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ABSTRACT 

The new field of protein-based nano-technology takes advantage of the complex 

interactions between proteins to form unique structures with properties that 

cannot be achieved with traditional components. Microtubules (MTs), self 

assembled proteinaceous hollow filaments, offer promise in the development of 

MT-based nano-systems. The compelling need for the controlled assembly of 3D MT 

arrays is the fundamental motivation for the first part of this research. We 

report on the morphology of MTs grown in a crowded environment in the form of high 

viscosity fluids containing agarose and a novel process that enables the assembly of MTs 

supported by gel-based 3D scaffolds.  Our research on MTs and their interaction with 

other molecules lead us to discover extraordinary spherulitic structures that changed the 

course of the project. The novel subject situate us into a complicated dilemma 

that question the nature of MT asters reported in experiments carried out 

in cells. The second part of this research is focused in the crystallization of 

Taxol, a MT stabilizing molecule used as anti-cancer drug. It was confirmed via 

fluorescent and differential interference contrast microscopy that Taxol crystals can be 

decorated with fluorescent proteins and fluorochromes without perturbing their 

morphology. We used theoretical calculations to further investigate Taxol-fluorescent 

agent interactions. Furthermore, the crystallization of Taxol was studied in pure water, 

aqueous solutions containing tubulin proteins and tubulin-containing agarose gels. We 

demonstrated that tubulin is able to heterogeneously nucleate Taxol spherulites. To 

explain the formation of tubulin-Taxol nuclei a new, secondary Taxol-binding site within 
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the tubulin heterodimer is suggested. Results presented in this work are important for in 

vivo and in vitro microtubule studies due to the possibility of mistaking these Taxol 

spherulites for microtubule asters. Thus, we are confirming the need for careful 

interpretation of fluorescence microscopy observations of MT structures when large 

concentrations of Taxol are used as stabilizing agent in cells. 
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CHAPTER 1 

MAIN COMPONENTS:  MICROTUBULES, TAXOL AND AGAROSE  

 

In this chapter, a brief description of the main components of this work is presented. 

These components are microtubules, Taxol and agarose. For microtubules and agarose a 

general description of their structure, functions and assembly are assessed. On the other 

hand, Taxol is analyzed from a different perspective. In the present work, Taxol is 

involved in a controversial issue related to the interpretation of results derived from its 

use for the treatment of cells. Usually these studies are directly related to the therapeutic 

properties of Taxol for cancer treatments. Therefore, in this chapter, we provide a 

background of Taxol viewed as a drug.  Later, in the next chapters, Taxol will be 

analyzed from the molecular point of view. Thus it has been considered appropriate to 

cover a little more historic aspects of Taxol in order to provide a general context to the 

reader.      

1.  Microtubules 
 
Microtubules (MTs) are cytoskeletal self-assembling, dynamic, tubular structures with 

nanometer size diameters and large aspect ratios. They are made up of a heterodimer 

composed of two globular proteins, α- and β-tubulin  with a molecular weight of 55 kDa 

each one.  This dimer is 8 nm in length and approximately 4 nm in width [1]. 

A MT crossection will show a ring with inner and outer diameters of approximately 16 

and 24nm respectively, compounded of 13 protofilaments. A protofilament is a row of 

tubulin dimers linked head to tail along the MT’s axial axis (Fig. 1.1) [2].  
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MTs have several functions; for instance, they form the cytoskeleton lattice in the 

cytoplasm of eucariotic cells. As tracks for transporting particles in the axonal 

microtubules, they generate forces for movement in cilia and flagella. They also play an 

essential roll in mitosis during cell division.  

  

 
Figure 1.1 Scheme of protofilaments and MT’s crossection. a) Three protofilaments.  Light 
grey= α-tubulin-GTP, medium grey= β-tubulin-GDP, dark grey = β-tubulin-GTP cap is shown as 
a terminal layer. b) MT’s crossection showing the thirteen protofilaments with outer and inner 
diameters. c) guanosine triphosphate (GTP) molecule.  
   
In the presence of the small molecule guanosine triphosphate (GTP), tubulin monomers 

form GTP-bound tubulin heterodimers (Tu-GTP). Under suitable conditions, these 

heterodimers will self-assemble into the MT polymer.  MT ends are polarized in that each 

one exhibits unique and specific biochemical moieties.  Dynamic instability is an intrinsic 
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property of MTs [3].  For tubulin concentrations above a critical concentration (Cc), 

tubulin dimers polymerize into MTs whereas below Cc, MTs depolymerize.  Near Cc, 

they undergo apparently random periods of assembly and disassembly. MTs form 

different structures that can be transients or permanents. In the presence of MT associated 

proteins (MAPs), MTs form a centrosome, a transient structure of MTs that extend 

outward from the microtubule-organizing center (MTOC) toward the cell membrane. 

These MTs are very dynamic and assemble and disassemble as needed.  During mitosis, 

this rapid elongation and shrinkage of MT ends tethered to the kinetochore generate a 

force on the chromosomes [4]. 

 

Tu-GDP 
Hydrolisis of GTP to GDP 

 
disassembly  

minus end plus end 

Microtubule shrinkage  

disassembly  
Tu-GDP

Tu-GTP 
    cap 

disassembly  
assembly  

Microtubule growth 

Tu-GDP 
Tu-GTP 

minus end plus end 

Figure 1.2 Growth and shrinkage of MTs.  MT growth: during MT’s growth a continuous 
attachment of Tu-GTP takes place at the plus end, while at the minus end a slow disassembly of 
Tu-GDP.  MT shrinkage: when the solution is depleted of Tu-GTP, in the MT the hydrolysis of 
Tu-GTP to Tu-GDP reach the plus end and a rapid disassembly of Tu-GDP is triggered at that 
end. 
 

 



 

15

On the other hand there are other MT structures that do not show this dynamic behavior. 

An example of permanent MT structures is the cytoskeleton lattice of MTs in the cell. 

Another example are Cilia an flagella, permanent MT containing structures.   

       In vitro MTs can be formed in a MT supporting buffer containing purified tubulin 

and GTP at an adequate temperature, which is usually 35-37ºC during few minutes. GTP 

binds to   α-tubulin irreversibly and to β-tubulin reversibly forming a complex Tu-GTP. 

Whether or not Tu-GTP concentration reaches the Cc, it may assemble forming a MT. 

During MT growth, a chemical reaction occurs. GTP bound to β-tubulin is hydrolyzed to 

guanosine diphosphate (GDP) as follow:    Tu-GTP + H(2)O   Tu-GDP + Pi     

 For MTs growth,   Tu-GTP is added to the MT’s growing end (plus end) producing a 

very stable Tu-GTP cap at the plus end while at the opposite end (minus end) Tu-GDP is 

released, generating the shrinking of the MT at the minus end and liberating Tu-GDP to 

the solution.  The excess of GTP in the solution reconverts the free Tu-GDP to Tu-GTP.  

The addition of Tu-GTP to the plus end is much faster than the disassembly of Tu-GDP  

at the minus end, leading to a continuous MT growth.  When the solution is depleted of 

Tu-GTP, the hydrolysis of Tu-GTP to Tu-GDP in the MT finally reaches the plus end, 

finishing with the stable Tu-GTP cap and producing a fast disassembly of the MT from 

the plus end. All this process is known as the MTs’ dynamic instability and is usually 

represented by the cap model.   

2. Taxol 

Since its discovery, Taxol has been surrounded by controversy. Beginning from its 

tortuous pathway of its discovery and applications to the environmental issues caused by 
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its extraction from a natural resource, the political dispute for its commercialization, the 

appropriation of a public owned drug for a private company, and even its medical 

implications when it is used for cancer treatments due to its multiple side effects. All 

these issues make Taxol a very singular substance, and probably one of the most 

controversial drugs. Next, a short historical review is presented followed by a succinct 

description of its structure.  

Taxol was discovered in the early 1960s during a search for anticancer substances in 

plants grown in North America conducted by the National Cancer Institute (NCI) and the 

U.S. Department of Agriculture. The material extracted from the bark of the Pacific Yew 

tree, Taxus brevifolia Nutt, showed toxicity in both healthy and cancerous cells, which 

led to further investigation. The Research Triangle Institute in North Carolina was 

assigned to find the active substance, which was identified and isolated by Monroe E. 

Wall and Mansukh C. Wani, who named it Taxol after its source, Taxus brevifolia, and 

the alcohol groups present in the molecule [5].  The same team, during the early 1970s 

solved Taxol crystalline structure by using several characterization techniques, including 

mass spectrometry, X-ray crystallography, and NMR spectroscopy. By 1977, the source 

of its anticancer attributes had been discovered by Susan Horowitz and coworkers at the 

Albert Einstein Medical College in New York City.  Taxol binds to β-tubulin in the 

tubulin heterodimer producing the stabilization of microtubules in the cell; hence 

impeding the process of mitosis [6]. The first clinical trials began in the early 1980s, 

increasing the demand for this substance. The limited availability of the Pacific yew tree 

and the small amounts that can be extracted from each tree combined to the 
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environmental protests originated from its voracious exploitation forced researchers to 

look for a more abundant source of the substance. The NCI assigned this labor to the 

pharmaceutical company Bristol-Myers Squibb, which found it in the common yew tree, 

Taxus baccata, a comparable substance called Baccatin III that can be converted to Taxol 

through a chemical process.  Despite political disputes and public disapprovals, Bristol-

Myers Squibb registered the name Taxol as trademark in 1992 and assigned the generic 

name paclitaxel to it. Taxol sales had reached the billion dollars by 1998 [7]. 

Currently, Taxol has been approved by the FDA (US Food and Drug Administration) as a 

treatment for a variety of cancers, such as ovarian cancer, breast cancer, no-small cell 

lung cancer, head and neck cancer, prostate cancer, and Kaposi's sarcoma. It is also used 

for the prevention of restenosis. However, despite its benefits, Taxol has some clinical 

problems, like toxicity and solubility, which have motivated the search for related but 

improved drugs [8]. Hence, several Taxol analogues have been developed which have 

shown good therapeutic efficacy; for example, docetaxel, manufactured under the name 

of Taxotere; and Abraxane®, which is a protein (albumin) bound paclitaxel developed 

and manufactured by Abraxis BioScience Inc.   

Structure of Taxol. Taxol belongs to the family of taxoids which have the pentadecene 

ring system as base of their structure. This family has over 100 known members and is 

subdivided into several subclasses. Taxol is member of the subclass with an Oxetane ring 

and a complex C-13 side chain [9]. Commonly Taxol molecule is divided into two parts 

for its study; the side chain and the Taxol skeleton. In both parts there are attached 

functional groups that maintain the activity of the molecule; these groups are OHs, 
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acetyls, benzoyls and the oxetane ring.  The absence or substitution of these functional 

groups may affect Taxol’s activity. Potier and Kingston have made an extensive work 

related to the structure-activity relationship of Taxol [10,11].   

Penadecene ring system 
(Taxol skeleton) 

C-13 Side chain  

Oxetane 
ring 

 

Figure 1.3  Taxol molecule with numbering scheme and most important parts. 

 

3.  Agarose 

Agarose is a polysaccharide extracted from marine red algae (Rhodophyceue.) 

The atomic structure consists of alternating 1,3-linked D-galactose and 1,4-linked 3,6-

anhydro- α-L-galactose. This basic unit repeats forming a double helix structure [12] that 

aggregates forming long and stiff rods. These rods form an interconnected 3D network 

leaving large porous in which the solvent (a fluid, usually water) and other molecules are 
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able to diffuse [13] (Fig. 1.4). In addition to galactoses, other radicals are present in the 

structure. The radicals can be neutral or charged such as sulphate esters, methyl ethers, 

and/or pyruvates[14]. These radicals give the electrical and chemical character to the gel. 

When the content of sulfates is low, the gel is chemically and electrically neutral [15].  

Polymer gels are usually classified as physical or chemical upon their bonding [16].  

Chemical gels are cross linked gels that are stable under changes in temperature. 

Otherwise, physical gels are formed by non-covalent bonds such as hydrogen bonds or 

hydrophobic interactions, producing a structure that can fluctuate with temperature. 

Agarose gel is a physical gel because it is formed by hydrogen bonds.    

Agarose gel is easily prepared by diluting agarose powders in water, boiling, and cooling. 

The porosity  of the agarose gel is proportional to the agarose concentration. The 

increasing in agarose concentration produces a diminishing in the porous size. Thus 

porosity can be controlled by changing concentration [17]. This feature and its chemical 

and electrical neutrality make the garose gel the most common chromatographic support 

matrix [18]. 

 
 
 

 

 
Figure 1.4 Agarose gel macroscopic 
structure. 1.5 wt%  Agarose gel in 
water. Sample was desiccated by 
critical CO2  dry point for field 
emission electron microscopy. 
Accelerating voltage 5.0 kV, bar= 
250nm  
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CHAPTER 2 

MORPHOLOGY OF MICROTUBULES GROWN IN AGAROSE GELS: EFFECT OF 
DIFFUSION AND CONFINEMENT 

 
 

Abstract 
 
The dynamics of microtubules (MTs) growth, morphology and length distribution all 

depend on the interplay between tubulin polymerization reaction kinetics and supply of 

tubulin via diffusion. Based on this premise, we developed some experiments to 

investigate the impact of the diffusion coefficient on the MT network morphology. The 

polymerization of MTs took place in viscous liquids and solid gels at different agarose 

concentration. The analyses of results were carried out by means of fluorescence 

microscopy and field emission scanning electron microscope (FESEM). We found that in 

the viscous solutions the MTs’ length was strongly affected by the gel. While at 0% 

agarose the solutions contained essentially short MTs, at higher agarose concentrations 

fewer and longer MTs were present. For MTs grown in solid gels long bundles of MTs 

were observed. At higher concentration of agarose the MT bundles were also buckled. 

Two virtual experiments complemented our research. In one, we varied the diffusion 

coefficient of tubulin. For fast diffusion, the simulated system was essentially composed 

of short MTs, whereas at slower diffusion coefficient, mostly long MTs were obtained. In 

the second, we restricted the growth of the MTs to follow a predetermined pathway to 

verify the influence of agarose on the morphology.   The calculation showed that the MTs 

that grow are those that align with the predetermined pathway. Both results were 

qualitatively in agreement with our experimental observations. 
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1. Introduction  

The notion that microtubules might serve as active biomolecular nanostructures that can 

assemble into hierarchical functional networks and systems has held for some time a 

special allure for bio-nanotechnology researchers. The controlled assembly of active MT-

based networks and systems offer great promise in numerous technologies. In recent 

years there has been an emerging interest in building MT arrays or networks to serve as 

tracks for kinesin-functionalized micron-size cargo such as microcrystals or polymer 

beads[1-5]. Due to the difficulties encountered in the assembly of such nanoscale tracks, 

MTs have also been used to serve as transport platforms in kinesin-coated microfluidic 

channels[6,7]. In addition, MTs have been shown to effectively serve as templates for 

spatially selective metallization paths [8]. However, the development of effective 

molecular systems based on MTs is impeded by competition between the natural mixing 

caused by both diffusion and directional motor-protein transport. Overcoming this mixing 

problem can be achieved by building MT track.  

