTs for 

developing functional nanomaterials16, 17 including their use as 

templates for multiscale organization of metallic, magnetic, and 

semiconductor nanoparticles,18-21 and for the mineralization of a 

range of metallic and semiconductor nanowires.22-28 

The cyclic polymerization/depolymerization of MTs, known 

as dynamic instability, has been widely studied due to its 

physiological importance in various cellular processes.29 

Polymerization occurs from the association of αβ tubulin 

dimers into linear chains, called protofilaments, which 

subsequently associate through lateral interactions, forming a 

partial sheet that curls to form the mature MT filament (Fig. 

1A). Energy is dissipated during polymerization through the 

hydrolysis of GTP on the β tubulin subunit. If the GTP is 

hydrolyzed prior to the addition of another dimer, however, the 

growing filament loses its “GTP-cap” and spontaneously 

depolymerizes. In addition to polymerization, previous reports 

have demonstrated the ability of fragmented MTs to reassemble 

into mature filaments. Specifically, short MT fragments 

generated by mechanically shearing were shown to re-form MT 

filaments over short timescales (i.e., minutes to a few hours) 

through a biomolecular annealing mechanism.30, 31 Further 

characterization of this process suggested that the mechanism is 

diffusion controlled, with rates that are concentration 

dependent.32, 33 Here we explore a related but distinct process 

based on the directed self-assembly of rigid nanorods (i.e., 

mature, intact MTs) into extended 1D nano-arrays (NAs; Fig. 

1C), and show that a generalized model of rigid nano-rods may 

be applied to describe this self-assembly process. Using 

fluorescence microscopy, we demonstrate that NA self-

assembly occurs over an extended period of time (at least 14 

days) through a diffusion-controlled, second-order kinetic 
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process. We further describe the mechanism of self-assembly to 

include the interaction of MT ends and subsequent annealing of 

the junction by free αβ tubulin building blocks. Overall these 

experiments provide a foundational understanding of directed 

self-assembly, and show how such assembly may be used to 

generate useful 1D nanostructures (e.g., nanowires) with 

complex structure and function.  

  

Results and discussion 

MTs primarily grow through the addition of αβ tubulin to the 

ends of filaments, but also may occur through annealing of 

sheared fragments. In the present work, we developed an 

approach to characterize the directed, end-to-end self-assembly 

of MT filaments into extended 1D NAs in which HiLyte Fluor™ 

488 (HiLyte488)- and tetramethylrhodamine  (TRITC)-labeled 

MTs were polymerized separately, stabilized with paclitaxel 

(i.e., Taxol®), subsequently combined, and characterized by 

fluorescence microscopy (Fig. 2A). The concentration of αβ 

tubulin in this mixture was ~0.45 µM, which is below the 

critical concentration for MT elongation based on the 

previously published phase diagram.34 Therefore, changes in 

length over time may be attributable to the formation of 1D 

NAs via self-assembly rather than spontaneous or seeded 

polymerization, which occurs at higher tubulin concentrations.  

Fluorescence photomicrographs qualitatively demonstrated 

that the length of NAs increased over the course of at least 14 

days, while the number of NAs in the population decreased 

over this same time period (Fig. 2B). The increasing number of 

alternating red (TRITC) and green (HiLyte488) segments in 

individual NAs over time suggest that the growth is based on 

the directed self-assembly of individual MT filaments into 

arrays. If growth was attributed to nucleated polymerization 

rather than self-assembly, the population of filaments would 

have consisted of MTs with end characterized by a 

heterogeneous mixture of red and green tubulin, which was 

never observed in these experiments. It is important to note that 

the self-assembly of NAs also relies on the intrinsic anisotropy 

of the MTs, in which the different terminal protein subunits 

direct the head-to-tail assembly of MT filaments into NAs. The 

rate of growth with respect to time in diffusion-limited self-

assembly/aggregation processes are known to follow power law 

functions.35-37 Therefore, the increase in the average MT length 

(LNA) over time (t in days) was quantitatively measured and fit 

to a power law function (LNA = 8.16 + 16.01t0.58, R2 = 0.99). 

