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a b s t r a c t

In this study we report crystallization of Taxol in pure water, aqueous solutions containing tubulin pro-
teins 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 crystal-
lizes 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
eywords:
axol
aclitaxel
rystals
pherulites
ubulin

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 to the known binding site,
where the Taxol molecule is almost completely buried in the protein, the Taxol molecule in the sec-
ondary binding site is partially exposed to the solution and may serve as a bridge, connecting other Taxol
molecules. 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, moreover a novel variable

f cell
ucleation
icrotubule aster

is proposed in the study o

. Introduction

To date TaxolTM (paclitaxel) has been demonstrated to be one
f the most effective drugs in the treatment of a variety of can-
ers [1,2]. In the cytoplasm, Taxol binds to polymerized tubulin at a
pecific tubulin–Taxol binding site stabilizing microtubules (MTs).
tabilization of spindle MTs blocks eukaryotic cell division (mito-
is) [3–5] arresting the growth of tumors. Despite the vast amount
f research already done on this drug during the past three decades,
here is still a huge interest in understanding its properties, behav-
or and interaction with tubulin and other molecules.

One of the main challenges in Taxol-based in vivo treatments is
ts poor solubility. In order to overcome this problem it has been
ecessary to use delivery vehicles that may cause allergic reactions
n the body [6,7]. On the other hand, in vitro studies have shown that
axol may induce the growth of MT asters in cells treated with this
rug [8–12]. Since the detection of MT asters is usually performed
y immunolabeling followed by fluorescent microscopy analysis,
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s treated with Taxol for cancer treatment via sequestration of tubulin.
© 2009 Elsevier B.V. All rights reserved.

Foss et al. noticed recently that some of these MT asters could be,
in fact, Taxol crystals decorated with fluorescent tubulin, mimick-
ing MTs asters [13]. This hypothesis is also supported by our recent
observations of high binding affinity of various fluorochromes
to Taxol crystals [14]. Moreover, in that same paper, based on
semi-empirical docking modeling approaches, we proposed a new
potential Taxol-binding site in the tubulin heterodimer. As will be
seen in the current report, this hypothesis is strengthened by evi-
dences of heterogeneous nucleation of Taxol crystals by tubulin
heterodimers. These evidences are consistent with the existence of
the secondary Taxol-binding site. These results strengthen Foss et
al.’s proposed mechanism that Taxol crystals can sequester tubulin
heterodimers. However, our data suggest that sequestration occurs
by tubulin’s ability to nucleate crystals rather than by laterally dec-
orating them, as proposed in [13]. This sequestration mechanism
could add to our understanding of how cells in a cancer patient
respond to treatment with Taxol (paclitaxel).

Taxol spherulitic growth has been rarely reported in litera-
ture [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 dur-
ing 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], �-lactoglobulin
and insulin [18]; and in organic crystals such as aspartame [19].

http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:jscastro@email.arizona.edu
mailto:javiercastro8@hotmail.com
dx.doi.org/10.1016/j.colsurfb.2009.10.033
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pherulitic growth occurs when crystallization is carried out in
n isotropic three-dimensional medium and it is initiated from a
ucleation process that can be homogeneous or heterogeneous.
ach nucleation mechanism produces a different structure [20].
omogeneous nucleation begins from a single needle-like crystal

hat grows axially and branches out forming sheaf-like aggregates
lso called axialites. When a large number of axialite’s arms form,
he system takes on a spherulitic appearance. On the other hand
eterogeneous nucleation starts from a foreign particle that leads
o very symmetric star-shaped spherulites with needle-like crystals
adiating in three dimensions.