To date, the vast majority of work involving in vitro growth of MT networks has dealt 

with bulk-phase aqueous solutions of tubulin. So far, only two-dimensional MT networks 

have been grown from such aqueous solutions, using patterned solid substrates with 

control of both position and polarity. For instance, selectively patterned centrosomes on 

solid substrates have been used as templates for the directed polymerization of 

microtubules [14]. It has been  recently reported the controlled nucleation and growth of 

microtubules from arrays of gold pads on a hydrophilic oxidized silicon wafer 

functionalized with γ-tubulin, a natural nucleating agent for microtubule growth [15]. In 
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contrast to two-dimensional networks, the design, engineering and construction of three-

dimensional networks of MTs requires MT growth in three-dimensional scaffolds such as 

gels.  There are few reports of experimental studies on the impact of the competition 

between tubulin diffusion and assembly reaction on MT growth in high viscosity media 

containing gelling agent [16]. It has been shown recently diffusion plays a critical role in 

the collective MT dynamics [17], where modeling and simulations support the 

importance of interplay between reaction and diffusion on the growth dynamics and 

morphology of MTs. The geometry of the environment in which MTs grow not only 

impacts the MT network morphology by affecting diffusion but also does by creating a 

crowded environment.  Extensive theoretical studies of the effects of crowding by 

additions of inert macromolecules or confinement on assembly of protein structures 

shown that the chemical potential of the solute protein can be drastically modified 

leading to an enhancement of nucleation and association [18-19]. In addition to the 

impact on thermodynamics properties, crowding may affect the kinetics of protein 

assembly [20]. When assembly is chemical reaction limited crowding is expected to 

increase association. For diffusion limited assembly crowding decreases the transport of 

available proteins to the assembling structure. Furtheremore prediction of formation of 

rod-like protein aggregates in crowded or confined environments supports  a tendency 

toward alignment and even bundling [21].  

MT reaction dynamics are generally simulated in the context of a molecular cap model 

[22-30]. Numerous models have been developed to simulate the collective oscillations of 

microtubules [31-35], but the majority of existing models are based on mean-field 
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approaches and have assumed homogeneity of the tubulin heterodimer concentration. 

However, while studies have shown that tubulin diffusion is important for pattern 

formation [36], existing models of MT dynamics with diffusion [37-41] have been 

limited to two-dimensional phenomenological representation of MT dynamics and 

diffusion.  

In this chapter we report on the morphology of MTs grown in a crowded environment in 

the form of high viscosity fluids containing agarose and in confined environments in the 

case of solid agarose gels. We have chosen agarose because: (a) it is chemically and 

electrically neutral, (b) it forms a porous gel network [42] and (c) by varying its 

concentration, it is possible to influence the diffusion coefficient of molecules in high 

viscosity solutions and gels [43]. We show experimentally that as the agarose 

concentration increases,  the morphology of the MTs evolves from numerous short, 

straight MTs to longer MTs to fewer long bundles of MTs that are curved or contorted. 

The same behavior is also observed in a three-dimensional reaction-diffusion model of 

MT dynamics where the diffusion coefficient of free tubulin is varied. The modeling also 

provides an explanation as to the observed bundling and contorting of MTs due to the 

confinement of MTs in the porous structure of the gel.   

2. MTs grown in viscous fluids: effect of diffusion  

 Seven MT-agarose samples (MTs polymerized in agarose containing solutions) were 

prepared with  0% (control), 0.02%, 0.035%, 0.05%, 0.08%, 0.10% and 0.25wt% agarose 

and with a fixed tubulin concentration of 0.33mg/ml. All these agarose concentration 

correspond to viscous fluids. The samples were prepared with fluorescent rhodamine 
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tubulin and observed in an inverted fluorescent Olympus microscope using: a 100X oil 

lens and a green color excitation emission of 494 nm. A simple quantification of the 

MTs’ average length was done by measuring the projected length obtained from five 

fluorescent images per sample.  

 

 
Figure 2.1 Fluorescence microscopy images of MTs grown in viscous solutions. Samples 
were smeared on a microscope slide. (a) 0.0%, (b) 0.02%, (c) 0.035%, (d) 0.05% and (e) 0.08wt% 
agarose.  
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Figure 2.1 illustrates the morphology of MTs grown in viscous fluids  comprised of 

various concentrations of agarose. Because these samples were difficult to observe due to 

the high density and three dimensional arrangement of MTs in the solution, the images in 

Figure 2.1 were obtained from samples that were carefully smeared on a microscope slide 

in order to isolate MTs and measure their lengths.  

The inevitable mechanical introduced by smearing may have several effects on the MTs 

in our samples namely breakage of MTs or separate MTs from bundles.  We note 

qualitatively that as the agarose concentration increases the average length of the 

observed MTs increases, supporting the fact that MTs had indeed lengthened. 

Furthermore we have verified that fluorescence images of MTs grown in the viscous 

media do not show MT bundling. 

In Figure 2.2 we report a quantitatively analysis of this effect of agarose content on MT’s 

length which shows unambiguously that increase crowding leads to assembly of longer 

MTs.  
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Figure 2.2 Effect of agarose content on MT’s length at very low agarose concentrations 
(liquid solutions). Void circles represent different batches. Inset: Maximum lengths found in 
each sample.    
 

3. MTs grown in solid gels: effect of confinement  

Agarose gel’s structure analysis. To better understand the growth of MTs in gels, we first 

studied the microscopic structure of the agarose gel. For this study several specimens 

who did not contain MTs were prepared with agarose concentrations of 2.5%, 1.5%, 1%, 

0.75% and 0.50wt %. Subsequently, the samples were prepared for electron microscopy 

by means of the critical point dry technique, detailed in appendix A.  
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 The physical structure of the agarose gel is composed of an arrangement of long 

filaments with diameters between 12 to 18nm, forming a cross-linked three-dimensional 

network. According to the analysis by FESEM of the gel samples over fractured surfaces, 

the porosity of the gel was characterized by large pores separated by a denser network of 

agarose filaments. The large pores exhibit diameters in the order of hundreds of 

nanometers, whereas the denser network has small pores with diameters no bigger than a 

few tens of nanometers.  

In Figure 2.3a we attempted to capture a two-dimensional representation of this three-

dimensional structure. We observed a notable change in the structure of the five different 

agarose gel samples as the agarose concentration was increased. The sample with the 

lowest concentration showed a more open structure compared to those of higher 

concentration where a more compact structure was present (Fig. 2.3b and d). Also, we 

note that as the concentration of agarose was decreased, the size of the large pores 

appeared to increase, but the denser network remained the same (Fig. 2.3c and e).  

MTs grown in solid gels. For the study of MTs grown in solids agarose gels three agarose 

concentration were used: 1%, 0.75%, 0.50wt%. In figure 4 we show the morphology of 

MTs encountered in these experiments. For those samples with higher concentration of 

agarose, the MTs appear as thicker filaments which correspond to bundles of MTs.   The 

average length of the thick filaments was quantified by the measurement of their 

projected lengths. At this high agarose concentrations, the filaments exhibit lengths 

exceeding 30 µm and  many of them  were curved or contorted (Fig. 2.4).  
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Figure 2.3 FESEM images of MTs-free agarose gels. (a) large pores separated by a denser 
network of agarose filaments (circled) in a 1.5% agarose gel sample, bar 100nm, (b) and (c)  
structure of 2.5% agarose gel sample, (d) and (e) structure of  0.5% agarose gel sample.  
Accelerating voltage was 5 kV. 
 

Additional insight into the nature of the long, thick and contorted MT filaments was 

provided by the FESEM characterization of high concentration gels containing MTs.  

 

 



 

29

  

Figure 2.4 Fluorescence microscopy  of MTs grown in solid gels.  (a) 0.5%, (b) 0.75%, (c)  
0.75%, and  (d) 1% weight agarose.  
 

Figure 2.5a and 2.5b show that what appeared as a thick filament in the fluorescent 

microcopy images are indeed bundles of individual MTs.   In Figure 2.5a we show a 

bundle over the surface of a sample at 0.75% agarose. In 2.5c and d a bundle emerging 

from a fractured surface of a sample at 0.5% agarose is clearly visible. In both cases 

bundles have diameters very similar to diameters of the larger pores of the gel structure, 

approximately 200 to 300nm.  The bundle contains several tens of MTs that are shorter 

than the lengths of the bundles themselves. In Figure 2.5e and f we show a single MT in a 

fractured surface of a sample at 0.5% agarose. In this sample we found few single MTs 

(as confirmed by diameters of 24-25nm), but bundles were more common.  
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Figure 2.5 FESEM images of MT-gel samples.  Surface images of: (a) MT bundle at high 
magnification (0.75% agarose), (b) MT bundle (arrow) at the surface (0.75% agarose).  Fractured 
surface of a sample showing: (c) MT bundle at high magnification (arrow pointing a single MT) 
(0.5% agarose) (d) same MT bundle at lower magnification, (e) single MT at high magnification 
(0.5% agarose) and (f) same MT at lower magnification.   Extraction voltage  was 5 kV. 
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4. Computational modeling of MTs grown  in crowded environments*

For the purpose of understanding the experimental observations, we have extended the 

two-dimensional reaction-diffusion model of MT growth introduced by Glade et al.[44] 

to three dimensions.  We believe that this model can be used to shed light on our 

experimental observations if not quantitatively, qualitatively, for the following reasons. 

Although we have grown MTs in the presence of taxol, it has been shown that taxol 

inhibits neither the binding of GTP nor its hydrolysis [45-47]. Futhermore taxol depresses 

the critical concentration by changing the energetic of  the binding of tubulin in MTs [47-

49].  In addition, Janosi et al. have found their GTP cap model in agreement with 

experiments of MTs grown in the presence of Taxol [50]. Based on these observations we 

assume that the GTP cap model used by Glade et al retains some level of validity. For a 

detailed explanation of the GTP cap model and computational methodology see the 

appendix A.     

Effect of the diffusion coefficient on MTs growth. In one test, we varied the diffusion 

coefficient of tubulin, equivalently simulating varying concentrations of agarose in the 

solution  (Fig. 2.6).  With fast diffusion, at the end of the calculation (polymerization 

time of 10 min.) the simulated systems were essentially composed of short MTs (length ~ 

1µm) and few long MTs. We observed that a slower diffusion coefficient (i.e. higher 

agarose concentration) results in an increase in the number of long, stable MTs.  These 

results are qualitatively in agreement with our experimental observations. Some 

quantitative discrepancies exist between the model and our experiments, but we believe 
                                                 
* Computational modeling and writing done by Shane D. Smith  
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that they arise from the choice of some parameters [44] for the reaction kinetics which 

may not match exactly the actual chemistry of our tubulin solutions.  
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Figure 2.6 Computer simulation of the length distribution of MTs polymerization with 
different tubulin diffusion coefficients. (a) 6x10-6 cm2/s, (b) 6x10-8cm2/s, and (c) 6x10-10cm2/s. 
Equivalent simulation time was ten minutes. 
 
 
Even based on these calculations, we can not conclusively state that diffusion is the only 

factor that controls the length of the MTs growing in the crowded environment, indeed 

we have shown that the lengths of MTs may be controlled by the ratio of reaction rate of 
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assembly to the diffusion coefficient [17]. In such a case as discussed by Minton 

crowding that leads to higher association reaction rates will also produce longer MTs 

[20]. 

MTs grown in a constrained direction. In the second simulation, we constrained the 

direction of growth of the MTs to evaluate the possibility that the agarose structure of the 

solid gel influences MTs’ morphology. Limiting the MT growth by imposing a no-

growth condition outside the pre-defined pathway enables us to simulate growth in solid 

 

Figure 2.7  Simulation  results for  microtubule  growth with periodic boundary  conditions. 
MTs grown in  a cubic matrix (30µm on a side) where MTs are not allowed to grow outside of 
the 5µm square channel centered at y = 15µm.  The 2-D slice shown is also centered at y = 15µm. 
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agarose gels where MTs growth may be limited to the large pores of the gel (Fig. 2.3).  

The calculation shows that although the initial orientation of MT nuclei is random, the 

MTs that grow are those that align with the predetermined pathway (Fig. 2.7).  The 

computer model does not allow bundling (i.e. MT-MT interaction) but it is apparent that 

the confinement of MTs inside the gel pore would favor MT-MT interactions leading to 

bundling. Therefore this observation combined with our experimental data agrees with 

Madden and Herzfeld [21]. 

 
5. Conclusions 

The present work demonstrates that the morphology of MTs grown in gels is directly 

dependent on the tubulin diffusion coefficient. We have shown experimentally that as the 

gel density increases, i.e. tubulin diffusion coefficient decreases, the system evolves from 

an aqueous solution containing numerous short, straight single MTs to a distribution of a 

few, but long bundles of MTs. At high gel concentrations, the MT bundles are also 

contorted. MT bundling appears to be caused by MT confinement in the porous structure 

of the gel. This is supported by FESEM images indicating that the MT bundles have a 

diameter similar to that of the largest pores of the gel.  MT bundling resulting from pore 

confinement may be due to MT electrostatic and/or steric interaction [51] assisted also by 

the presence of taxol, which has been reported to facilitate the formation of bundles [52].    

There are two differing explanations for this contorting effect. The first and simplest 

explanation could be attributed to directed growth along the large pores of the gel. A 

second explanation may be found in the capacity of a MT to exert a force on neighboring 
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MTs during the process of polymerization [53] producing compression stresses along the 

longitudinal axis of the bundles, leading to buckling [54]. 

     A three-dimensional reaction-diffusion model of MT dynamics, where the diffusion 

coefficient of free tubulin was varied, produced MT length distributions in good 

qualitative accord with the experimental results.  Application of this model to the growth 

of MTs in a confined pore-like space showed that although the initial orientation of MT 

nuclei may have been random, MT growth aligned along the predetermined pathway. 

These results support our speculation about the bundling of MTs due to confinement by 

the gel. 

Agarose gel provides an excellent environment for growth of arrays of MTs in solid or 

semi-solids environments.  Agarose gels do not interfere chemically with the MT 

polymerization process, although they do physically interact with the samples by 

modifying the diffusion coefficients of the reacting species and possibly constraining MT 

growth. In addition to providing physical support for MT arrays, agarose gels could be 

used to promote altered MT morphologies such as the anisotropic MT growth in an 

electric field [55-56].  

6. Materials and Methods  

Low gelling temperature agarose [ultra pure Agarose low melting point, gelling 

temperature (2% weight) 26-30°C, remelting temperature (2% weight) ≤65°C from 

GibCobrl Life technologies®]. 

PEM80 buffer (80 mM PIPES, 0.5 mM EGTA, 4mM MgCl2) at a pH of 6.9.  

Guanosine 5’ triphosphate (GTP) and Paclitaxel (taxol) from Sigma®.  
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Fluorescent rhodamine tubulin (Cytoskeleton® cat. #T331M) 

MTs grown in agarose-containing solutions 

 A low gelling temperature agarose was diluted in PEM80 buffer and boiled to form a 

clear solution. We prepared solutions with agarose concentrations of 1%, 0.75%, 0.5%, 

0.25%, 0.1%, 0.08%, 0.065%, 0.05%, 0.035%, 0.02% and a sample containing no 

agarose (0%) was used as a control. 