Here the average LNA was 8.8 ± 5.0 (± SD) µm at Day 0, and 

increased almost ten-fold to 81.2 ± 5.0 µm at Day 14. The 

strong fit to the power law function suggests that the directed 

assembly of MT NAs is diffusion controlled, which is in 

agreement with annealing of MT fragments,33 as discussed 

further below. As the increase in LNA involves the self-assembly 

of two MT building blocks, a decrease in the number of MTs 

per field of view (NNA) over time was also expected to follow a 

power law function and should be inversely proportional to the 

change in LNA. Spearman rank correlation analysis confirms a 

strong inverse correlation between LNA and NNA (ρ = -0.863, P 

< 0.001), which further supports the end-to-end self-assembly 

of MTs. Therefore, the change in NNA over time was fit to a 

power law function using negative exponent derived for LNA, 

which yield a strong fit to the experimental data (NNA = 37.7 + 

80.2t-0.58, R2 = 0.99; Fig. 2C). Overall, these data demonstrate 

the directed self-assembly of mature MTs into larger and larger 

NAs occurred continuously over the course of fourteen days, 

which is considerably longer than prior observations with 

annealing of sheared MT fragments.30, 31  
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One may consider long-range molecular ordering in 

facilitating in the directed self-assembly of the 1D NAs, where 

the probability of end-to-end interactions by alignment of MT 

ends. As suggested above, MTs may be considered 

conceptually as non-interacting rigid rods, and therefore display 

liquid crystalline-like ordering following Onsager’s theory,9 

where the volume fraction above which the solution phase 

transitions from isotropic to nematic may be defined by Φ* = 

4D/L. While they are not truly rigid rods, the persistence length 

of MTs has been reported to be between 1 – 10 mm.12 

Similarly, MTs polymerized in vitro do not have a single, 

uniform length, but rather have lengths characterized by 

generalized Schulz distribution38 due to the independent and 

asymmetric growth from both ends. Despite these constraints, 

Onsager’s generalized theory can predict the liquid crystalline 

ordering of MT solutions.9 For a population of MTs with an 

average length of 8.8 µm (i.e., starting average length in this 

experiment), the solution should be in a nematic phase when 

ΦV
MT is greater than ~0.011. The density of MTs can be 

estimated at ~2 x 1010 MTs mL-1 based on the mass of tubulin 

and final volume used for our experiments. The volume of a 

single MT with an average length of 8.8 µm is ~4.3 x 10-15 mL. 

Using this value, ΦV
MT may be estimated to be ~0.00008, more 

than 100-fold less than the critical concentration necessary for 

spontaneous ordering. Thus, MT solutions used in these 

experiments were isotropic, suggesting that the directed 

assembly of filaments was likely not driven by end-to-end 

stacking induced by liquid crystal ordering. The density of MTs 

over time, however, is maintained in a regime where collisions 

should be frequent (i.e., >L-3) and therefore should play a 

critical role in the self-assembly of MTs.  

As noted above, significant changes in LNA (~3-fold 

increase) and NNA (6-fold decrease) were observed as early as 

one day after initiation of MT self-assembly. To better 

characterize the rate of self-assembly, a second set of 

experiments were performed to measure changes in LNA and 

NNA on a shorter timescale (i.e., less than 24 hr). Here, self-

assembly of NAs of TRITC and HyLite488 MTs was observed 

as soon as 15 min post-mixing of the two populations of 

paclitaxel-stabilized filaments, and became increasingly 

predominant over time (Fig. 3A). These results agree with the 

previously published observations of length redistribution of 

MTs as soon as fifteen minutes post-shearing into fragments.33 

The data for LNA between t = 0 and t = 24 hr were plotted and 

fit to a power law function, yielding LNA = 2.96 + 1.37t0.76 (R2 = 

0.97; Fig. 3B). The average NA length at t = 0 was 2.2 ± 0.2 

µm and increased more than eight-fold to 18.9 ± 2.6 µm at t = 

24 hr. The average NNA concurrently decreased over time and 

was fit to a power law function based on t-0.76 (NNA = 110.47 + 

89.14t-0.76, R2 = 0.74). Spearman correlation analysis of the data 
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indicated a significant inverse correlation between LNA and NNA 

(ρ = -0.983, P < 0.001). Collectively these data were consistent 

with the observations for longer time periods, and suggest that 

directed self-assembly at both short and long timescales is 

diffusion controlled. 