The formation of needle-like crystals can be explained by an
nisotropic growth in which certain faces of the crystal grow much
aster than others, leading to elongated crystals. The fast growth
n the top face of the elongated crystal is usually attributed to a
wo-dimensional nucleation which produces a roughened surface.
he growth is controlled by supply of the material to the roughened
ace, a phenomenon known as kinetic roughening [21]. The reason
or the slower growth of lateral faces is unclear. It has been sug-
ested that this process occurs via layer-by-layer growth, which is
ore difficult than the 2D nucleation on the top faces [22]. Com-

utational models of aspartame spherulites have shown that top
aces start to grow at low driving forces, whereas the more sta-
le lateral faces grow at much higher driving forces [19]. Hence, at
upersaturation conditions, the top faces will grow rapidly, while
ateral faces will grow slowly producing a needle-like morphology.

Our present study reports on an investigation of the effect
f tubulin on the morphology of Taxol crystals grown in aque-
us liquid environments as well as in water-based agarose gels.
ecause most Taxol applications take place in the cytoplasm, where
axol interacts with tubulin, we studied Taxol crystals forma-
ion in tubulin-containing aqueous solutions. We also considered
ubulin-containing agarose gels to mimic the gel-like nature of the
ytoplasm. Through the investigation of the morphology of the
axol crystals, we aim at shedding more light on the nature of
he nucleation processes that lead to crystallization. The experi-

ental observations show that Taxol nucleates heterogeneously
n the presence of tubulin forming spherically symmetric star-
ike spherulites. In absence of tubulin, Taxol forms homogeneously
ucleated sheaves. To explain the heterogeneous nucleation of
axol asters, we propose the formation of Taxol–tubulin dimer
omplexes via a secondary Taxol–tubulin binding site, reported
reviously.

. Results and discussion

.1. Crystallization of Taxol in aqueous liquid environments

We first studied the formation of Taxol crystals in pure water.
or this purpose, a supersaturated Taxol solution was prepared
sing filtered deionized water and Taxol (dissolved in DMSO)
00 �M concentration. Due to the fact that Taxol crystals are trans-
arent, we used differential interference contrast (DIC) microscopy
o analyze samples from this solution, to find that Taxol aggregates
ith axialite-like shapes (Fig. 1a).

Since Taxol interacts with tubulin in the cytoplasm, we also
nvestigated Taxol crystals formation in tubulin-containing aque-
us solutions. For this step we used a MT supporting buffer
ontaining tubulin (9.1 �M) to which Taxol was added at a con-
entration of 100 �M. Taxol structures obtained in this experiment

howed significant morphological differences to those grown in
ure water, when analyzed by DIC microscopy. Structures from
his solution displayed spherulitic shapes with larger diameters
nd lower number density (Fig. 1b) compared to axialites obtained
n pure water. Besides the buffer and tubulin, no other changes
Biointerfaces 76 (2010) 199–206

in the protocol were implemented, so all the morphological differ-
ences 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 high affinity of fluores-
cent conjugated molecules to Taxol crystals [14], it is impossible
to differentiate Taxol from tubulin in this type of 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. 1c) show fluorescent spherulites
with morphologies similar to those produced in the presence of
tubulin and viewed with DIC (Fig. 1b). 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 conju-
gated molecule due to the rhodamine tag binds to the surface of
Taxol crystals [14]. This method enables us to use fluorescence
microscopy to image these structures, eliminating the rhodamine
labeling step. In this sample (Fig. 1d) we observed fluorescent
spherulites with morphologies similar to those seen in the experi-
ment performed with regular tubulin. In these images, the center of
the spherulites appeared completely illuminated by fluorescence,
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.

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 pure rhodamine. For
this study, we used a rhodamine-containing solution into which
Taxol was added. The structures obtained in this study (Fig. 1e)
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 initi-
ate the nucleation, and after 10 s rhodamine tubulin was added.
Previously we had verified by means of DIC microscopy, using sim-
ilar Taxol concentrations that Taxol axialites nucleate immediately
after Taxol is diluted in aqueous solutions. We obtained fluorescent

axialites (Fig. 1f), which allows us to suggest that after nucleation
tubulin does not interfere with Taxol crystals growth.