The agarose-buffer solutions were cooled down to 32°C and maintained at this 

temperature in a liquid state. To this, guanosine 5’ triphosphate (GTP) and Paclitaxel 

(taxol) were then added and the samples vortexed, the final concentration of GTP and 

Paclitaxel were 0.208mM and 0.0166mM respectively.  Fluorescent rhodamine tubulin 

(Cytoskeleton® cat. #T331M) was added and mixed; the final concentration of tubulin 

was 0.33mg/ml. A small amount of this mix (5-10 µl) was put into several small cuvettes 

(3mm in diameter and 1mm thick with an optically transparent bottom).  The samples 

were subsequently cooled down to 4°C during 10 minutes in order to form a solid gel. 

The low temperature treatment also served to disassemble any tubulin that may have 

polymerized during the mixing process (the absence of polymerized tubulin was verified 

by fluorescence microscopy). Then the cuvettes filled with tubulin-containing agarose 

gels were placed into an incubator at 37°C for 30 minutes to support MT polymerization. 

Finally the samples were stored at room temperature prior to their characterization by 

fluorescence optical microscopy.  

Sample preparation for FESEM  
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MT-gel samples were fixed with a solution of 0.05 M PIPES buffer pH 7.4 and 2% of 

glutaraldehyde during three hours.  The samples were dehydrated in ethanol dilutions of 

25%, 50%, 75%, 95%, 100% and 100%   during 10 minutes each one and desiccated by 

means of critical point CO2 drying. Finally a platinum coating was applied to the surface 

of the samples by sputtering. The pure gel sample preparation for FESEM analysis was 

done in a way identical to that of the MT-gel samples.  
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CHAPTER  3 

MICROTUBULE ASTERS AND TAXOL CRYSTALS 

 

1. Introduction 

While we were working with Taxol gradients during MTs growth in gels, we obtained 

unusual star-like fluorescent structures not observed before in our experiments. We found 

several articles showing similar structures, which are called MT asters. Usually MTs 

asters are found in the cytoplasm in cells treated with Taxol.  Several authors have 

reported the presence of complex microtubule morphologies, not found in normal cells, 

such as bundles and asters (structures that emulate the mitotic spindle) in studies of cells 

treated with Taxol. These structures are transparent and can only be observed using 

fluorescent microscopy after immunofluorescent labeling of MTs. There has been a 

consensus theory that Taxol is the main inducer of these structures [1-5].  On the other 

hand, studies using supersaturated aqueous solutions of the drug have shown that Taxol 

crystallizes in the shape of needles [6,7] which form complex morphologies such as 

spherulites [8].  These Taxol crystals have some morphological similarities to the 

structure of MT asters, e.g. sizes and shapes.  

Recently, the nature of MT asters found in cells treated with Taxol has been questioned 

by Foss et al.[9], who have reported that fluorescent tubulin can bind to Taxol needles 

and spherulites in vitro. Foss et al. suggested that some microtubule asters and bundles 

observed in cells treated with Taxol could in fact be Taxol spherulites or needles 

decorated with fluorescent tubulin, mimicking microtubule structures when observed 
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with the fluorescence microscope. This hypothesis has not been definitively validated yet; 

therefore, it is critical to clarify the formation of Taxol crystals in cytoplasm-like 

environments as well as their interaction with florescent molecules in order to ascertain 

the nature of these filamentous structures observed in cells treated with the drug. Thus to 

prevent further misinterpretations, particularly when Taxol is used exceeding its 

solubility limit of 0.77µM [10] which may produce its crystallization.  

2. Microtubule asters 

Before introduce MT asters, it is necessary first to understand what the centrosome is, 

and its critical role in mitotic spindle formation. The organization of MTs in the 

cytoplasm is controlled by the centrosome, one of the most common microtubule 

organization centers (MTOCs). The centrosome is an amorphous structure constituted of 

a pair of centrioles, hollow structures made of short microtubules, embedded into a 

pericentriolar matrix containing a variety of proteins including gamma-tubulin rings [11]. 

Microtubules nucleate and grow from gamma-tubulin rings extending outwards into the 

cytoplasm leaving exposed their plus ends. Gamma-tubulin plays a key role in MTs 

growth since tubulin concentration in the cytoplasm is very low and MTs are unable to 

nucleate spontaneously. The growth of MTs from the centrosome takes place during cell 

division and is governed by the dynamic instability of MTs, thus MTs’ lifetime in the 

centrosome is short (only few minutes).  During cell division two centrosomes are 

formed, MTs grown from opposites centrosomes binding each other through some 

linking proteins forming the mitotic spindle. Mitotic spindles are symmetric fusiform 
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structures constituted of MTs. These structures play a central role in mitosis segregating 

chromosomes.    

In contrast, MT asters are spindle-like structures lacking of centrosomes. They have been 

reported in cells due to the inclusion of substances that alters MTs’ dynamic and 

organization. Although cytoplasmic MTs asters have been reported by many authors, 

there is not a consensus explanation of how they form, neither how they nucleate. In 

numerous reports Taxol is directly related to their formation due to its ability to lower the 

critical concentration for MTs self-assembly. In some of these reports other substances, in 

addition to Taxol, have been mentioned to play a central role in MT asters formation. For 

instance nuclear protein that associates with the Mitotic apparatus (NuMA) [12], 

nucleolar phosphoprotein B23 [13],  colonic-hepatic tumor-overexpressed gene (ch-

Gp)[14], molecular motor cytoplasmic dynein [5]. But not only Taxol induces MT asters, 

also in very few articles MT asters have been reported in the absence of Taxol, in that 

case their formation can be attributed to other factors [15,16].  

3. Morphological similarities between MT asters and Taxol crystals  

Looking for MT asters in the literature, we found a variety of  MT structures displaying 

morphological similarities to Taxol crystals obtained in our experiments. Therefore we 

considered appropriate to present a comparative analysis of these structures in order to 

illustrated the problem that inspired the next chapters of this work.  Next, a comparative 

analysis of MT asters, reported in the literature, and Taxol crystals, obtained in our 

experiments, is presented.  
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Gaglio et al. [12] reported MT asters in mitotic cell extracts treated with 10mM Taxol 

incubated at 33ºC during 30 minutes. These authors found that NuMA (Nuclear protein 

that associates with the Mitotic apparatus) is necessary for the formation of MT asters 

(Fig. 1 a and b). However, in the absence of NuMa, MTs do not form asters (Fig. 1c).  

  

 

 
Figure 3.1 Comparison between MT asters reported in cells and Taxol crystals. (a-c) MT 
asters in mitotic cell extracts treated with 10mM Taxol, bar 10 µm, images from [12]. (a-b) MT 
asters formed in the presence of NuMa and tubulin, (c) MT asters formed in the presence of 
tubulin, but not NuMa. (d-f) Taxol crystals obtained in our lab, (d-e) grown in rhodamine tubulin-
containing solutions, (f) Taxol aggregates combined with MTs.   
 
 
Afterward Dione et al. [14] reported a very similar study, but mentioning that another 

substance was necessary for MT asters’ formation, the colonic-hepatic tumor-over 

expressed gene (ch-TOGp) (Fig. 3.2). Gaglio and Dione’s studies did not only share the  
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gure 3.2  MT asters in cells. MT asters in mitotic cell extracts treated with 20 µM Taxol, (a) 

ame methodology but also a co-author, D. Compton. In both papers they reported that in 

the absence of Taxol, MTs did not polymerize in the extracts. 

Qing-Yuan Sun, et al. [1] reported the presence of Microtubule assembly after treatment 

of pig oocytes with 4µM Taxol for 15 minutes (Fig. 3.3).  These structures display a very 

similar morphology to Taxol crystals obtained by homogeneous nucleation in aqueous 

solutions. In this case, Taxol aggregates have sheaf-like shapes.  

Callaini et al. [3] reported the presence of cortical MT asters in cells treated with  Taxol. 

They obtained bigger asters at higher Taxol concentrations; some asters displayed empty 

core (Fig. 3.4a). We also obtained Taxol structures displaying empty core (Fig 3.4b) 

when Taxol crystals were grown in the presence of tubulin. We believe that tubulin is 

nucleating Taxol crystals; therefore, it may be located in the center of the spherulites. 

Since rhodamine, a fluorescent molecule used as labeling agent, does not interact with 

tubulin at our experimental conditions, the spherulites will show non fluorescent centers. 

 

B 

Fi
MT asters formed in the presence of NuMa, tubulin and ch-TOGp (b) MT aggregates formed in 
the presence of tubulin, but not NuMa, bar 10 µm. Images from [14]. 
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Figure 3.3 Comparison between MT asters reported in cells and Taxol crystals. (a) Taxol 
aggregates obtained by homogeneous nucleation in aqueous solutions and subsequently labeled 
with rhodamine. (b) cytoplasmic microtubule asters formed in an oocyte treated with 4 mM Taxol 
for 15 mins; 100x. Image from [1] 
 
 

 
 

a) b

b)a) 

 
Figure 3.4 Comparison between MT asters reported in cells and Taxol crystals.  (a) 
Microtubule aggregates show an empty core in Drosophila embryos treated with 10 µM Taxol.  
Bar =   10 µm. Image from [3]. (b) Taxol spherulites formed in the presence of tubulin and then 
labeled with rhodamine. 
 
 
Fulvia Verde et al. [2] reported Taxol induced microtubule assemblies obtained in frog 

eggs extract (Fig. 3.5a). Taxol crystals (Fig. 3.5b) display morphologies that could easily 
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be mistaken for MT asters. In this report, Taxol concentration used by Verde was below 

the supersaturation limit.   

 

a)  b)
 

 

 
 
 
 
 
 
Figure 3.5 Comparison between MT asters reported in cells and Taxol crystals. (a) 
Microtubule assembly induced by Taxol in a metaphase frog egg extracts. 0.1µM Taxol, bar 
20µm. Image from [2]. (b) Taxol spherulites grown in aqueous solution and labeled with Alexa 
Fluor 480.  
 

In addition to MTs asters reported in cells, similar structures have been found in non 

cytoplasmic environments. In his dissertation, Yi Yang [17] reported star-shaped MT 

clusters while he was working with the assembly of MTs with Taxol added during 

polymerization (Fig 3.6a). Yang suggests that these asters may not be MTs since they do 

not disassemble at temperatures as high as 55ºC. We obtain similar Taxol spherulites 

when an excess of Taxol is used to stabilize MTs (Fig. 3.6b). It is very probable that 

structures reported by Yi Yang were Taxol spherulites.   

 

 

 

 



 

45

b) a) 

 

Figure 3.6 Star-shaped fluorescent structures. (a)Fluorescent microscope image of surviving 
star-shaped MT clusters at 55ºC. Image from [17]. (b) Taxol spherulites grown in tubulin 
containing aqueous solutions.   
 
Some authors have reported cytoplasmic MT asters in the absence of Taxol   [15, 16]. 

Despite the absence of Taxol, MT asters form structures which are very similar to Taxol 

spherulites, as can be seen in Figure 3.7.  

a) 

 

b) 

Figure 3.7 Comparison between MT asters reported in cells and Taxol crystals. (a) MT 
asters reported in the absence of Taxol, image from Nedelec et al.  [16]. (b) Taxol spherulites 
obtained in rhodamine tubulin-containing aqueous solutions.   
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4. Conclusions 

We collected images of MT asters found in cells treated with Taxol and they were 

compared with Taxol structures produced by ourselves.  Despite filamentous structures 

found in literature display a variety of different features, we were able to produce Taxol 

crystals with similar shapes in our experiments. The morphological similarities found 

between MT asters, reported in the literature, and Taxol crystals, obtained in the 

laboratory, reinforce the hypothesis of possible misinterpretations of these structures 

when cells treated with Taxol are analyzed by fluorescent immuno-labeling of MTs.  

Nonetheless, this hypothesis does not discard the occurrence of MT asters in cells.  In the 

following chapters, a study of Taxol affinity to fluorochromes, nucleation and growth of 

Taxol crystals will be assessed in order to add novel data to clarify this peculiar problem.     
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CHAPTER 4 

BINDING AFFINITY OF FLUOROCHROMES AND FLUORESCENT PROTEINS TO 
TAXOL™ CRYSTALS  

 

Abstract 

We confirmed via fluorescent and differential interference contrast microscopy that Taxol 

crystals can be decorated not only with fluorescent tubulin but also with other fluorescent 

proteins and fluorochromes without perturbing their morphology. We used theoretical 

calculations to further investigate Taxol-fluorescent agent interactions. Using 

computational docking studies we identified a new, potential Taxol binding site within 

the tubulin dimer, allowing the interaction between crystalline Taxol and tubulin. Our 

calculations, however, show that fluorescent tubulin binding to Taxol crystals is more 

favorable via the fluorochromes covalently linked to the tubulin dimers, rather than via 

the new Taxol-binding site, what is in accordance with our experimental data.  

1. Introduction  

The interaction between tubulin and Taxol has been widely studied in vitro and in vivo, 

and detailed descriptions of the binding affinity of Taxol to tubulin dimers can be found 

in the literature [1-3]. To date it is known that Taxol only binds to polymerized tubulin 

(microtubules) at a very specific site[4,5]. To our knowledge, however, the inverse 

process in which unpolymerized tubulin dimers may bind to crystallized Taxol has not 

been explored yet. Although Foss et al [6] show experimental evidence of the interaction 

of fluorescent tubulin with Taxol crystals, they do not provide further analysis of this 

phenomenon.  
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 In this chapter we explored two different hypotheses for the binding of fluorescent 

tubulin to Taxol crystals. The first one is a new potential Taxol-binding site within the 

tubulin dimer. The second hypothesis assumes that tubulin dimers are interacting with 

Taxol via the covalently attached  fluorochrome. We conducted several experiments in 

aqueous solutions where Taxol crystals were grown and exposed to different solutions 

containing flourescent proteins; rhodamine tubulin and  rhodamine actin or only 

flourochromes; rhodamine, Cy3 (from the cyanine dye family) and Alexa Fluor 488, to 

better understand the binding interaction between flourescent proteins and Taxol crystals. 

The morphology of the observed structures was analyzed via fluorescent microscopy, 

differential interference contrast (DIC) microscopy and field emission scanning electron 

microscopy (FESEM). Experimental studies were complemented by computational 

docking and semi-empirical investigations of Taxol crystal structure and its affinity for 

tubulin and fluorochromes. 

2. Binding of fluorescent proteins and fluorochromes to Taxol crystals  

To investigate the binding of fluorescent proteins and fluorochromes to Taxol crystals, 

we produced Taxol crystals in a microtubule assembly buffer by preparing several 

solutions containing taxol in DMSO at different concentrations. Because Taxol crystals 

are transparent we used  DIC microscopy for their morphological characterization. In all 

solutions we observed Taxol aggregates exhibiting sheaf-like and spherulitic 

morphologies as shown in Figure 4.2a. Since taxol spherulites’ sizes and number 

densities varied with taxol concentration, we decided to use a fixed taxol concentration of 

100µM in this study because it produced spherulitic crystals that were relatively easy to 
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observe. This pre-formed Taxol spherulites containing buffer (Tx-Buffer) was then used 

to investigate the interaction of Taxol crystals with fluorescent molecules.   