The rate of self-assembly in this experiment was further 

characterized by determining the number of MT segments per 

NA (SNA) over time. SNA was first measured empirically by 

counting the number of red and green segments present in each 

NA, plotted as a function of time (Fig. 3C, orange line), and fit 

to a power law function (SNA = 1.19t0.34; R2 = 0.78). If one 

considers the assembly process, however, assembly of two MTs 

into a NA can involve (1) two green MTs, (2) two red MTs, or 

(3) one red and one green MT, with event distributions 

approximating 25%, 25%, and 50%, respectively. These 

distributions assume an unbiased self-assembly event where 

specific interactions (e.g., green-green assembly) are not 

favored. Accordingly, determining SNA by counting MT 

segments likely underestimates the number events over time 

and overall rate of self-assembly, perhaps by as much as 50%. 

As an alternate approach, SNA was estimated by dividing the 

length of a NA at a given time by the average starting length 

(Fig. 3C, blue line). Plotting SNA over time also fits well to a 

power law function with SNA = 1.82t0.46 (R2 = 0.93). Here the 

coefficient of this expression is approximately 1.5-fold greater 

than that derived from simply counting the number of red/green 

segments. Further, NAs at t = 24 hr were composed of an 

average of approximately eight MT segments based on the 

second method, which is approximately twice the number of 

MT segments (i.e., ~four per MT NA) as determined using the 

initial counting method (Fig. 3C).  

The kinetics of self-assembly was next determined by 

estimating the percent of “monomers” (Pm) in a population of 

NAs over time, where a monomer was defined as a MT that 

possessed only a single fluorescent dye (i.e., a MT had not self-

assembled into a NA). Two experimental populations were 

prepared for these experiments: (1) HiLyte488- and TRITC-

MTs with free GTP-tubulin dimers, and (2) HiLyte488- and 

TRITC-MTs alone (i.e., little to no free GTP- tubulin dimers). 

The latter population was prepared by cyclic centrifugation to 

remove of the majority, but likely not all, of unpolymerized 

GTP-tubulin. In these experimental populations, Pm decreased 

exponentially as a function of time (Fig. 4A), where Pm = 

93.1e-0.11t (R2 = 0.94) for MTs with GTP-tubulin dimers, and Pm 

= 97.1e-0.09t (R2 = 0.97) for MTs alone. Plotting the inverse of 

Pm over of time yielded linear relationships for both 

populations (Fig. 4B), indicating the directed assembly 

proceeds according to second-order reaction kinetics. The rates 

of assembly for MTs + GTP-tubulin and MTs alone were 

estimated as 1/(Pm)  = 0.0095 + 6.2 x 10-7t (R2 = 0.97) and 

1/(Pm) = 0.0102 + 4.3 x10-7t (R2 = 0.99), respectively (where t 

is in seconds). It should be noted that, based on the prior 

discussion, these rates are likely an underestimate of the actual 

rates as the assembly of like-colored MTs into NAs cannot be 

discerned. Here the data demonstrate that reduction in the 

concentration of free GTP-tubulin dimer in solution results in a 

~30% reduction in the rate of NA self-assembly, suggesting 

that it may potentially play an important role in this process. 

The rate of annealing by sheared MTs fragments has also been 

reported to follow second-order kinetics,31, 32, 39 despite 

suggestions that the other factors (e.g., long-range ordering and 

reduced diffusion) preclude second order kinetics.30, 33 In 

contrast, we observed self-assembly of 1D NAs in isotropic 

solutions that is diffusion-limited (Fig. 2C and 3B) and follows 

second-order rate kinetics (Fig. 4B).  