Under our experimental conditions Taxol crystals were nucle-
ated quickly and reached their quasi-equilibrium state within
approximately fifteen minutes. Samples containing Taxol crystals
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Fig. 1. 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
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fter growth. Subsequent images are taken with fluorescent microscopy. (d) Spher
f rhodamine. (f) Axialites nucleated in a free-tubulin solution with rhodamine tub

tored for 24 h at room temperature did not show any noticeable
orphological changes. We noted that crystals’ sizes (defined by

verage diameter) and number of crystals in the solution can be
trongly affected by Taxol concentration and temperature, thus in
ll these experiments Taxol concentration, temperature, and incu-
ation time were fixed. We also observed that these variables did
ot affect Taxol crystals’ shapes (i.e. sheaf-like or spherulitic), which
ere defined by their nucleation process.
We did not observe branched needles, yet we observed quite
niform distribution of needles lengths for each crystal. Due to this
act we discarded the possibility of secondary nucleation, since late
ucleation would form a very distinctive bimodal distribution of
eedle lengths.
formed in the presence of rhodamine tubulin. (e) Axialites formed in the presence
ded during growth.

2.2. Effect of tubulin concentration on crystallization of Taxol in
aqueous liquid environments

To clarify the role of tubulin in the nucleation of Taxol
spherulites we investigated the effect of the concentration of rho-
damine tubulin on the crystallization of Taxol in buffer solutions.
We used three rhodamine tubulin-containing solutions with tubu-
lin concentrations of 0.9, 9.1 and 27 �M, named solution A, B,

and C, respectively. In these solutions Taxol concentration was
100 �M. We report the images of these solutions in Fig. 2. At low
tubulin concentration (solution A) we may observe some Taxol
spherulites (Fig. 2a), although Taxol appears to crystallize pre-
dominantly in the form of axialites (Fig. 2b). We also note that
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Fig. 2. Effect of rhodamine tubulin concentration on Taxol crystallization. Three solutions were prepared with a fixed Taxol amount (100 �M) but different rhodamine
tubulin concentrations as follow: solution A with 0.9 �M, solution B with 9.1 �M, and solution C with 27 �M. (a) and (b) are images from solution A taken at 40× and 100×
m r MTs
f robab
f w sho
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agnifications respectively. Axialites and a spherulite (arrow) are observed. Neithe
rom solution B where spherulites and a background composed of short MTs and p
rom solution C. Short MTs and bright spots are predominantly observed. The arro
umerous MTs are observed in the background. All images were taken with fluores

mages do not show any evidence of MTs formation. The solution
, with tubulin concentration of 9.1 �M, was used in the exper-

ments reported in the previous section. The results (Fig. 2c and
) show mostly Taxol spherulites and some MTs. In the solu-
ion C, containing the high tubulin concentration (27 �M), few
axol crystals (mostly axialites) were found in the sample, but

dense background of short microtubules and bright spots was

bserved (Fig. 2e and f). To understand these results it is neces-
ary to note that rhodamine tubulin has three distinct functions
hat are revealed by these experiments, namely (a) to form het-
rogeneous Taxol nuclei, (b) to label Taxol crystals and, (c) to form
nor free rhodamine tubulin were noted in the background. (c) and (d) are images
ly unpolymerized rhodamine tubulin are observed. Finally, (e) and (f) are images

ws a Taxol crystal surrounded by a fluorescent halo, probably made of small MTs.
icroscopy.

MTs. In the case of low tubulin concentration the tubulin avail-
able to generate heterogeneous nuclei is very low compared to the
relatively high Taxol concentration, leading to the coexistence of
numerous homogeneously nucleated axialites and a few hetero-
geneously 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. Finally, in the case of the high tubulin concen-
tration (solution C) the small number of Taxol crystals contrasts
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ig. 3. Taxol crystallization in solid agarose gels via diffusion. Taxol diffusion in a
ectangular column (5 mm × 1.5 mm × 10 mm) with optically transparent walls. The
arge volume of Taxol produces a nearly continuous Taxol supply. Arrow indicates
he direction of Taxol diffusion.

ith the large amount of MTs and bright spots observed in the
ample.