       First, we combined the Tx-Buffer with fluorescent tubulin as described in the 

methods section. In order to accurately determine if the fluorescent tubulin had bound to 

the spherulites, it was necessary to conduct a thorough rinse to remove any unbound 

molecules and fluorescent background. The sample was then analyzed with a fluorescent 

microscope with which we observed fluorescent spherulites with analogous morphologies 

to those grown in pure Tx-Buffer (Fig. 4.2b). These results indicate, as Foss et al. 

reported, that fluorescent tubulin can bind to Taxol crystals. As we have mentioned 

before, however, there is no further explanation of how fluorescent tubulin interacts with 

these crystals. Therefore, two possibilities should be explored; the binding of fluorescent 

proteins to crystallized Taxol through the direct attachment of the protein to Taxol (Fig. 

4.1a) or via the fluorochrome covalently attached to the protein (Fig. 4.1b).  

 

 

Figure 4.1 Schematic representation of two options for tubulin attachment to Taxol crystals. 
a) binding of fluorescent proteins to Taxol through the direct attachment of the protein, b) binding 
of fluorescent proteins to Taxol crystals via the fluorescent molecule.  
To shed light on the binding interaction between rhodamine tubulin and Taxol crystals 

we conducted an experiment using rhodamine actin in place of the rhodamine-tubulin 
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conjugate. It is similar fluorescent cytoskeletal protein, but no binding between this 

system and Taxol has been reported up to date [7,8].  

 

        

Figure 4.2 Taxol spherulites grown in a microtubule assembly buffer. a) Unlabeled Taxol 
crystals, observed with DIC microscopy. Fluorescent images of Taxol crystals labeled with: b) 
rhodamine tubulin, c) rhodamine actin, d) rhodamine, e) Cy3 and f) Alexa Fluor 488. Bars 20µm.  
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We observed fluorescent structures with no visible morphological differences to those 

labeled with rhodamine tubulin (Figure 4.2c).  

Although the binding of the rhodamine actin conjugate to Taxol crystals does not 

completely discard a direct tubulin-Taxol interaction, it suggests the direct binding of 

the Tx-Buffer with  pure rhodamine, as described in the methods section. We observed 

to crystallized Taxol.  

bility of other fluorochromes binding to Taxol agregates. 

For this, we used two different fluorochromes, Cy3 and a conjugated Alexa Fluor 488 

indicating that Taxol crystals can be decorated not only with fluorescent tubulin, as Foss 

conjugates.  

zation of Taxol crystals  

We further characterized Taxol crystals by means of Field Emission Scanning Electron 

Microscopy (FESEM). Three samples were analyzed; one containing unlabeled Taxol 

rhodamine. No visible differences were found among all these samples. Each showed 

needle-like crystals with a broad range of diameters ranging from 45 to 720nm, and  

rhodamine to Taxol when conjugated rhodamine is used. To support this, we combined 

fluorescent structures morphologically identical to those previously found in the 

fluorescent protein solutions (Figure 4.2d), confirming that rhodamine does indeed bind 

Finally, we explored the possi

goat anti-mouse, following the same protocol of the preceding experiments. We observed 

identical fluorescent structures to those labeled with rhodamine (Figures 4.2e-f), 

et al. reported, but also with other fluorescent proteins, fluorochromes and fluorochrome-

3. Electron Microscopy Characteri

crystals, and the other two containing labeled crystals with rhodamine tubulin and pure 
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Figure 4.3 Taxol crystals 
analyzed by FESEM. Pure 

axol crystals a) low 
µm b) 

T
magnification, bar=10
high magnification, bar=1 µm c) 
Taxol crystals with rhodamine 
tubulin, high magnification, 
bar=500nm. Extraction voltage 
15kV.   
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lengths exceeding 10µm (Figure 4.3a). At high magnifications the crystals' topography 

as smooth with no apparent differences between the various samples (Fig. 4.3b and c).   

 
age of a Taxol spherulite, bar 1.6µm b) electron 

m  spherulite.  
 .  

w

Besides FESEM we also studied Taxol crystals by means of Transmission Electron 

microscopy (TEM). Figure 4.4 shows 

a) a Taxol spherulite and an electron 

diffraction pattern. This electron 

diffraction pattern shows spots and 

therefore crystallinity of the 

spherulite. No further electron 

diffraction patterns were obtained; 

hence this information should be 

taken with discretion.    

        

 

   b)

 

 

 

 

Figure 4.4. TEM analysis. a) TEM im
diffraction pattern showing spots, obtained from sa e
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4. Computational analysis†  

In addition to the experimental results we performed a theoretical analysis of Taxol’s 

crystal structure and its binding affinity with tubulin and fluorescent molecules. In order 

to analyze the possible binding affinity of Taxol crystals with other molecules, it is 

necessary to understand the crystal structure of Taxol (Fig. 4.5). The analysis of the 

three-dimensional arrangement of Taxol molecules reveals that the molecules of Taxol 

form two different kinds of hydrogen-bonded dimers [9] (Fig. 4.5, 4.6a-b).  

The specific interactions stabilizing the system in the first dimer are between the O7 atom 

of the first molecule of the dimer (A) and O2'atom of the second molecule of the dimer 

(B) as well as O2'(A) and C10(B) atoms (Figure 4.6b). The second type of dimer is 

stabilized by the hydrogens bond between O1(A) and C2(B) atoms and C2(A) and O1(B) 

atoms. Additionally dimers are linked together by hydrogen bonds between the O5'(A) 

carbonyl oxygen and O7(B) hydroxyl group to form a three-dimensional structure. The 

first two pairs of hydrogen bonds and the 2-fold screw axis of the crystal result in a 

ribbon-like structure of Taxol dimers with the diameter below 1nm. The additional single 

hydrogen bond between dimers forming the ribbon-like structure allows packing the 

ribbons into a three-dimensional structure. We can hypothesize that the single hydrogen 

bond between the C5'(A) carbonyl oxygen and the O7(B) hydroxyl group is probably too 

weak to stabilize the three-dimensional structure of Taxol crystals over large distances. In 

such case the result would be a set of small numbers of Taxol ribbons interacting laterally 

to form needle-like structures of different diameter. The diameter of these structures 
                                                 
† Computational analysis and writing done by Bartosz Trzaskowski 
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would depend on the number of bundled Taxol ribbons. This hypothesis may explain the 

broad range of filament’s diameters found in the FESEM images.  

 

 

 
 
 
 

Figure 4.5  Taxol molecule with numbering scheme. 
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Figure 4.6 Schematic diagram of hydrogen bonds between Taxol molecules in crystal lattice 
and in a Taxol-rhodamine model. a) Taxol spherulites with rhodamine-tubulin analyzed by 
FESEM. b) Schematic representation of hydrogen bond network in Taxol crystals. Each Taxol 
molecule is depicted with a horizontal line representing the rigid ring structure and a vertical line 
representing the C13 side chain tail. Dashed lines represent hydrogen bonds, while gray lines 
show borders between Taxol ribbons connected to each other via the O5’ – O7 hydrogen bond. 
(c) Schematic representation of the optimized structure of Taxol-tetramethylrhodamine model 
with dashed lines representing the most important interactions. 
 

      The possible binding of tubulin dimers to Taxol crystals, found in the experimental 

section of this work, is not likely via the known Taxol-binding site. Taxol bound to the 

known Taxol-binding site of the tubulin dimer is almost completely buried inside this site 

and there are no available chemical groups able to form hydrogen bonds to form a crystal 

lattice, which are exposed to the solution (Fig. 4.7a) [10]. The O2' hydroxyl oxygen atom 

is buried deep in the binding pocket and interacting with pro 360 and gly 370 of the B9-

B10 loop of the tubulin dimer, while O7 hydroxyl oxygen and C10 acetyl oxygen are 

very close to the B7-H9 M-loop. The three remaining Taxol atoms stabilizing the crystal 

lattice by the formation of hydrogen bonds (O1 hydroxyl oxygen, C2 benzoyl oxygen and 

C5' carbonyl oxygen) are close to his 229 residue of the H7 alpha-helix. This simple 

geometrical analysis allowed us to exclude the known native Taxol-binding binding site 

as being responsible for Taxol crystal-tubulin interaction and put forward two 
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hypotheses. The first one implies that there is another Taxol-binding site within the 

tubulin dimer, while in the second hypothesis tubulin dimers are interacting with Taxol 

via a fluorescent agent, which is covalently attached to them. 

      To verify the first hypothesis we used a theoretical approach described in the 

computational methods section. The first step, rigid docking, allowed us to define four 

new sites in the tubulin dimer, which had very high scores of the geometrical matching 

between them and the Taxol molecule. Two of those sites had high similarity towards the 

tubulin-Taxol conformation, while two other sites had high similarity towards Taxol in its 

native conformation found in water solution. We evaluated the hydrophobicity of those 

four sites, and all of them were found to be highly hydrophobic, which suggested strong 

interaction between them and the lipophilic Taxol molecule. 

      In the last step of this computational part we used the Autodock software binding 

energy evaluations and compared the results to the native Taxol-binding site. Three out of 

four candidates for new binding sites had large positive binding energies due to 

unfavorable interactions between the hydrophobic Taxol and charged or hydrophilic 

amino acid residues. For the last site, however, Autodock calculations suggested that the 

binding energy is favorable and is approximately two times lower than the binding 

energy of the original native Taxol-binding site (-4.00 kcal/mol versus -8.04 kcal/mol for 

the original native Taxol site). This result allows us to suggest that this site has a 

relatively high affinity towards the Taxol molecule and, in the presence of high Taxol 

concentration, may bind Taxol molecules. 
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The new candidate for the Taxol-binding site is situated in a small groove located on the 

boundary between alpha-tubulin and beta-tubulin in the tubulin dimer. The binding 

geometry may be characterized by five hydrogen bonds between the Taxol molecule and 

the tubulin dimer (Fig. 4.7b). Three of those possible hydrogen bonds are interactions 

between amino acid residues of the alpha monomer; these are the interactions between 

the amide nitrogen atom of gln 176 and O13 oxygen atom, the guanidinium nitrogen 

atom of arg 214 and O5 oxygen atom and the amine nitrogen atom of lysine 304 and O5' 

carbonyl oxygen atom. 

 

Figure 4.7 Details of Taxol-binding sites. (a) The native Taxol-binding site in the beta-tubulin 
monomer. (b) The new candidate for Taxol-binding site in the groove between alpha-tubulin and 
beta-tubulin monomers. This figure was created using VMD [20]. 
 

Beta-tubulin adds another two possible hydrogen bonds: between the amide nitrogen 

atom of asn 334 and O7 hydroxyl oxygen atom and the amide nitrogen atom of ASN 337 
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and O4 oxygen atom. Some of the oxygen atoms needed to form hydrogen bonds to form 

a crystal lattice (O7 hydroxyl oxygen, C10 acetyl oxygen and C5' carbonyl oxygen) are 

occupied or buried deep within the binding site. On the other hand the remaining oxygen 

atoms responsible for the stabilization of the Taxol crystal structure (O2' hydroxyl 

oxygen, O1 hydroxyl oxygen and C2 benzoyl oxygen) are relatively far from the protein. 

These atoms are free to form the hydrogen bond net with other Taxol molecules, which 

are forming the crystal lattice. The conformation of the Taxol molecules in the new 

binding site resembles its native conformation in the solution of water and dimethyl 

sulfoxide (DMSO), with the distances of 5.4 Å and 9.8 Å between the benzene aromatic 

rings [11]. It is important to notice, however, that the tubulin binding via the new Taxol-

binding site would not be possible if the Taxol crystal had existed in form of perfect, 

defect-free Taxol ribbons. In such case neither O7 hydroxyl oxygen nor C10 acetyl 

oxygen atoms would be exposed to the solution and able to bind tubulin dimers, but 

would be interacting with other Taxol molecules of the crystal lattice. We believe, 

however, that there is a possibility of defects in the needle-like structure of Taxol 

crystals, particularly at the outermost Taxol ribbons. The defects are probably due to the 

different strengths of the hydrogen bonds stabilizing crystalline Taxol and may look like 

steps at the peripheries of Taxol crystals. These steps should be two Taxol dimers high in 

order to expose to the solution the chemical groups that are able to bind tubulin dimer or 

other biomacromolecule (Fig. 4.8b).  

The second hypothesis investigated in this work is the tubulin-Taxol binding via the 

fluorescent agent attached covalently to the tubulin dimer. To test this premise we have 
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used the semi-empirical calculations of rhodamine-Taxol system (used in this work) and 

fluoroescein-Taxol system (used in the work of Foss el. al. [6]), as described in the 

computational methods section. For both fluorescent agents we found that the most 

favorable geometry involves a hydrogen bond between the C5' carbonyl oxygen of Taxol 

and O1 xanthene oxygen of rhodamine/fluorescein (Fig. 4.6c). The PM6 evaluation of the 

interaction energies between fluorescein and Taxol gives a value of -22.5 kcal/mol (-12.7 

kcal/mol in the case of a protonated fluorescein), while for the rhodamine-Taxol system 

it’s -10.8 kcal/mol (-7.3 kcal/mol for the protonated rhodamine). These values indicate 

that the interaction between Taxol and the two fluorescent agents is favorable from the 

energetic point of view. 

The results of our calculations suggest that the second hypothesis is the more likely 

explanation of the experimental data presented in this work. First, the interaction energy 

between Taxol and fluorescein/rhodamine systems is evaluated to be more favorable than 

the interaction energy between Taxol and the new binding site within the tubulin dimer. 

Second, the interaction between Taxol and fluorescein/rhodamine, which involves the C5' 

carbonyl oxygen of Taxol, is possible for both a defect-free and defective crystal. Given 

all the data presented in this work we cannot, however, completely discard the possibility 

of a new, second Taxol-binding site in the tubulin system. 
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Figure 4.8 Schematic diagram of hydrogen bonds between Taxol molecules in crystal lattice. 
(a) The diagram of a perfect Taxol crystal lattice composed of two Taxol ribbons bound through 
hydrogen bonds. (b) The diagram of one of the possible defects at the peripheries of the crystal 
lattice. This particular two-step defect produces a single Taxol molecule (in gray) connected to 
the crystal via two hydrogen bonds, which is also able to bind to the non-native Taxol-binding 
site of the  tubulin dimer. 
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5. Conclusions 

The structural analysis of the Taxol crystal suggests that Taxol molecules, although 

bound in the crystal lattice, still have some of their functional groups exposed to the 

solution resulting in their biological activity. Therefore it would be expected that Taxol 

crystals may interact with other molecules as well. Using computational docking studies 

we identified a new, potential Taxol binding site within the tubulin dimer, in which Taxol 

molecule is only partially embedded in the protein allowing the interaction between 

crystalline Taxol and tubulin. Our calculations, however, show that fluorescent tubulin 

binding to Taxol crystals is more favorable via the fluorochromes covalently linked to the 

tubulin dimers, rather than via the new Taxol-binding site. These results are substantiated 

by our experimental findings that strongly suggest the binding of fluorescent proteins to 

Taxol crystals as a result of the direct interaction of fluorochromes with Taxol and not the 

direct attachement of proteins [6]. This high-affinity binding between taxol spherulites 

and fluorochromes is very important when immunolabeling is utilized for targeting 

microtubules in cells treated with taxol, since fluorescent molecules could bind to 

crystallized Taxol, thus mimicking microtubules asters or bundles when analyzed by 

fluorescent microscopy.   