A key aspect of self-assembly in our system involves the 

formation of junctions between the individual MTs in the NAs. 

Based on the data regarding excess GTP-tubulin and rate 

kinetics, we hypothesized that the self-assembly mechanism 

involved two steps, one of which required GTP-tubulin for 

high-fidelity self-assembly. In an idealized mechanism, such as 

depicted in Fig. 1, two blunt-ended MTs are able to form a 

stable end-to-end junction and self-assemble in a single step. 

While MT ends may be blunt, additional morphologies, such as 

tapered ends and curved sheets, exist at α and β ends of a MT 

filament.40-42 In the absence of blunt ends, considerable lattice 

mismatch and vacancies will likely exist at the junction 

between MTs ends. Therefore, we hypothesized that NA self-

assembly followed a two-step process (Fig. 5A) in which either: 

(i) blunt ends are formed by the addition of free GTP-tubulin to 

MT ends prior to assembly, or (ii) lattice vacancies associated 

with junctions formed by tapered MT ends are filled by the 

addition of free GTP-tubulin in these junctions. In the latter 

scenario, MT ends may temporarily bind through attractive 

electrostatic interactions and/or hydrophobic interactions,15 but 

require recruitment of GTP-tubulin dimers to fill lattice 

vacancies, enable correct lattice matching, and form a stable 

junction.  

Fig. 4. (A) The percent of monomers in populations of MTs and GTP-dimers (–●–) and 

MT alone (–●–) follow an exponential decay as a function of time (Pm = 93.1e
-0.11t

 and 

Pm  = 97.1e
-0.09t

, respectively). (B) Plotting the inverse of Pm as a function of time 

yielded linear relationships for both populations (MTs + GTP-tubulin, 1/(Pm)  = 0.0095 

+ 6.2 x 10
-7

t; MT alone, 1/(Pm)  = 0.0102 + 4.3 x10
-7

t), indicative that the end-to-end 

assembly proceeds according to a second-order reaction rate.  
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The hypothesized two-step mechanism was tested using a 

solution containing green MT filaments to which free red 

tubulin dimers were added. More specifically, we characterized 

the formation of junctions in NAs using HyLite488 MTs that 

were isolated by centrifugation and suspended with a solution 

containing free TRITC GTP-tubulin. If lattice vacancies existed 

at these junctions and were eliminated through recruitment of 

free GTP-dimers from solution, we would expect to observe 1D 

NAs with short section of red tubulin between the individual 

green MT segments (Fig. 5B). At t = 0, only green MTs were 

observed within the population suggesting that the solution was 

free of TRITC-labeled MTs (Fig. 5B, Day 0). Moreover, the 

concentration of free TRITC GTP-tubulin in these experiments 

was below the threshold for spontaneous nucleation and growth 

of MTs.34 As soon as one day after initiation, assembled NAs 

composed of green segments joined by short red segments were 

observable within the population (Fig. 5B).  Close examination 

also revealed the presence of short, red ends on a number of the 

assembled NAs, suggesting that a certain level of seeded 

polymerization occurred in these experiments. Here the use of 

different fluorescent tubulins provided a novel approach to 

visualize the junctions between MTs in the arrays, an aspect 

that had not been described in prior studies of annealing by 

sheared MT fragments.   

As with prior experiments, the growth of NAs was 

quantitatively measured by the changes in length and MT 

concentration over time. Increases in LNA and decreases in NNA 

were fit to power law functions (Fig. 5C) as described above, 

and yielded consistent fits with the data (LNA = 3.65 + 

11.12t0.55, R2 = 0.91; NNA = 84.99 + 15.66t-0.55, R2 = 0.84). In 

addition, an inverse correlation was observed between LNA and 

NNA (ρ = -0.943, P = 0.02), confirming that NA elongation in 

this experimental system was primarily due to self-assembly 

and not seeded polymerization. Overall the data obtained in this 

experiment support our proposed mechanism in which free 

GTP-tubulin is required to either form blunt ends prior to 

assembly, or to fill lattice vacancies following alignment and 

interaction of tapered MT ends. These two mechanisms are not 

mutually exclusive, and it is possible that NA self-assembly 

involves both mechanisms.  