This later observation suggests that in the solution C the high
ubulin concentration triggered the fast growth of MTs, depleting
ubulin heterodimers from the solution. MTs consumed approx-
mately 27% of the Taxol molecules for their stabilization. The
emaining Taxol (73%) was available to form crystals. However, this
alue is significantly lower than a 99% in solution A and a 91% in
olution B. Hence, the driving force for Taxol crystallization was
onsiderably reduced producing fewer and smaller crystals. Small
rystals could trap MTs between their needles producing clusters
f MTs that could appear as bright spots as shown in Fig. 2e and f.
n conclusion, the different morphologies encountered in samples
ontaining identical concentrations of Taxol but different tubulin
oncentrations are suggestive of a key role of tubulin in nucleation
f Taxol crystals.

.3. Crystallization of Taxol in agarose gels

In this part of our investigation we analyzed the crystalliza-
ion of Taxol in tubulin-containing agarose gels, an analog of the
ell cytoplasm. These rich tubulin-containing gels may be seen as
odels to simulate the gel-like, crowded environment in the cyto-

lasm, where Taxol is used for MTs stabilization. Also, it is worth
oting that these experiments utilized Taxol diffusion into agarose
els, which is similar to Taxol diffusion in cytoplasm. We selected
garose because it is both electrically and chemically neutral and
oes not interact with tubulin nor with MTs [23]. To support the
el we used a rectangular cuvette with optically transparent side
alls (Fig. 3).

In the column, 20 �L of rhodamine tubulin-containing gel was
olidified and 15 �L of Taxol in DMSO at 2 mM concentration was
eposited over the solid gel. This setting allowed Taxol diffusion
hrough the gel, providing a continuous supply of Taxol. The sample
as analyzed through the transparent walls observing fluorescent

pherulites with large diameters (Fig. 4a). The large diameters of
hese spherulites can be attributed to a high local concentration
nd a continuous, but slow Taxol supply, generating a continuous
rowth, until Taxol was depleted. The large size of these spherulites
llowed us to better analyze their morphology, observing very
right and well defined cores and Taxol needles pointing radially.
epeating this experiment with pure rhodamine instead of fluores-

ent tubulin yielded axialites with large diameters lacking a defined
enter (Fig. 4b).

These experimental results reinforce our observation that het-
rogeneous nucleation of Taxol crystals is initiated by tubulin. The
nequivocal morphological differences between spherulites and
Fig. 4. Taxol crystals grown in solid agarose gels through a continuous supply of
Taxol. (a) Spherulites grown in a rhodamine tubulin-containing agarose gel. (b)
Axialites grown in a rhodamine (tubulin-free) agarose gel.

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 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 nee-
dles made of the same material, demonstrating the homogeneous
nucleation in the absence of tubulin.

2.4. 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 a primary Taxol-
binding site is located in a hydrophobic pocket of �-tubulin [24].
The Taxol molecule (Fig. 5a) is buried deeply into this pocket, inter-
acting with a number of hydrophobic residues including Leu 217,
Ala 233, His 229, Leu 275, Gly 370 and Leu 371. 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 (Fig. 5b) 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.
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Fig. 5. 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 candi-
date for Taxol-binding site in the groove between alpha-tubulin and beta-tubulin
monomers.
Biointerfaces 76 (2010) 199–206

In our previous work we have suggested that there may exist
another Taxol-binding site within the tubulin dimer [14]. Computa-
tional 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 the outer surface of the MT in a small groove on the bound-
ary between � and � tubulin monomers and the main residues
involved in interactions with Taxol are Gln 176, Arg 214, Lys 304,
Leu 333 and Asn 334. The most important difference between the
two binding sites is the fact that in the case of new binding site
the 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 oxy-
gen 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 (Fig. 5c).