This study shows the need for further investigation of interaction between Taxol and 

tubulin proteins. More specifically we investigate in chapter five the impact of tubulin-

Taxol interaction on nucleation of Taxol crystals.  
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6. Materials and Methods   

Materials. The following materials were used: PEM80 buffer (80 mM PIPES, 0.5 mM 

EGTA, 4mM MgCl2), paclitaxel (Taxol) diluted in DMSO at 2 mM, fluorescent 

rhodamine tubulin from bovine brain (cat. #T331M), tubulin protein from bovine brain 

(Cat. # TL238), non-muscle rhodamine actin from human platelets (Cat. # APHR) and 

guanosine 5’ triphosphate (GTP) all these materials were purchased from Cytoskeleton®. 

From Invitrogen® we used Tetramethyl-rhodamine (TMR) (cat. # C1171) and a 

conjugate Alexa fluor 488 goat anti-mouse (cat. # A-411001). Finally we used Cy3 from 

our lab stock . 

Taxol crystallization. On an ice bath GTP and Taxol were diluted in PEM80 buffer for a 

final concentration of 1mM and 100µM respectively, the solution was vortexed and 

incubated for 30 minutes at room temperature  for a complete Taxol crystallization. 

 Taxol crystals labeled with rhodamine tubulin or rhodamine actin. The protein 

(rhodamine tubulin or actin) was added to the solution containing Taxol crystals for a 

final concentration of 0.1 mg/ml, then the solution was mixed and incubated for 30 

minutes at 37˚C. Subsequently the samples were rinsed.   

Taxol crystals labeled with fluorochromes: rhodamine, Cy3 and Alexa Fluor 488.  

The fluorochrome  was added to the solution containing Taxol crystals for a final 

concentration of  5 µM, then the solution was mixed and incubated for 30 minutes at 

room temperature.  Subsequently the samples were rinsed.  
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Rinsing of taxol crystals  in solution. 100 µl of the solution to rinse were centrifugated at 

120000 rpm for 30 seconds.  50 µl of supernatant were then aspired and the pellet was 

resuspended in 50 µl of pure water.  

This process was repeated for several times until the concentration of the fluorescent dye 

in the supernatant was undetected.  Two extra cycles were preformed in order two 

surpass the detection limit of the equipment (2ng/µl). Usually the rinsing process was 

accomplished in six cycles.  

The effectiveness of the rinsing was verified measuring the concentration of the 

fluorescent molecules in the supernatant by means of light absorption using a 

spectrophotometer Nanodrop 1000 from Thermo Scientific.  

Fluorescent Microscopy. The fluorescent samples were observed in an Olympus inverted 

fluorescent microscope model IX71 using a excitation emission of 494 nm for the Alexa 

fluor 488 and 540nm for Cy3 and Rhodamine. The images were taken with a  100x oil 

lens.  

DIC microscopy. The samples were analyzed in a Nikon eclipse TE200 microscope using 

a 100x oil lens. Images were recorded in a VHS cassette and digitalized for the extraction 

of images.   

 FESEM. For scanning electron microscopy required a rinsing of the solutions to remove 

salts that are present in the buffer. Then a drop of the solution was deposited on a cooper 

TEM grid coated with carbon and then dessicated at 37˚C during 40 minutes. The 

specimens containing proteins were previously fixed using a solution with 3% 

glutaraldehyde in PIPES buffer for one hour. All samples were metallized with Pt by 
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sputtering coating with a thickness of approximately 7nm.  The images were taken using 

a Hitachi S-4800 field emission scanning electron microscope.  

Computational methods. To find and evaluate new possible Taxol-binding sites in the 

tubulin dimer molecule we have followed a three-step approach. In the first step a fast 

rigid molecular docking of Taxol molecule to tubulin dimer using the FTDock v2.0 

software with default parameters was performed [12]. Tubulin dimer (pdb code: 1jff) was 

digitized onto a 320 × 320 × 320 grid with the resolution of 0.39 Å. Two conformations 

of Taxol were used, namely the conformation of  Taxol in water solution [13], and T-

Taxol conformation found in the native site of the tubulin dimer [11]. In the second step 

the sites with high scores from the docking experiments were evaluated on their 

hydrophobicity using the empirical atomic hydrophobicity scale [14] as implemented in 

the molsurfer software [15]. In this step the sites found in the first step were digitized 

onto a 99 × 99 map with the resolution of 0.25 Å. 

      The third step consisted of the flexible molecule docking using the AutoDock 4.0 

software [16]. Both Taxol conformers were docked to the tubulin sites found in the first 

step of this computational approach. In each case prior to docking studies polar 

hydrogens were added and all histidine residues were made neutral and Kollman charges 

were assigned to all atoms [17]. The affinity grids were centered on each of the 

candidates for active sites with 0.203 Å spacing. We selected the Solis & Wets local 

search scheme for ligand conformational searching. For each case, the docking 

parameters were as follows: trials of 250 dockings, population size of 150, random 

starting position and conformation, a maximum of 300,000,000 iterations that the local 
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search procedure applies to the phenotype of any given individual with 1000 successes or 

failures in a row before the algorithm adjusts variance, the initial variance of 1.0 with 

0.01 lower bound and 0.06 probability of performing a local search on an individual. 

      To evaluate the rhodamine/fluorescein - Taxol interaction energies we have used a 

combined molecular mechanics - semiempirical approach. In the first step we have 

performed a series of fast minimizations of both systems in the amber f99 force field 

[18], starting from a set of 100 geometries with different fluorescent agent - Taxol 

orientations. In the second step the lowest-energy structure for each case has been subject 

to semiempirical PM6 calculations [19], as implemented in MOPAC2007 software (J.J.P. 

Stewart, MOPAC2007 Version 8.197W, Stewart Computational Chemistry, 2007). Since 

the pKa value for the carboxylic groups of both rhodamine and fluorescein is close to the 

neutral pH value we have performed the calculations for both the deprotonated and 

protonated systems. The interaction energy between Taxol and fluorescent agent has been 

defined as the total energy of these separate systems subtracted from the total energy of 

the interacting system. 
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CHAPTER 5 

HETEROGENEOUS AND HOMOGENEOUS NUCLEATION OF TAXOL™ 
CRYSTALS IN AQUEOUS SOLUTIONS AND GELS: EFFECT OF TUBULIN 

PROTEINS 
 

Abstract 

In this study we report crystallization of Taxol in pure water, aqueous solutions 

containing tubulin proteins and tubulin-containing agarose gels. We show that 

crystallization of Taxol in tubulin-free aqueous solutions occurs by the formation of 

sheaf-like crystals, while in the presence of tubulin Taxol crystallizes in the form of 

spherulites. Whereas sheaves are characteristic for crystals formed by homogeneous 

nucleation, the spherical symmetry of the Taxol crystal formed in the presence of tubulin 

suggests they result from heterogeneous nucleation. To explain the formation of tubulin-

Taxol nuclei we suggest a new, secondary Taxol-binding site within the tubulin 

heterodimer. Contrary the known binding site, where Taxol molecule is almost 

completely buried in the protein, the Taxol molecule in the secondary binding site is 

partially exposed to the solution and may serve as a bridge, connecting other tubulin 

dimers. Results presented in this work are important for in vivo and in vitro microtubule 

studies due to the possibility of mistaking these Taxol spherulites for microtubule asters. 

1. Introduction 

To date Taxol™ (paclitaxel) has been demonstrated to be one of the most effective drugs 

in the treatment of a variety of cancers [1,2]. Taxol is used due to its ability to block 

eukaryotic cell division (mitosis) by stabilizing microtubules (MTs) in the cytoplasm [3-

5] arresting the growth of tumors. Despite the vast amount of research already done on 
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this drug during the past three decades, there is still a huge interest in understanding its 

properties, behavior and interaction with other molecules. One of the main challenges in 

Taxol-based  in vivo treatments is its poor solubility, which may result in allergic 

reactions in the body [6,7]. On the other hand, in vitro applications of Taxol have been 

reported to induce the growth of MT asters in cells treated with this drug [8-12]. Since 

the detection of MT asters is usually performed by immunolabeling followed by 

fluorescent microscopy analysis, Foss et al. noticed recently that some of these MT asters 

could be, in fact, Taxol crystals decorated with fluorescent tubulin, mimicking MTs 

asters [13]. This hypothesis is also supported by our recent observations of high 

unspecific binding affinity of various fluorochromes to Taxol crystals [14].  

        On the other hand Taxol spherulitic growth has been rarely reported in literature 

[6,15], and little details have been provided concerning this interesting phenomenon. 

Nevertheless spherulitic crystallization has been widely studied in other materials. In 

polymers, where this phenomenon is commonly observed, spherulites form during 

supercooling of the melted polymer. Spherulitic growth is also found in inorganic crystals 

such as mesolite, scolecite, and natrolite; in proteins such as lysozyme [16,17], β-

lactoglobulin and insulin [18]; and in organic crystals such as aspartame [19]. Spherulitic 

growth occurs when crystallization is carried out in an isotropic three-dimensional 

medium and it is initiated from a nucleation process that can be homogeneous or 

heterogeneous. Each nucleation mechanism produces a different structure [20]. 

Homogeneous nucleation begins from a single needle-like crystal that grows axially and 

branches out forming sheaf-like aggregates also called axialites. When a large number of 
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axialite’s arms form, the system takes spherulitic appearance. On the other hand 

heterogeneous nucleation starts from a foreign particle that leads to very symmetric star-

shaped spherulites with needle-like crystals radiating in three-dimensions. 

       The formation of needle-like crystals can be explained by an anisotropic growth in 

which certain faces of the crystal grow much faster than others, leading to elongated 

crystals. The fast growth on the top face of the elongated crystal is usually attributed to a 

two-dimensional nucleation which produces a roughened surface. The growth is 

controlled by supply of the material to the roughened face, a phenomenon known as 

kinetic roughening [21]. The reason for the slower growth of lateral faces is unclear. It 

has been suggested that this process occurs via layer-by-layer growth, which is more 

difficult than the 2D nucleation on the top faces [22]. Computational models of aspartame 

spherulites have shown that top faces star to grow at low driving forces, whereas the 

more stable lateral faces grow at much higher driving forces [19]. Hence, at 

supersaturation conditions, the top faces will grow rapidly, while lateral faces will grow 

slowly producing a needle-like morphology.  

Our present study reports an investigation of the effect of tubulin on the morphology of 

Taxol crystals grown in aqueous liquid environments as well as in water-based agarose 

gels. Because most Taxol applications take place in the cytoplasm, where Taxol interacts 

with tubulin, we studied Taxol crystals formation in tubulin-containing aqueous 

solutions. We also considered tubulin-containing agarose gels to mimic the gel-like 

nature of the cytoplasm. Through the investigation of the morphology of the Taxol 

crystals, we aim at shedding more light on the nature of the nucleation processes that lead 
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to crystallization. The experimental observations show that Taxol nucleates 

heterogeneously in the presence of tubulin forming spherically symmetric star-like 

spherulites. In absence of tubulin, Taxol forms homogeneously nucleated sheaves. To 

explain the heterogeneous nucleation of Taxol asters, we propose the formation of Taxol-

tubulin dimer complexes via a secondary Taxol-tubulin binding site, reported previously.    

2. Crystallization of Taxol in pure water 

We first studied the formation of Taxol crystals in pure water. For this purpose, a 

supersaturated Taxol solution was prepared using filtered deionized water and Taxol 

(dissolved in DMSO) 100 µM concentration. Due to the fact that Taxol crystals are 

transparent, we used differential interference contrast (DIC) microscopy to analyze 

samples from this solution, to find that Taxol aggregates with axialite-like shapes. 

Subsequently, rhodamine was added to this solution to fluorescent labeling of Taxol 

crystals for fluorescent microscopy analysis.   

To study the effect of taxol concentration on axialites’ morphology we prepared eight 

solutions with taxol concentrations ranging from 5 to 320 µM. We quantified the number 

density of axialites and the average axialite’s diameter for each solution using a 

fluorescent microscope. At low Taxol concentrations (less than 20 µM) the number 

density was determined by counting axialites present in a 0.5 µL drop deposited on a 

glass slide.  Because of the large number of Taxol agregates present at high Taxol 

concentrations, an alternative method was used whereby the 0.5 µL drop was sampled 

from a 1:10 dilution. The effect of Taxol concentration in water is summarized in Figure 

1. For Taxol concentrations below 20µM we observed a small number density of axialites 
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whereas beyond 20µM the number density of axialites increased linearly (Fig. 5.1a). In 

addition, we calculated the average axialites’ diameter over at least 50 measurements for 

the different Taxol concentrations (Fig. 5.1b). Below 20 µM the s axialites’ diameter 

increases with Taxol content. With increasing Taxol concentration, beyond 20 µM, the 

axialites’ diameters remained small and a large number of MTs were present in the 

solution. This effect is illustrated in the Figure 5.2, where two images at low (5.2a) and 

high (5.2b) Taxol concentration are shown. 

Since axialites form through Taxol precipitation, our experimentally determined number 

density data can be understood within classical homogeneous nucleation theory, 

discussed in appendix A. For low supersaturation (low Taxol concentrations), only a 

small number of crystals nuclei may form whereas for high supersaturation (>20 µM)  the 

number of nuclei increases drastically with increasing Taxol concentration as shown in 

Figure 1a. In the same way the axialites diameter versus Taxol concentration can be 

interpreted within the context of normal growth.  In this model the rate of growth of an 

axialite is driven by the net transfer of Taxol molecules from the solution to the crystal. 

In the limit of low supersaturation, the rate of crystallization is driven by the rate of 

attachment and dissolution of Taxol, thus the spherulite growth rate is anticipated to be 

an increasing function of Taxol concentration as observed in Figure 5.1b for 

concentration below 20 µM.  For large supersaturations, crystal growth is controlled only 

by attachment of Taxol and becomes independent of Taxol concentration. Since the 

number of nuclei is large for large Taxol concentrations, one therefore expects the mean 

axialite diameter to remain small. The same behavior is found in the experimental results 
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shown in Figure 5.1b.    

 

Figure 5.1 Analysis of the 
effect of Taxol concentration 
on axialites’ number density 
and diameter. (a) Number of 
axialites per 1µL versus Taxol 
concentration for solutions 
containing three different 
trials. (b) Average aster’s 
diameters versus Taxol 
concentration.   0
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Figure 5.2 Effect of Taxol concentration on axialites’ number density and diameter. Samples 
prepared with same fluorescent tubulin content (0.1mg/ml) but different Taxol concentration: (a) 
50 µM and (b) 320 µM. Images taken with fluorescent microscopy. Bars 100 µm. 
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3. Crystallization of Taxol in tubulin-containing aqueous solutions 

Since Taxol interacts with tubulin in the cytoplasm, we also investigated Taxol crystals 

formation in tubulin-containing aqueous solutions. For this step we used a MT supporting 

buffer containing tubulin (0.1 mg/ml) to which Taxol was added at a concentration of 100 

µM.  Taxol structures obtained in this experiment showed significant morphological 

differences to those grown in pure water, when analyzed by DIC microscopy. Structures 

from this solution displayed spherulitic shapes with larger diameters and lower number 

density (Fig. 5.3b) compared to axialites obtained in pure water. Besides the buffer and 

tubulin, no other changes in the protocol were implemented, so all the morphological 

differences between these two experiments can be attributed exclusively to the addition 

of some heterogeneities, such as salts contained in the MT supporting buffer or the 

tubulin. To discard the effect of the buffer in spherulites formation we performed a 

control experiment where Taxol crystals were grown in a MT supporting buffer, but 

without the presence of tubulin. In this control study we obtained axialites similar to 

those grown in pure water (image not shown here). This observation confirms that tubulin 

and not the buffer constituents give rise to the nucleation and growth of Taxol 

spherulites.  