Due to the resolution limitations of optical microscopy, 

molecular dynamics simulations (MD) of our coarse-grained 

MT model43, 44 was used to investigate the self-assembly and 

formation of junctions formed by blunt- or tapered-ended MTs. 

In initial simulations, we used pre-assembled MTs composed of 

tubules with thirteen protofilaments and L = 10 monomers long, 

where a “monomer” represented the αβ tubulin dimer. Fig. 6A 

shows a time-lapse sequence from a simulation in which two 

blunt-ended MTs diffuse close together, followed by alignment 

of the opposing ends and finally assembly into a NA. While 

these simulations use relatively small tubules, the sequence of 

events should take place regardless of starting tubule, length 

and hold true for micron-scale MT filaments. The simulations 

also show that the vertical interaction strength (AV) of 2.6 kT is 

sufficient to produce a stable junction between two self-

assembled, blunt-ended MTs. One of the central questions in 

NA self-assembly is the likelihood of two MT ends finding 

each other with the right orientation for adhesion and junction 

formation. While the simulations allow for the observation of 

individual self-assembly events for short tubules, assembly of 

NAs formed by multiple events or assembly of NAs from large 

(e.g., micron-sized) tubule cannot be generated with our model. 

Specifically, the time scales for each assembly event increases 

based on the aspect ratio of the tubule, as the probability of two 

MTs becoming aligned end-to-end significantly decreases as a 

function of MT length. Thus, the time scale becomes 

prohibitively long for simulations, even for L → 3L. Regardless 

of this limitation, the simulations do confirm our hypothesis 

that blunt-ended MTs are able to self-assemble into 1D NAs 

through the formation of stable junctions between opposing 

ends of two tubules. 

We also performed MD simulations on a system that has 

MTs with tapered (incomplete) ends and free monomers. For 

tapered ends, when two MTs come together, the binding energy 

is initially reduced as the number of binding monomer pairs is 

 

 = 10 μm. (C) The increase in LNA (–●–) and 

decrease in NNA (–●–) were both fit to power law functions where LNA = 3.65 + 

11.12t
0.55

 and NNA = 84.99 + 15.66t
-0.55

). 
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reduced. Here we observed that free monomers can bind to the 

MT ends (i.e., seeded polymerization) before self-assembly, 

thus smoothing the end for better adhesion and junction 

formation (Fig. 6B). In addition, we observed that some of the 

monomers at the tapered ends of the MTs detach 

(depolymerize) and subsequently rebind to other MTs. In the 

simulations, the concentration of these detached monomers is 

likely greater than in the experiments, as the simulations are 

performed using a higher concentration to speed up the 

dynamics. We further observed that free monomers are able to 

fill in lattice vacancies following initial assembly and stabilize 

the junction between opposing ends. The image in Fig. 6B 

(right) displays one example in which two tapered-ended MTs 

align and self-assemble into an NA, but gaps remains at the 

junction between the two MTs. Free monomers fill in these 

lattice defects and stabilize the junction, which supports our 

earlier hypothesis. This observation is consistent with the 

tapered ends possessing a lower binding energy (i.e., limited 

ability to maintain a junction), and the addition of the free 

monomers to these defect sites, which stabilizes the self-

assembled junction. Collectively the data from our MD 

simulations support the contention that free GTP-tubulin plays 

a critical role in removing defects either before (forming blunt-

ended MTs) or after (vacancy filling) self-assembly of MTs 

into NAs.  