The predicted Taxol-binding site should not affect the inter-
action between � and � subunits. On the other hand the site is
directly on the side of the �-� dimer that is responsible for lateral
interactions with another subunit and may interfere with lateral
contacts between assembling tubulin dimers probably preventing
MT growth. There is no overlap between the native and the new
binding site, since they are separated by approximately 30 Å. We
predict in our previous work [14] that the “native” site has two
times higher affinity to Taxol than the secondary site. This latter site
may therefore possibly bind Taxol only at a high Taxol concentra-
tion, when the “native” sites within all microtubules are saturated.
In the case of MTs, the geometry of this secondary site may be
altered due to interactions with other tubulin subunits; hence this
alternative binding site may not be functional in the MT. This could
explain our experimental observation of why MTs do not nucleate
Taxol spherulites.

As explained before, Taxol spherulites nucleated from tubu-
lin are formed in a tubulin-containing solution when Taxol is
added above its saturation limit. Based on all the data we have
gathered we can hypothesize that the nucleus formation of Taxol
spherulites is plausible. The high Taxol concentration in the
tubulin-containing solution can lead to the formation of nuclei
composed of Taxol–tubulin complexes, probably more disordered
than tubulin oligomers or MTs, interacting through the secondary
Taxol-binding site. In the center of each spherulite there are
multiple heterodimers, that start growth of Taxol crystals. Each
heterodimer is most likely responsible for growing a single Taxol
needle. The growth of Taxol needles takes place in all direc-
tions due to the disordered structure of nucleation center of the
spherulite.

3. 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 �M [15]. Furthermore, we found that Taxol crystals can be
formed by homogeneous and heterogeneous nucleation, display-
ing different morphologies, which are in accordance with their
description presented in other investigations [20]. Taxol crystals
obtained by homogeneous nucleation takes on the morphol-
ogy of axialites (sheaf-like structures) without a defined nucleus
whereas those formed by heterogeneous nucleation, using tubu-
lin 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 trig-
ger nucleation of Taxol spherulites when Taxol accumulates within
the cell to concentrations exceeding its solubility limit. Based on
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revious computational studies [14] and on the experimental evi-
ence reported here, we proposed that heterogeneous nucleation
f Taxol spherulites due to tubulin is made possible by the pres-
nce of a secondary Taxol-binding site in the tubulin dimer. This
ew potential Taxol-binding site could add a novel tubulin–Taxol

nteraction in the cell, where tubulin may nucleate Taxol crystals
or Taxol concentrations exceeding its saturation limit (which is
ery low). In addition, we have demonstrated, experimentally and
heoretically, that Taxol crystals have exposed functional groups
n their surface that may strongly interact with a variety of other

olecules [14] leading to yet unknown biological activities. It is
nteresting to note that the results presented in this work may
ave direct impact on the therapeutic use of Taxol as an anti-
ancer agent. Besides the known ability of Taxol to stabilize MTs,
he probable ability of tubulin dimers to nucleate Taxol crystals in
he cytoplasm should also be considered. We can suggest several
ays in which Taxol crystallization may affect cell functions. First,

herapeutic efficacy of Taxol could be highly dosage sensitive in
s yet undetermined ways since Taxol molecules could be form-
ng crystals in addition to interacting with MTs. Even if Taxol is
osed below its solubility limit (0.77 �M [15]) intracellular con-
entrations can surpass this value [26]. Second, the presence of
axol crystals within the cell may alter its physiology due to the
otential interactions with a variety of molecules/proteins in the
ytoplasm. It is possible, that formation of Taxol crystals may be
lso used for a therapeutic purpose, e.g., for triggering apoptosis by
nteracting with the Bcl-2 anti-apoptotic protein [27] if the crys-
als could be targeted to a subset of non-dividing, dysfunctional
ells.