In the next step we have considered using immunolabeling as a method to investigate the 

presence of tubulin in the center of Taxol spherulites. Unfortunately, due to the 

unspecific attachment of fluorescent conjugated molecules to Taxol crystals as well as 

tubulin and MTs [14], it is impossible to differentiate Taxol from tubulin in this type of 
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studies. Due to this problem we performed some alternative experiments to find whether 

tubulin is located in the center of Taxol spherulites.  

We used rhodamine to label spherulites previously formed in buffer solution containing 

regular tubulin. Prior to this experiment we have verified experimentally that rhodamine 

does not bind to tubulin nor MTs under our experimental conditions, but it binds to Taxol 

crystals in the prepared solution. Images of this solution with fluorescent microscopy 

(Fig. 5.3c) show fluorescent spherulites with morphologies similar to those produced in 

the presence of tubulin and viewed with DIC (Fig. 5.3b). We noted, however, the lack of 

fluorescence in the centers of many spherulites. This absence of fluorescence indicated 

that Taxol is not available for binding to the fluorochrome and strongly suggests the 

presence of tubulin in the core of spherulites.  

Looking for a better method of tubulin detection in the spherulites, we used a fluorescent-

labeled tubulin (rhodamine tubulin) to nucleate Taxol crystals. One advantage of this 

method is the fact, that spherulites grown in the presence of rhodamine tubulin are 

automatically labeled with the fluorescent conjugated molecule due to the rhodamine tag 

binds indiscriminately to the surface of Taxol crystals [14]. It  enables us to use 

fluorescence microscopy to image these structures, eliminating the rhodamine labeling 

step. In this sample (Fig. 5.3d) we observed fluorescent spherulites with morphologies 

similar to those seen in the experiment performed with regular tubulin. In these images, 

the center of the spherulites shows a brighter center, which may indicate the presence of 

fluorescent tubulin in the core, although it could also result from the higher density of 

Taxol sites in the core of the spherulite that can interact with rhodamine tubulin.  
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Figure 5.3 Taxol crystallization in various aqueous solutions. a) Differential Interference 
contrast (DIC) microscopy image of axialites formed in a tubulin-free solution. b) DIC image of 
spherulites formed in the presence of pure tubulin. c) Fluorescence microscopy image of 
spherulites formed in the presence of pure tubulin with rhodamine added after growth. 
Subsequent images are taken with fluorescent microscopy. d) Spherulites formed in the presence 
of rhodamine tubulin. e) Axialites formed in the presence of rhodamine.  f) Axialites nucleated in 
a free-tubulin solution with rhodamine tubulin added during growth. Bars 20 µm. 
 

In order to explore further the role of rhodamine in nucleation of Taxol spherulites, we 

conducted a control experiment to study the growth of Taxol crystals in the presence of 
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pure rhodamine. For this study, we used a rhodamine-containing solution into which 

Taxol was added. The structures obtained in this study (Fig. 5.3e) were fluorescent 

axialites morphologically similar to those grown in pure water, indicating that pure 

rhodamine does not nucleate Taxol spherulites. Besides the effect of nucleation in Taxol 

spherulites, we also explored the impact of tubulin on the growth of Taxol crystals after 

nucleation, in a tubulin-free aqueous solution. We prepared a supersaturated Taxol 

solution in MT supporting buffer, to initiate the nucleation, and after 10 seconds 

rhodamine tubulin was added. We obtained fluorescent axialites (Fig. 5.3f), which allows 

us to suggest that after nucleation tubulin does not interfere with Taxol crystals growth.            

4. Effect of tubulin concentration on crystallization of Taxol in aqueous solutions 

To clarify the role of tubulin in the nucleation of Taxol spherulites we investigated the 

effect of rhodamine tubulin on the crystallization of Taxol in buffer solutions. We used 

three rhodamine tubulin-containing solutions with tubulin concentrations of 0.01, 0.1 and 

0.3 mg/ml, respectively. We report the images of these solutions in Figure 5.4. At low 

tubulin concentration (0.01mg/ml) we may observe some spherulites (Fig. 5.4a), although 

Taxol appears to crystallize predominantly in the form of axialites (not shown). We also 

note that images do not show any evidence of MTs formation. The solution with tubulin 

concentration of 0.1 mg/ml was used in the experiments reported in the previous section. 

The result (Fig. 5.4b) is in this case similar to the lower tubulin concentration, where we 

observe mostly spherulites. In the solution containing the high tubulin concentration (0.3 

mg/ml) very few Taxol spherulites were found in the sample, but a dense background of 

short microtubules and bright spots was observed (Fig. 5.4c). To understand these results 
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it is necessary to note that rhodamine tubulin has three distinct functions that are revealed 

by these experiments, namely (a) to form heterogeneous Taxol nuclei, (b) to label Taxol 

crystals and, (c) to form MTs.  In the case of low tubulin concentration the tubulin 

available to generate heterogeneous nuclei is very low compared to the relative high 

Taxol concentration, leading to the coexistence of numerous homogeneously nucleated 

axialites and a few heterogeneously nucleated spherulites. Moreover, the absence of MTs 

in the image indicates that nucleation and labeling have rapidly depleted the solution of 

rhodamine tubulin, making it unavailable for growing MTs. At the intermediate tubulin 

concentration there is enough tubulin to nucleate and label spherulites, as well as to make 

some MTs. In the case of the high tubulin concentration, the low number of spherulites 

contrasts with the large amount of MTs and bright spots observed in the sample. We can 

speculate that in this case, high tubulin concentration triggered the fast growth of MTs, 

depleting Taxol from the solution. The competition between MT growth and the 

nucleation and growth of Taxol crystals may lead to two scenarios. In the first one, Taxol 

spherulites are able to nucleate, but grow only to small diameters forming the observed 

bright spots in the image.  In the second possible scenario spherulites are not formed, but 

Taxol leads to the formation of MTs clots, a phenomenon observed when MTs are in high 

abundance. 
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Figure 5.4 Effect of tubulin concentration on Taxol crystallization. a) Sample with low 
tubulin concentration (0.01mg/ml), axialites and a spherulite (arrow) are observed. No MTs 
were present. b) Sample with a tubulin concentration of 0.1mg/ml, spherulites and few MTs 
were observed. c) Sample with high tubulin concentration  (0.3 mg/ml), short MTs and bright 
spots were observed. All images observed with fluorescent microscope. Bars 50 µm.  
 

5. Crystallization of Taxol in agarose gels 

   As a complementary study we analyzed the crystallization of Taxol in tubulin-

containing agarose gels, an analog of the cell cytoplasm. These rich tubulin-containing 

gels may be seen as a model  to simulate the gel-like, crowded environment in the 

cytoplasm, where Taxol is used for MT stabilization. Also, it’s worth noting that these 

experiments utilized Taxol diffusion into agarose gels, which is similar to Taxol diffusion 

in cytoplasm. both electrically and chemically neutral and does not interact with tubulin 

nor with MTs [23].  

Circular cuvette. To support the gel we used a circular cuvette with optical transparent 

bottom. The cuvette was partially filled with 13 µl of a rhodamine tubulin-containing 

agarose solution that subsequently was solidified. Then 4 µl of Taxol was deposited over 

the surface of the gel creating a thin layer of Taxol that diffused through the solid gel 

(Fig. 5.5a).  
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Figure 5.5 Schematic representation of Taxol diffusion into agarose gels.  a) Taxol diffusion 
in a circular cuvette (4mm diameter, depth of 1.5 mm) with optical transparent bottom for 
microscopy. The small volume of Taxol forms a  thin layer over the surface of the gel.  b) Taxol 
diffusion in a rectangular column (5x1.5x10mm) with optical transparent walls. The large volume 
of Taxol produces a nearly continuous Taxol supply.  Arrows indicate the direction of Taxol 
diffusion   
 

The sample was analyzed with fluorescent and confocal microcopy observing the gels 

through the transparent bottom. The images showed an irregular distribution of 

spherulites with some regions reach in spherulites and some completely lacking any 

spherulites (Figures 5.6 and 5.8a).  

 

Figure 5.6  Taxol spherulites grown in a 
circular cuvette filled with tubulin-
containing solid gel .  Spherulites grown 
in a rhodamine tubulin-containing  solid 
gel in the circular cuvette observed from 
the bottom of the cuvette. Bar 500 µm.  
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This uneven distribution is probably due to the irregular surface on the gel producing an 

asymmetric distribution of Taxol on the surface. In the spherulites-reach areas single 

spherulites do not overlap nor touch each other; instead they form a closely packed 

arrangement.  

The samples were also scanned over the height of the cuvette using a confocal 

microscope. The sequence of images obtained from the cross section scanning revealed 

that Taxol spherulites were grown very close to the surface forming a single layer with 

the thickness of a spherulite (Fig. 5.7).   

 

 

 

 
 
 
 
 
 
 
 
 
Figure 5.7  Taxol spherulites grown in tubulin-containing solid gel  forming a layer on top. 
On the right side the scheme shows a section of the circular cuvette, where dotted area represents 
the image shown in left.  The sample was observed from the bottom of the circular cuvette with a 
confocal microscope and image was formed by convolution to show a crossection of the sample. 
Bar=20 µm 
 

In order to describe the packing of spherulites we used the radial distribution function 

(RDF) analysis, which is applied to describe the average conformation of disordered 

molecular systems. Figure 5.8b shows a RDF obtained from this sample. We observe that 

the RDF is zero at a radius equivalent to the spherulites’ average radius, indicating that 
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spherulites do not touch each other. The presence of sharp peaks denotes that spherulites 

are surrounded by close neighbors and are packed in a very dense way, as found in 

crystalline materials. In addition, the occurrence of peaks at long range denotes a high 

degree of order. At very long range RDF values approach one, because the RDF is 

describing the average density and finally reach zero because the system is finite. The 

RDF confirms our observations that spherulites tend to form a close packaged structure, 

if there is enough Taxol supply.   
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Figure 5.8  Taxol spherulites grown in tubulin-containing solid gel and RDF analysis.  a) 
Spherulites grown in a rhodamine tubulin-containing  solid gel in the circular cuvette observed 
from the bottom of the cuvette. Bar 50 µm. Inset: higher magnification of spherulites. Bar 20 µm. 
b) Radial distribution function analysis for spherulites showed in image 5.5a. 
 

Rectangular column. In order to increase the amount of Taxol diffused through the gel 

and to get a better view of the diffusion profile we changed the experiments set up to use 

a rectangular diffusion column with optical transparent walls. In the column, 20 µl of 

rhodamine tubulin-containing gel was solidified and 15µl of Taxol was deposited over 

the solid gel. This setting allowed Taxol diffusion through the gel providing a continuous 
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supply of Taxol (Figure 5.5b). The sample was analyzed through the transparent walls 

observing fluorescent spherulites with large diameters (Fig. 5.9a). The large diameters of 

these spherulites can be attributed to the continuous, but slow Taxol supply, generating a 

continuous growth, until Taxol was depleted. The large size of these spherulites allowed 

us to better analyze their morphology, observing very bright and well defined cores and 

Taxol needles pointing radially. Motivated by the magnified and sharp view of these 

spherulites and looking for a clearer contrast between heterogeneous and homogeneous 

nucleation, we repeated this experiment with pure rhodamine instead of fluorescent 

tubulin yielded to axialites with large diameters lacking a defined center (Fig. 5.9b). 

 

 

 

    

 

 
 
 
Figure 5.9  Taxol crystals grown in solid agarose gels through a continuous supply of Taxol.  
a) Spherulites grown in a rhodamine tubulin-containing agarose gel. Bar=100µm b) Axialites 
grown in a rhodamine (tubulin-free) agarose gel. Bar=50µm. 
 

These experimental results reinforce our observation that heterogeneous nucleation of 

Taxol crystals is initiated by tubulin. The unequivocal morphological differences between 

spherulites and axialites can only be attributed to the presence of tubulin. This result 

suggests that tubulin can interact with Taxol in a manner that can lead to the 

heterogeneous nucleation of Taxol spherulites. Moreover, the well defined and bright 
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cores indicate the presence of rhodamine tubulin in the centers of spherulites. On the 

other hand, the branching of axialites from needles located in the axial center indicates 

the nucleation and growth of these structures from needles made of the same material, 

demonstrating the homogeneous nucleation in the absence of tubulin.    

6. Nucleation of Taxol crystals from tubulin: Taxol-tubulin binding site**

 To provide a plausible explanation for the nucleation of Taxol crystals from tubulin it is 

necessary to analyze the interactions found in Taxol crystals as well as between tubulin 

and Taxol. The crystal structure of tubulin dimer reveals that Taxol-binding site is located 

in a hydrophobic pocket of β-tubulin [24]. Taxol molecule is buried deeply into this 

pocket, interacting with a number of hydrophobic residues including Leu 217, Ala 233, 

His 229, Leu 275, Gly 370 and Leu 371 (Fig. 5.10b). Moreover, all Taxol atoms 

important for the formation of Taxol crystals (which include O1 hydroxyl oxygen, C2 

benzoyl oxygen, O2’ hydroxyl oxygen, C5’ carbonyl oxygen, O7 hydroxyl oxygen and 

C10 acetyl oxygen) are also buried inside the binding pocket and not able to form 

hydrogen bonds with another Taxol molecule to form a crystal structure [25]. As a result 

of this simple analysis we can exclude this binding site as being responsible for 

nucleation of Taxol crystals from tubulin. 

In our previous work we have suggested that there may exist another Taxol-binding site 

within the tubulin dimer [14]. Computational analysis of the tubulin-Taxol system using 

docking methods allowed us to propose a potential binding site, different from the site 

identified by X-ray analysis. The new binding site is located in a small groove on the 

                                                 
** Writing done by  Bartosz Trzaskowski 
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boundary between α and β tubulin 

monomers and the main residues involved 

in interactions with Taxol are Gln 176, Arg 

214, Lys 304, Leu 333 and Asn 334 (Fig. 

5.10c). The most important difference 

between the two binding sites is the fact that 

in the case of new binding site Taxol 

molecule is only partially buried in the 

bonding pocket, exposing some parts of the 

molecule to the solvent. Specifically, O1 

hydroxyl oxygen, C2 benzoyl oxygen and 

O2’ hydroxyl oxygen are not interacting 

with any tubulin residues, but are free to 

form hydrogen bonds with either solvent or 

other Taxol molecules, possibly allowing 

the formation of Taxol crystal lattice. 