Conclusions 

Directed self-assembly of nanomaterials has the potential to 

significantly enhance our ability to create mesoscopic materials 

that are highly complex and display unique functionality. Here 

we have demonstrated that rigid polymer rods will self-

assemble into extended 1D NAs following second-order rate 

kinetics, which can be maintained over an extended period of 

time (e.g., weeks). We attribute the directed, longitudinal self-

assembly, at least in part, to the inability of MTs to assemble 

laterally due to electrostatic repulsion, as well as electrostatic 

attraction and hydrophobic interactions between opposing ends 

of the MTs.15, 45 In our system, both the size and chemical 

nature of the segments within the assembled NAs may be easily 

modified by engineering the starting length of the filaments38 

and polymerizing MT building blocks with different 

compositions of tubulin dimers.21 The latter aspect (i.e., varying 

chemical composition) enables the subsequent application of 

these heterostructured NAs as templates for segment-selective 

biomineralization and/or nanoparticle deposition, forming novel 

multi-functional nanowires.17 More broadly, the knowledge 

gained from these experiments provide valuable insights with 

regard to designing relatively simple nano-rods that are capable 

of directed assembly into more structurally and functionally 

complex 1D assemblies. 

In summary, we have described the directed self-assembly 

of MT filaments into extended 1D NAs based on a generic 

model broadly applicable to rigid nano-rods. Using this simple 

system, we demonstrate that MT building blocks will undergo 

spontaneous, prolonged self-assembly over the course of at 

least fourteen days, leading to the formation of NAs with aspect 

ratios exceeding 3,000:1. We further show that the intrinsic 

properties of MTs (i.e., attractive ends) are crucial in achieving 

head-to-tail assembly, and that the addition of αβ tubulin 

dimers at segment interfaces eliminate lattice vacancies and 

stabilize junctions. The fundamental knowledge established in 

these studies may be applied directly for generating MT 

templates for biomineralization of complex nanostructures, as 

well as more broadly for the direct self-assembly of nano-rods 

and wires into functional 1D mesostructures. 

Experimental Section 

Preparation of MTs and motor proteins 

TRITC, and HiLyte488-labeled porcine tubulin were purchased 

from Cytoskeleton, Inc. (Denver, CO). MTs were prepared by 

rehydrating lyophilized tubulin in BRB80 buffer (80 mM 

PIPES pH 6.9, 1 mM MgCl2, 1 mM EGTA) containing 1 mM 

GTP and 10% glycerol (5 mg mL-1 final tubulin concentration, 

and polymerizing at 37°C for 25-30 minutes. The polymerized 

MTs were then stabilized by diluting 100-fold into BRB80T 

(BRB80 with 10 µM paclitaxel) for a final tubulin 

concentration of ~0.9 µM.  

To measure the amount of tubulin that was not incorporated 

into MTs, solutions were centrifuged at 25,000 x g for 2 hr, and 

the pellet containing polymerized MTs was suspended in 100 

µL BRB80T; the supernatant containing unpolymerized tubulin 

was also saved. The ratio of polymerized to unpolymerized 

tubulin was then characterized by polyacrylamide gel 

electrophoresis (PAGE), and suggested that 50-60% of the 

tubulin was incorporated into MTs (not shown).  

A kinesin-1 motor protein from Drosophila melanogaster 

was used to bind MTs to the surfaces of a glass flow cell and 

facilitate characterization of fused MTs. The histidine-tagged 

kinesin heavy chain motor was prepared by expressing the 

pPK113 plasmid46 in Escherichia coli BL21 (DE3) pLysS. 

When the culture reached an OD600nm of ~0.7, protein 

expression was induced by addition of isopropylthio-β-
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galactoside (IPTG) to final concentration of 0.5 mM. Cells 

were harvested by centrifugation at 9,000 x g, flash frozen in 

liquid nitrogen, and stored at -80°C until used. Cells were lysed 

using BugBuster® with Benzonase,® (EMD BioSciences, Inc., 

Billerica, MA) and AEBSF (Calbiochem®. EMD Millipore, 

Darmstadt, Germany), and kinesin was then purified on a Ni-

NTA column as previously described.21, 46 

Self-assembly characterization 

For initial characterization of end-to-end assembly and 

formation of 1D NAs, TRITC and HyLite tubulin were 

polymerized and stabilized with BRB80T as described above. 