In addition, the potential heterogeneous nucleation of Taxol
an raise some questions regarding the established mechanisms
f interaction and anti-mitotic effect of Taxol in cells. In a num-
er of studies Taxol has been reported to induce cytoplasmic MTs
sters in cells treated with the drug [e.g., [9,10,28,29]]. Most of these
tudies have used Taxol concentrations above 0.77 �M and have
een observed by fluorescent microscopy. A simple morphologi-
al inspection of MTs asters reported in these studies allows us to
hink that at least some of them can be Taxol crystals nucleated
eterogeneously. In this case heterogeneous nucleation involves
equestration of tubulin in the cytoplasm, which could signifi-
antly limit the availability of tubulin for mitotic spindle formation
epending on the cell cycle stage during which crystal formation
ccurred. Thus, cell division would be affected not only by MTs
tabilization but also by tubulin depletion.

Furthermore, while Taxol stabilization of MT spindles may
till be the primary mechanism for apoptosis of fast-dividing
ancerous cells, crystallization of Taxol crystals may disrupt
on-dividing healthy cells. Taxol-induced cytotoxicity by crys-
allization in non-dividing cell may be the cause of serious
ide effects that could reduce the efficacy of Taxol-based cancer
reatments.

. Materials and methods

.1. Materials

The following materials were used: PEM80 buffer (80 mM
IPES, 0.5 mM EGTA, 4 mM MgCl2), paclitaxel (Taxol) dissolved
n DMSO at 2 mM, fluorescent rhodamine tubulin from bovine
rain (cat. #T331 M), tubulin protein from bovine brain (Cat. #
L238), and guanosine 5′ triphosphate (GTP). All these materials

ere purchased from Cytoskeleton®. We also used Tetramethyl-

hodamine (TMR) (cat. # C1171) obtained from Invitrogen® and a
ow gelling temperature agarose [ultra pure Agarose low melting
oint, gelling temperature (2 wt%) 26–30 ◦C] obtained from GibCo-
rl Life technologies®.
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4.2. Preparation of MT supporting buffer

GTP diluted in PEM80 buffer at a concentration of 1 mM.

4.3. Taxol axialites formed in pure water

On an ice bath Taxol was diluted in MT supporting buffer to a
final concentration of 100 �M, the solution was vortexed and incu-
bated for 30 min at room temperature to obtain a complete Taxol
crystallization.

4.4. Fluorescent labeling of Taxol spherulites with rhodamine

The Rhodamine was added to a solution containing Taxol
spherulites. Rhodamine final concentration was 5 �M. Subse-
quently the solution was incubated during 20 min at room
temperature.

4.5. Taxol spherulites formed in tubulin-containing solution

On an ice bath the tubulin (pure tubulin or rhodamine tubu-
lin) was added to the MT supporting buffer to a concentration of
9.1 �M, immediately Taxol was added to a final concentration of
100 �M, the solution was mixed and incubated for 30 min at room
temperature.

4.6. Taxol spherulites formed by diffusion in tubulin-containing
gel

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 liq-
uid state. To this, tubulin rhodamine was added and mixed to a
final concentration of 9.1 �M. The tubulin agarose solution was
used to partially fill a rectangular column. The rectangular col-
umn (5 mm × 1.5 mm × 10 mm) with optically transparent walls
was filled with 20 �L. The column was cooled to 4 ◦C for 10 min
in order to solidify the gel and prevent or slow further assembly
of MTs. After that 15 �L of Taxol was deposited on the surface of
the gel. The sample was incubated at room temperature for 30 min
while the Taxol diffused through the gel. The sample was analyzed
few minutes after its preparation.

4.7. Fluorescent microscopy

The fluorescent samples were observed in an Olympus inverted
fluorescent microscope model IX71 using excitation emission of
494 nm for the Rhodamine. The images were taken with a 100× oil
lens and a 40× lens.

4.8. DIC microscopy

The samples were analyzed in a Nikon eclipse TE200 microscope
using 100× oil lens. Images were recorded in a VHS cassette and
digitalized for the extraction of images.
We acknowledge financial support from NSF/NIRT Grant
0303863.

We thank K. Visscher from the department of Physics for access
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