 
Figure 5.10 Details of Taxol structure and 
Taxol-binding sites within tubulin dimer. a) 
Schematic representation of Taxol molecule and 
atom numbering used in this work. b) The 
native Taxol-binding site in the beta-tubulin 
monomer. c) The new candidate for Taxol-
binding site in the groove between alpha-tubulin 
and beta-tubulin monomers.  
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7. Conclusions 

Taxol crystallization was studied in water and tubulin-containing aqueous solutions. 

Taxol crystallizes spontaneously when it is mixed with aqueous solutions above its 

solubility limit of 0.77 µM [15]. The formation of Taxol crystals is consistent with 

classical nucleation and growth theory. Furthermore, we found that Taxol crystals can be 

formed by homogeneous and heterogeneous nucleation, displaying different 

morphologies, which are in accordance with their description presented in other 

investigations [20]. Taxol crystals obtained by homogeneous nucleation takes on the 

morphology of axialites (sheaf-like structures) without a defined nucleus whereas those 

formed by heterogeneous nucleation, using tubulin as nucleating agent displayed very 

symmetrical and spherical shapes (spherulites) with well defined cores. In addition, Taxol 

spherulites nucleated from tubulin were also grown in tubulin-containing gels. These gels 

simulate the cytoplasm environment suggesting the possibility for free tubulin in the 

cytoplasm to trigger nucleation of Taxol spherulites when Taxol accumulates within the 

cell to concentrations exceeding its solubility limit.  We also note that these Taxol 

crystals could easily be mistaken for MT asters when MTs immunolabeling is used for 

fluorescent microscopy. Finally, our observation of heterogeneous nucleation of Taxol 

spherulites induced by tubulin provides supporting evidences for a novel interaction 

between tubulin and Taxol. 
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8. Materials and Methods   

Materials: The following materials were used: PEM80 buffer (80 mM PIPES, 0.5 mM 

EGTA, 4mM MgCl2), paclitaxel (Taxol) dissolved in DMSO at 2 mM, fluorescent 

rhodamine tubulin from bovine brain (cat. #T331M), tubulin protein from bovine brain 

(Cat. # TL238), and guanosine 5’ triphosphate (GTP). All these materials were purchased 

from Cytoskeleton®. We also used Tetramethyl-rhodamine (TMR) (cat. # C1171) 

obtained from Invitrogen® and a low gelling temperature agarose [ultra pure Agarose 

low melting point, gelling temperature (2% weight) 26-30°C] obtained from GibCobrl 

Life technologies®.  

Preparation of MT supporting buffer: GTP diluted in PEM80 buffer at a concentration of 

1mM.  

Taxol spherulites formed in pure water: On an ice bath Taxol was diluted in MT 

supporting buffer to a final concentration of 100µM, the solution was vortexed and 

incubated for 30 minutes at room temperature to obtain a complete Taxol crystallization. 

Fluorescent labeling of Taxol spherulites with rhodamine: The Rhodamine was added to 

a solution containing Taxol spherulites. Rhodamine final concentration was 5 µM. 

Subsequently the solution was incubated during 20 minutes at room temperature. 

Taxol spherulites formed in tubulin-containing solution: On an ice bath the tubulin (pure 

tubulin or rhodamine tubulin) was added to the MT supporting buffer to a concentration 

of 0.1mg/ml, immediately Taxol was added to a final concentration of 100 µM, the 

solution was mixed and incubated for 30 minutes at room temperature.  
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Taxol spherulites formed by diffusion in tubulin containing gels. Gel samples were 

prepared using a solution of agarose (0.5% wt) in MTs supporting buffer. The solution 

was boiled and then cooled to 31°C and maintained at this temperature in a liquid state. 

To this, tubulin rodamine was added and mixed to a final concentration of 0.1 mg/ml. 

The tubulin garose solution was used to partially fill a small circular cuvette and a 

rectangular column. The cuvette with 4mm diameter, depth of 1.5 mm and a optically 

transparent base was filled with 13 µl of the tubulin agarose solution while the 

rectangular column (5x1.5x10mm) with optically transparent walls received 20µl. The 

cuvette and the column were cooled to 4°C for 10 minutes in order to solidify the gel and 

avoid the growth of MTs. After that 4µl of Taxol were deposited on the surface of the 

circular gel-containing cuvette and 15µl in the rectangular column. The samples were 

incubated at room temperature for 30 minutes while the Taxol diffused through the gel 

and stored at 4°C prior to their characterization.   

Fluorescent Microscopy. The fluorescent samples were observed in an Olympus inverted 

fluorescent microscope model IX71 using a excitation emission of 494nm for the 

Rhodamine. The images were taken with a  100x oil lens and a 40x lens.   

DIC microscopy. The samples were analyzed in a Nikon eclipse TE200 microscope using 

a 100x oil lens. Images were recorded in a VHS cassette and digitalized for the extraction 

of images.   

Radial distribution function (RDF) analysis. For the RDF analysis several images with 

very high number density of asters were used. For each image four asters standing in the 

center of the crowded region were used as reference for quantification of the radial 
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distributions. For each aster concentric rings of radius rn were created and the superficial 

area of the rings was calculated as π∆r2, were ∆r=rn–rn-1, then the number density of 

asters within each ring was quantified and normalized dividing it over the ring’s area and 

the total number density of asters in the defined system. The results obtained from the 

four asters were averaged and the normalized number density of asters was plotted versus 

the radius of the rings, thus creating a RDF profile. 

 



 

89

CHAPTER 6  

FUTURE WORK  

 

The investigations reported in chapters two, four and five, while answering many 

questions, raise some additional issues. A non exhaustive list of these issues is given 

below and left as future work: 

1.- Control of microtubule orientation in three dimensional 3D scaffolds. 

2.- Experimental validation of the existence of a secondary Taxol binding site in the 

tubulin dimer.  

3.- Crystallization of Taxol  in cells with particular focus on interaction with native 

tubulin.  

4.- Further investigation of fluorochrome-Taxol interaction using ab-initio models. 
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APPENDIX A  

DETAILED PROCEDURES 

 
1. Computational model of MTs growth  

The reaction and diffusion space of the model is a three-dimensional grid, organized as a 

cube (30µm per side) with periodic boundary conditions applied in all directions.  We 

used the hydrolyzing cap model proposed by Glade et al (2002), in which the growth of 

MTs is driven by the Tu-GTP concentration at its ends. Upon growth, the length of the 

Tu-GTP cap is increased.  As the simulation steps forward in time, the Tu-GTP along the 

length of the microtubule is hydrolyzed into Tu-GDP at a constant rate.  In the event that 

the cap becomes too short, the MT rapidly disassembles into solution, releasing Tu-GDP 

which can be regenerated in the solution back to Tu-GTP, due to an excess of free GTP, 

and then contribute again to MT growth. To account for the effect of taxol on the growth 

of MTs we have modified the rate of reaction used by Glade in the following manner. 

Glades employed Hill’s equation for this rate. This equation describes a sigmoidal step 

function with a parameter λgrowth that correspond to the point of inflection of the function 

taken as the concentration of tubulin at which MT growth explodes. Glades takes this 

concentration at 2 mg/ml. Since taxol depresses the critical concentration for MT growth 

we used a significantly smaller value of λgrowth = 0.1 mg/ml.  

The model tracks the concentration of Tu-GTP and Tu-GDP at all points on the grid.  We 

assume that the Tu-GTP and Tu-GDP diffuse independently of each other throughout the 

reaction space because their concentrations are far below the saturation point. We employ 

a finite difference scheme to solve the diffusion equation on a three-dimensional square 

 



 

91

grid with grid spacing of 0.5µm.  The diffusion equation and reaction kinetics are solved 

numerically at time intervals of 0.005s.  MTs may nucleate at any grid point with random 

orientation. The nucleation probability is chosen to be linearly dependent on the 

concentration of Tu-GTP in the vicinity of the nucleation site (we have tested a quadratic 

function of concentration which did not change qualitatively the results reported below). 

If conditions are optimal, there is a 1% chance that a tube will nucleate at a given site 

during that cycle.  The details of the linear dependence seem to have little effect on the 

self-organizational morphology of the system, as a 0.2% nucleation probability factor 

produced results similar to the 1% case.  The 0.2% probability factor per time step was 

arbitrarily selected because the time step was very small (1/n2). MTs are not allowed to 

change direction once growth is initiated.   Any MT that fails to grow may be replaced by 

another nucleus with some other orientation. In this way, microtubules will form 

preferentially along orientations conducive to their growth if given sufficient time, 

regardless of their initial orientations.  For our calculations, a Tu-GTP concentration of 

0.3 mg/ml was used because it closely resembles the concentrations used in our 

experiments. 

 
2. Biological sample preparation for FESEM using the critical point dry with CO2  

SEM requires of dry samples since the presence of even small amounts of water can 

seriously degrade the vacuum, reducing dramatically the quality of the images. By this 

reason, biological specimens have to be completely free of water molecules to be 

observed in a SEM.  In biological samples, the large amounts of water contained has to 

be removed without disrupt its fragile structure. For this, a drying technique has to be 
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applied. The first step in any drying method is to stabilize or “fix” the organic structural 

components of the specimen. This is accomplished by submersion of the specimen in a 

solution containing a fixative substance, the most commonly used are paraformaldehyde, 

glutaraldehyde, and osmium tetraoxide, these substances chemically cross-links the 

organic structures to preserve their morphology and chemical composition. 

      Once fixed, the specimen must be dehydrated. In the present work the critical point 

drying method was applied. This technique make use of a substance that can change from 

liquid to gas state under appropriate conditions of temperature, pressure and zero surface 

tension, avoiding  the damage caused for these effects, thus preserving  the original 

structure of the specimen. A substance with these characteristics is CO2 which has its 

critical point at 31°C and 1072 psi. However, it is not miscible with water; therefore an 

intermediate fluid, usually acetone or ethanol, should be used. For this the water 

molecules in the specimen are exchanged with the organic solvent, this is accomplished 

through submersion of the sample in a series of solutions containing an increasing 

amount of the solvent in water. Then the sample is placed in a pre-cooled chamber that 

subsequently is filled with liquid CO2. In order to reach the critical point of CO2 the 

chamber is heated under pressure until reach the critical values of temperature and 

pressure.  At this point the CO2 in gas state is slowly released (from the chamber) to 

avoid specimen distortion. After desiccation, biological samples are usually coated, by 

sputter coating.   
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3. Analysis of the nucleation and growth of Taxol crystals  

Since the asters form through taxol precipitation, our experimentally determined number 

density data can now be understood within classical homogeneous nucleation theory16. 

The number of aster nuclei, n* may be written in the form ( )RTGn /*exp* ∆−∝ where 

 is the total free energy of a critical nucleus.  Following classical nucleation theory 

and considering that an aster initially forms from a spherical nuclei,  is proportional 

to the ratio of  where 

*G∆

*G∆

23 )/( VG∆σ σ and VG∆ are the surface free energy of a taxol cluster 

and the change in free energy per unit volume associated with the crystallization of taxol, 

respectively.  This later is negative and is expected to be a monotonically decreasing 

function of taxol concentration beyond its solubility limit, i.e. the taxol supersaturation. 

For low supersaturation, is small and only a small number of aster nuclei may form. 

For high supersaturation, the volume free energy may become comparable to the surface 

energy and n* increases drastically with increasing taxol concentration as in Figure 2a. 

The aster diameter versus taxol concentration can be interpreted within the context of 

normal growth.  In this model the rate of growth of an aster is driven by the net transfer 

of taxol molecules from the solution to the crystal. The rate of crystallization is driven by 

the rate of attachment of taxol from the solution to the aster.  The rate of crystallization 

may be qualitatively written in the form 

VG∆

)/exp( RTGr ac ∆−∝  where is the 

activation energy for attachment of taxol molecules to the crystal surface.  The rate of 

dissolution is controlled by 

aG∆

aG∆ as well as VG∆ and can be written as 

.  The rate of growth of an aster is therefore proportional to )/)(exp( RTGGr vad ∆−∆−∝

 



 

94

the difference, [ ])/exp(1)/exp( RTGRTGrr Vadc ∆−∆−∝− .  In the limit of low 

supersaturation, is small and the bracket term can be approximated to first order by a 

linear term in - .  Since the volume free energy is a monotonically decreasing 

function of supersaturation, the aster growth rate is anticipated to be an increasing 

function of taxol concentration as observed in Figure 2b for concentration below 20 µM.  

For large supersaturations, aster growth is controlled by attachment of taxol and becomes 

independent of taxol concentration. Since the number of aster nuclei is large for large 

taxol concentrations, one therefore expects the mean aster diameter to remain small.  

VG∆

VG∆
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APPENDIX B  

DETAILED PROTOCOLS 

 

1. General procedures  

PEM80 buffer preparation:  

Material: PEM80 buffer purchased from Cytoskeleton. 

Procedure to obtain: a Bottle containing 100ml 

- Add 100ml of filtered DI water to the bottle containing PEM80 buffer, shake it. 

- Store at 4º C. 

Taxol aliquot preparation 

Material: paclitaxel (Taxol) and DMSO from Cytoskeleton 

Procedure to obtain: Aliquots containing 5 µl of Taxol in DMSO at a 2mM concentration  

- Prepare ice bath  

- Pipette 100 µl of DMSO into the Taxol tube, wait 3 minutes, vortex  

- Label 20 microcentrifuge tubes with “TX-2mM” 

- Fill microcentrifuge tubes with 5 µl of the Taxol in DMSO; place each tube in ice bath. 

After finished (approximately  20 tubes), box and put into –20º C for extended storage. 

GTP aliquot preparation  

Material: guanosine 5’ triphosphate (GTP) lyophilized  cat. # BST06 from Cytoskeleton 

Procedure to obtain: Aliquots containing 5 µl of GTP  at  10mM concentration  

- Prepare ice bath  

- Pipette 100 µl of Mili-Q water into the GTP tube for a concentration of 100mM,  wait 3 

minutes; vortex  

- Prepare 900 µl of mili-Q water in a centrifugate tube that can contain at least 1000 µl 

- Add the 100 µl of GTP into the tube containing the 900 µl of DI water, that will make a 

GTP solution with a final concentration of 10mM; vortex  

- Label 50 microcentrifuge tubes with “G-10mM” 

- Fill the microcentrifuge tubes with 10 µl of the GTP dilution at 10mM, place each tube 

in ice bath. After finished, box and put into –20º C for extended storage. 
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- Store the remaining 500µl of GTP solution at –20º C for later aliquots.  

Pure Tubulin reconstitution 

Material: lyophilized tubulin protein from bovine brain cat. # TL238 from Cytoskeleton 

Procedure to obtain: Aliquots containing 2 µl of tubulin at 10mg/ml concentration   

- Prepare ice bath  

- Pipette 25 µl of PEM80 buffer  into the Tube containing the lyophilized tubulin for a 

final concentration of 10mg/ml; Pipette mix  

- Label 12 microcentrifuge tubes with “Tub-10mg/ml” 

- Fill microcentrifuge tubes with 2 µl of  Tubulin; place each tube in ice bath.  

- Prepare a Liquid nitrogen bath  

- Microcentrifuge tubes containing tubulin should be snap frozen into the liquid nitrogen 

- After finished, quickly box and put into –80º C for extended storage. 