The two separate populations were then combined together and 

stored at room temperature. Inverted kinesin-MT assays were 

performed by constructing flow cells using a microscope slide, 

double-sided tape and a #1 glass coverslip. Casein (0.5 mg mL-

1 in BRB80) was incubated in the flow cell for 5 min, followed 

by a solution of kinesin (~5 nM in BRB80 with 0.2 mg mL-1 

casein and 1 mM AMP-PNP). MTs were then infused into the 

flow cell with 1 mM AMP-PNP in BRB80T containing anti-

fade reagents,21 and allowed to bind to the kinesin-coated 

surface for 10 min.  After incubation, the flow cell was washed 

with the BRB80 + AMP-PMP solution to remove unbound any 

unbound MTs. Characterization of the NAs was performed by 

epifluorescence using an Olympus IX71 microscope and 

Hamamatsu ORCA 3CCD camera. Still-frame images were 

taken on Days 0, 1, 2, 3, 6, 9, and 14. The lengths (LNA)  of at 

least fifty NAs per treatment and time point were measured 

using the Neurite Tracing47 function in Fiji.48 The number of 

NAs in a field of view, for each of ten fields of view, was 

determined for all treatments and at each time point. Curve 

fitting and statistical analyses were performed using SigmaPlot 

12.5 (Systat Software, San Jose, CA). 

A similar approach as outlined above was used to 

characterize the rate and kinetics of NA self-assembly. Separate 

populations of TRITC and HyLite MTs were polymerized as 

described above, subsequently combined together, and 

incubated at room temperature. Assembly was analyzed by 

epifluorescence microscopy of NAs bound to kinesin-coated 

glass slides at various time points between t = 0 and t = 24 hr. 

The number of red and green segments in each NA, the length 

of each NA, and the number of NAs per field were measured at 

each time point, as described above. In addition, the rate of 

assembly was characterized by counting the number of 

“monomers” (Pm), which we defined as a MT composed of 

only a single color, in a field of view at each time point. To 

understand the effect of free GTP-tubulin on NA self-assembly, 

populations of TRITC and HyLite MTs were prepared in which 

centrifugation was used to remove the majority of 

unpolymerized GTP-tubulin from solution prior to assembly. 

Pellets containing MTs were gently suspended in BRB80T, 

combined together, and incubated at room temperature. Images 

were collected and analyzed as described above.  

The hypothesized mechanism of NA self-assembly was 

tested using a combination of HyLite MTs and TRITC GTP-

tubulin. Here, separate populations of TRITC and HiLyte 

tubulin were polymerized at 37°C for 25-30 min, as described 

above, and stabilized in 100 µL of BRB80T. The polymerized 

MTs were then centrifuged at 25,000 x g for 2 hr at room 

temperature. Supernatant from HiLyte MT solution was 

removed and discarded, while the pellet was suspended with 10 

µL of BRB80T. The supernatant from the TRITC MTs was 

transferred to a new microcentrifuge tube and incubated at 4°C 

for 30 min to depolymerize any short MTs. The suspended 

HiLyte MT pellet was then added to 90 µL of the TRITC 

supernatant, following equilibration to room temperature. 

Characterization and analysis of MT self-assembly was 

performed as described above. 

Molecular dynamics simulations 

Molecular dynamics (MD) simulations of a simple MT model 

were used to provide further understanding of directed, end-to-

end assembly. Complete details regarding the simulation setup 

may be found in our previous work.43, 44 Briefly, the 

“monomer” representing the αβ tubulin dimer possesses a a 

wedge shape and composed of 27 particles (3 x 3 x 3), which 

only have purely repulsive interactions that give the monomer 

its shape. Two attractive sites per surface are located on the top 

and bottom, and the lateral sides and enable self-assembly of 

monomers into tubules that mimic that of real MTs. Previous 

work has shown that the monomers will self-assemble into 

tubules with the appropriate vertical interactions strength (AV) 

and lateral interaction strength (AL). For the present work, pre-

assembled nonhelical tubules of length L monomers and 

thirteen protofilaments were randomly placed in the simulation 

cell with additional NF free monomers. Standard constant 

temperature molecular dynamics simulations were then 

performed to study the directed self-assembly of the tubules 

over time. 
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