Rhodamine tubulin reconstitution 

Material: fluorescent lyophilized rhodamine tubulin from bovine brain cat. #TL331M 

from Cytoskeleton 

Procedure to obtain: 2 µl of reconstituted rhodamine tubulin. Note: Once reconstituted, 

rhodamine tubulin should be used entirely, so be prepared to divide the 2 µl obtained in at 

leas two different experiments using 1 µl in each one.   

- Prepare ice bath 

- To have ready the PEM80 buffer  

- Pipette 2 µl of PEM80 buffer  into the Tube containing the lyophilized rhodamine 

tubulin for a final concentration of 10mg/ml; Pipette mix  

- Place the tube in ice bath prior use.  

Rhodamine actin reconstitution 

Material: fluorescent lyophilized non-muscle rhodamine actin from human platelets cat. 

# APHR from Cytoskeleton 

Procedure to obtain: 2 µl of reconstituted rhodamine actin Note: Once reconstituted, 

rhodamine actin should be used entirely, so be prepared to divide the 2 µl obtained in at 

leas two different experiments using 1 µl in each one.   
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- Prepare ice bath 

- To have ready the PEM80 buffer  

- Pipette 2 µl of PEM80 buffer  into the Tube containing the lyophilized rhodamine actin 

for a final concentration of 10mg/ml; Pipette mix  

- Place the tube in ice bath prior use.  

Rhodamine aliquot preparation  

Material: Tetramethyl-rhodamine (TMR) cat. # C1171 from Invitrogen® 

Procedure to obtain: aliquots containing 10 µl of  rhodamine at 0.631 mM concentration 

- Rhodamine is light sensitive, so keep it protected from light as possible  

- Weight 3 mg of rhodamine powder from the rhodamine bottle and dilute them  into 9 

ml of DI water to make a rhodamine dilution at a concentration  of  0.33 mg/ml 

equivalent to 0.631 mM 

- Label 20 microcentrifuge tubes with “Rod-0.631mM” 

- Fill microcentrifuge tubes with 10 µl of  the solution. 

- After finished, box and put into 4º C  

- The rest of the solution punt into -20º C for extended storage. 

Alexa fluor aliquot preparation  

Material: Alexa fluor 488 goat anti-mouse cat. # A11001 from Invitrogen® 

Procedure to obtain: Aliquots containing 100 µl of Alexa fluor 488 goat anti-mouse at 

31µM concentration   

- Alexa Fluor  is light sensitive, so keep it protected from light as possible 

- Label five microcentrifuge tubes with “A.F.-3.1 mM” 

- From the Alexa Fluor tube containing 0.5 ml Fill the five microcentrifuge tubes with  

95 µl  each one,  put them into -20º C for extended storage, will be stable for at least 

sixt months.  There will be 25 µl remaining in the Alexa Fluor tube 

- Label 25 microcentrifuge tubes with “A.F. 31µM” 

- Pipette 99µl of DI water into each microcentrifuge tube 
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- From the remaining 25 µl of Alexa Fluor pipette 1 µl into each microcentrifuge tube, 

vortex; each microcentrifuge tube should contain 100 µl of Alexa fluor at 31 µM 

concentration.   

- Box and put into 4º C, should be stable for 3 months  

 

2. Detailed procedures for Chapter 2 

Viscous solutions and solid agarose gels  

Materials 

Ultra pure Agarose low melting point, gelling temperature (2% weight) 26-30°C, 

remelting temperature (2% weight) ≤65°C from GibCobrl Life technologies® 

PEM80 buffer  

Procedures: 

Viscous  Agarose solutions (0-0.25%wt agarose)  

- Weight out 0.25g of agarose    

- Fill a baker with 25ml of PEM80 buffer 

-    Place beaker on a stir plate and place a stir bar into the buffer, start stirring 

- Add the agarose and keep stirring   

- Label seven centrifuge tubes with each agarose concentration   

- Acording to the table for liquid agarose solutions, pipette the amount of buffer 

into its  corresponding centrifuge tube  

- From the agarose solution pipette the amount of agarose needed and drop it into 

its respective centrifuge tube, vortex  

- Microwave just until boil 

- Store at 4°C 

 

Agarose 

%wt 

From a dilution of 0.25g 

Agarose in 25ml PEM80  take: 

(µl) 

PEM80

buffer 

(µl) 

0.02 % 25 1225 
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0.035 % 40 1110 

0.05 % 50 950 

0.065 % 58 842 

0.08 % 72 828 

0.1 % 100 900 

0.25 % 250 750 

 

Solid gels (0.5-2% wt agarose) 

 For the four agarose concentrations follow the following steps:  

- Fill a baker with 10ml of PEM80 buffer  

- Weight out the corresponding amount of agarose     

-    Place a beaker on a stir plate and place a stir bar into the buffer, start stirring 

- Add the agarose and stir for 3 minutes. Take out the stir bar   

- Microwave until boil   

- Deposit the gel into a centrifugate tube and label it with the corresponding 

percentage of agarose.  

- Store at 4°C 

Agarose 

%wt 

Agarose 

(g) 

PEM80 B. 

(ml) 

0.5 % 0.05 10 

0.75 % 0.075 10 

1 %  0.1 10 

2 % 0.2 10 

 

MTs in viscous liquids   

Materials:  

- Viscous Agarose solutions  

- Fluorescent rhodamine tubulin  

- Guanosine 5’ triphosphate (GTP) 
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- Paclitaxel (taxol)  

Procedure: 

- Choose the agarose concentration  

- Take the corresponding centrifuge tube out of 4°C  

- Heat up until 70°C 

- Pipette 56.25 µl into a microcentrifuge tube  

- Place microcentrifugate tube into an incubator at 30ºC until temperature is 

stabilized. 

- Prepare ice bath  

- Take a rhodamine tubulin tube out of 4ºC  and reconstitute  

-    Take  Taxol and  GTP aliquots out of -20ºC keep in ice bath 

-    Pipette 1.25µl of GTP into the agarose solution in the microcentrifuge tube to a 

final concentration of  0.208mM and vortex 

-    Pipette 0.5 µl of Taxol  into the agarose solution in the microcentrifuge tube to a 

final concentration of  0.0166mM and vortex 

-    Pipette 2 µl of rhodamine tubulin to the agarose solution in the microcentrifuge 

tube to a final concentration of 0.33mg/ml and mix by pipetting (do not vortex) 

-    Place the microcentrifuge tube in the 4ºC  refrigerator for two minutes  

-    Incubate at 37ºC for 30 minutes  

-    Store at room temperature for fluorescent microscopy analysis  

-    If no more experiments are needed dispose Taxol and GTP aliquots 

MTs in solid gels liquids   

Materials:  

- Solid  Agarose gels  

- Fluorescent rhodamine tubulin  

- Guanosine 5’ triphosphate (GTP) 

- Paclitaxel (taxol) 

- Circular cuvettes with optical transparent bottom 

Procedure: 
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- Choose the agarose concentration  

- Take the corresponding centrifuge tube out of 4°C  

- Heat up until 80°C and keep it until the gels is completely liquid. Clots are 

undesirables   

- Pipette 56.25 µl into a microcentrifuge tube  

- Place microcentrifugate tube into an incubator at 32ºC until temperature is 

stabilized. Avoid to take it out because gel may solidify. 

- Prepare ice bath  

- Take a rhodamine tubulin tube out of 4ºC  and reconstitute  

-    Take  Taxol and  GTP aliquots out of -20ºC keep in ice bath 

-    Pipette 1.25µl of GTP into the agarose solution in the microcentrifuge tube to a 

final concentration of  0.208mM and vortex 

-    Pipette 0.5 µl of Taxol  into the agarose solution in the microcentrifuge tube to a 

final concentration of  0.0166mM and vortex 

-    Pipette 2 µl of rhodamine tubulin to the agarose solution in the microcentrifuge 

tube to a final concentration of 0.33mg/ml and mix by pipetting (do not vortex) 

work fast because gel may solidify.  

-    Fill the circular cuvettes with approximately 8 µl of the tubulin-containing gel. 

-    Place the circular cuvettes  in the 4ºC  refrigerator for two minutes  

-    Incubate at 37ºC for 30 minutes. If the gel dry out in the cuvettes will be 

necessary to provide some moisture. It can be done using a humid piece of paper 

(with water) collocated over the cuvette.    

-    Store at room temperature for fluorescent microscopy analysis  

-    If no more experiments are needed dispose Taxol and GTP aliquots 

SEM sample preparation:  

- Place sample in 2% glutaraldehyde and 0.05M PIPES buffer pH 7.4 for two hours  

- Rinse in 0.05M PIPES buffer pH 7.4 three times for five minutes 

- Dehydrate in graded steps of ethanol in deionized water  ten minutes each: 

25%, 50%, 75%, 95%, 100%, 100%   
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- Critical point dry CO2  (follow equipment protocol)  

- Mount sample on SEM stub with conductive type  

- Coat the samples with platinum using the sputter coater (follow the equipment 

protocol) 

 

3. Detailed procedures for Chapter 4 

Materials  

Materials purchased from Cytoskeleton®.  

- PEM80 buffer (80 mM PIPES, 0.5 mM EGTA, 4mM MgCl2) 

- Paclitaxel (Taxol) diluted in DMSO at 2 mM 

- Fluorescent rhodamine tubulin from bovine brain (cat. #T331M) 

- Tubulin protein from bovine brain (Cat. # TL238) 

- Non-muscle rhodamine actin from human platelets (Cat. # APHR)  

- Guanosine 5’ triphosphate (GTP)  

Materials purchased from Invitrogen®  

- Tetramethyl-rhodamine (TMR) (cat. # C1171)  

- Alexa fluor 488 goat anti-mouse (cat. # A-411001).  

And  

- Cy3 from our lab stock . 

Taxol crystals  

A microcentrifuge tube with 100 µl of solution containing Taxol crystals 

- Prepare ice bath  

- Take a GTP and Taxol aliquot out of –20 ºC and PEM80 out of  4ºC 

- Pipette 93 µl of PEM80 buffer into a microcentrifuge tube on ice bath  

- Add 2µl of GTP to a final concentration of 0.2 mM and vortex  

- Add 5 µl of Taxol for a final concentration of 100 µM  and vortex  

- Incubate at room temperature for 25 minutes  

- Store sample at 4ºC  
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Taxol crystals labeled with rhodamine tubulin or rhodamine actin 

- Prepare Taxol crystals in solution as indicated in the procedure before 

(microcentrifuge tube with 100 µl) 

- Prepare ice bath 

- Take a rhodamine tubulin tube and reconstitute it (or rhodamine actin) 

- Pipette 1µl of rhodamine tubulin into the Taxol crystals solution  

- Incubate for 30 minutes at 37˚C   

- Store at 4˚C 

Taxol crystals labeled with fluorochromes: rhodamine, Cy3 and Alexa Fluor 488. 

- Prepare Taxol crystals in solution as indicated in the procedure before 

(microcentrifuge tube with 100 µl) 

- Prepare ice bath 

- Take a fluorochrome aliquot out of -20˚C    

- Pipette 1µl of the fluorochrome into the Taxol crystals solution  

- Incubate for 25 minutes at room temperature  

- Store at 4˚C 

Rinsing of taxol spherulites in solution.  

1. Prepare a microcentrifuge tube with 100 µl of the solution containing the labeled 

Taxol crystals to rinse. 

2. Centrifugated at 120000 rpm for 30 seconds 

3. Aspire 50 µl of supernatant  

4. Add 50 µl of pure water, vortex 

5. Repeat steps 2-4 at least six times 

6. Check for fluorochrome concentration in the supernatant, use any method 

available. We used light absorption with a spectrophotometer Nanodrop 1000 

from Thermo Scientific.  

7. If  fluorochrome is not detected then store at 4˚C if is detected, repeat steps 2-6 
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4. Detailed procedures for Chapter 5 

Preparation of the MT supporting buffer: 

A microcentrifuge tube with 100 µl of MT supporting buffer 

- Take a GTP aliquot out of –20 ºC and PEM80 out of  4ºC 

- Pipette 98 µl of PEM80 buffer into a microcentrifuge tube on ice bath  

- Add 2µl of GTP to a final concentration of 0.2 mM, vortex  

Taxol crystals formed in pure water: 

A microcentrifuge tube with 100 µl of solution containing Taxol crystals 

- Prepare ice bath  

- Prepare 100 µl of deionized water in a microcentrigue tube.  

- Add 5 µl of Taxol for a final concentration of 100 µM, vortex  

- Incubate at room temperature for 25 minutes  

- Store sample at 4ºC  

Taxol crystals formed MT supporting buffer: 

A microcentrifuge tube with 100 µl of solution containing Taxol crystals 

- Prepare ice bath  

- Prepare 100 µl of MT supporting buffer 

- Add 5 µl of Taxol for a final concentration of 100 µM, vortex  

- Incubate at room temperature for 25 minutes  

- Store sample at 4ºC  

Taxol crystals labeled with rhodamine  

- Prepare Taxol crystals in deionized water as indicated in the procedure before (a 

microcentrifuge tube with 100 µl) 

- Prepare ice bath 

- Take a rhodamine aliquot out from 4˚C 

- Pipette 1µl of rhodamine into Taxol crystals solution for a final concentration of 

6.24  µM 

- Incubate for 20 minutes at room temperature  

- Store at 4˚C 
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Taxol spherulites formed in tubulin containing solutions.  

- Prepare ice bath  

- Prepare 100 µl of MT supporting buffer  

- Take a Tubulin aliquot out of –20 ºC  

- Pipette 1 µl of tubulin into MT supporting buffer to a final concentration of 0.1 

mg/ml, mix by pipetting (do not vortex)   

- Take a Taxol aliquot out of –20 ºC  

- Add 5µl of Taxol to the tubulin solution for a final concentration of 100 µM, mix 

by pipetting (do not vortex)   

- Incubate at room temperature for 25 minutes  

- Store sample at 4ºC  

Taxol spherulites formed by diffusion in tubulin containing gels. 

- Have ready the circular and  the columnar cuvettes  

- Take the centrifuge tube containing the agarose gel at 0.5% wt out of  4ºC  

- Re-melt the agarose gel using the microwave.  

- Pipette 97µl agarose gel into a microcentrifuge tube and incubate at 31°C  

- Take a GTP aliquot out of -20ºC 

- Pipette 2µl GTP into the microcentrifuge tube, vortex  (keep the microcentrifuge 

tube at 31°C)  

-  Take a rhodamine tubulin tube out of 4ºC  and reconstitute 

- Add 1 µl rhodamine tubulin into the microcentrigue tube, mix by pipetting  

- Deposit  13 µL  and 20µL of tubulin-containing gel into the circular and the 

columnar cuvette respectively 

- Store the cuvettes at 4°C for 10 minutes 

- Take out four Taxol aliquots from -20°C  

- Deposit 4 µl of Taxol over the gel’s surface in the circular cuvette, and incubate 

30 minutes at room temperature. 

- Deposit 15 µl of Taxol over the gel’s surface in the columnar cuvette, and 

incubate 30 minutes at room temperature. Store sample at 4ºC prior analysis.  
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