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Differential Effects of Natural Product Microtubule
Stabilizers on Microtubule Assembly: Single Agent and
Combination Studies with Taxol, Epothilone B, and

Discodermolide

Jurg Gertsch,® Sarah Meier,” Martin Miiller,’” and Karl-Heinz Altmann*®

A systematic comparison has been performed of the morphology
and stability of microtubules (MTs) induced by the potent micro-
tubule-stabilizing agents (MSAs) taxol, epothilone B (Epo B), and
discodermolide (DDM) under GTP-free conditions. DDM-induced
tubulin polymerization occurred significantly faster than that in-
duced by taxol and Epo B. At the same time, tubulin polymers
assembled from soluble tubulin by DDM were morphologically
distinct (shorter and less ordered) from those induced by either
taxol or Epo B, as demonstrated by electron microscopy. Exposure
of MSA-induced tubulin polymers to ultrasound revealed the

Introduction

Taxol, epothilone B (Epo B), and discodermolide (DDM) all
belong to a larger group of structurally diverse natural prod-
ucts, whose common characteristic is their ability to stabilize
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DDM-based polymers to be less stable to this type of physical
stress than those formed with either Epo B or taxol. Interestingly,
MT assembly in the presence of both DDM and taxol appeared to
produce a distinct new type of MT polymer with a mixed mor-
phology between those of DDM- and taxol-induced structures.
The observed differences in MT morphology and stability might
be related, at least partly, to differences in intramicrotubular
tubulin isotype distribution, as DDM showed a different pattern
of B-tubulin isotype usage in the assembly process.

cellular microtubules (MTs) and to promote the polymerization
of soluble tubulin.™

MTs are rod-shaped hollow filaments composed of the het-
erodimeric protein of-tubulin as the constituent subunit.”
They are key components of the cytoskeleton of eukaryotic
cells, where they are involved in the spatial distribution of or-
ganelles throughout interphase and in chromosome alignment
and sister chromatide separation during mitosis. As a conse-
quence, the interference with MT functionality by MT-stabiliz-
ing agents (MSAs) is associated with cell cycle arrest at G,/M,
profound growth inhibition, and the induction of apopto-
sis."% However, it is important to note that growth inhibition
and apoptosis induction by MSAs in general do not depend on
gross changes in the cellular equilibrium between soluble and
polymerized tubulin. Rather, these effects might be caused by
alterations in MT dynamics,*>® that is, the continuous change
in MT length through the loss or addition of af-tubulin units
at polymer ends. The dynamic properties of MTs are a crucial
requirement in the proper assembly of the mitotic spindle and
the subsequent movement of sister chromatids to the spindle
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poles, with spindle MTs being up to 100-fold more dynamic
than those forming the interphase cytoskeleton.” In light of
their profound inhibition of human cancer cell growth, it is no
surprise that MSAs play an important role in cancer chemo-
therapy and anticancer drug discovery, with taxol (paclitaxel,
Taxol®) and its closely related analogue docetaxel (Taxotere®)
being two of the most important anticancer drugs currently in
use.”! Taxol was the first MT stabilizer ever discovered® (with
its mechanism of action elucidated in 1979"")) and was first ap-
proved for clinical use in 1992. Epo B® and DDM are still exper-
imental agents, but both compounds have entered clinical
trials in humans,”'” and Epo B is currently undergoing phase
Il studies against ovarian cancer." The lactam analogue of
Epo B (BMS-247550, ixabepilone) was approved by the US FDA
for the treatment of metastatic and advanced breast cancer in
October 2007.1?

In contrast to taxol, both Epo B and DDM" are poor sub-
strates for the p-gp170 efflux pump, and as a consequence,
retain potent in vitro antiproliferative activity against a variety
of taxol-resistant human cancer cell lines. Perhaps the most
intriguing finding in the context of human cancer cell growth
inhibition by taxol, Epo B, and DDM, however, is the fact that
combinations of DDM and taxol exhibit synergistic antiprolifer-
ative effects both in vitro"* and in vivo,"” whereas no synergy
occurs between DDM and Epo B or taxol and Epo B. The syner-
gistic inhibition of human cancer cell growth by DDM and
taxol is paralleled by a corresponding synergistic suppression
of cellular MT dynamics,"'® thus providing a possible mechanis-
tic rationale for the intriguing combination effects at the level
of growth inhibition.

As demonstrated by competition binding experiments, taxol,
Epo B, and DDM all bind to the same site on p-tubulin, albeit
with different affinities.'” Likewise, the three compounds pro-
mote MT assembly from soluble tubulin with distinctly differ-
ent efficiencies. Based on the critical tubulin concentration,
[Tl (i.e., the minimum concentration of tubulin required for
the initiation of polymer formation), as a measure of polymer-
izing potency, DDM is a more potent inducer of tubulin poly-
merization than Epo B, and both are significantly more potent
than taxol."” For all three compounds, the polymers formed
under appropriate conditions were demonstrated to be MTs by
electron microscopy (EM);" however, DDM-induced MTs were
significantly shorter than those obtained with taxol or Epo B'"®
(e.g., MT lengths of 0.78 and 3.3 um were reported for DDM
and taxol, respectively, under identical experimental condi-
tions"®), and DDM-based polymer preparations were also re-
ported to contain a significant fraction of ribbon polymers (as
opposed to cylindrical MTs)."® These latter data clearly point
to the dependence of gross MT architecture on the specific
polymerizing agent, even for compounds interacting with the
same tubulin-binding site. In spite of this fact, however, the
morphology of MSA-induced MTs as a function of the polymer-
izing agent, or, in particular, combinations of different agents,
has not been investigated in great detail. Notable exceptions
are the work of Meurer-Grob etal.,"” who have shown that
MTs assembled by a series of different MSAs (not including
DDM) might incorporate different numbers of protofilaments,
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and a more recent study by Hamel and co-workers,?” who in-
vestigated the effects of combinations of laulimalide with taxol
or epothilone A, respectively, on tubulin polymerization induc-
tion, MT stability, and gross MT architecture. It should be
noted, however, that laulimalide does not bind to the taxol
site on P-tubulin['7:2"22

In this study, we have performed a systematic comparison of
the morphology and stability of MTs induced by taxol, Epo B,
and DDM from purified pig brain tubulin under GTP-free con-
ditions using turbidity measurements, ultrasound (US) treat-
ment, structural analysis by EM, and semiquantitative (3-isoform
analysis. In particular, this has included the assessment of com-
bination effects for all three binary combinations of these
agents, as it is well conceivable that the synergism between
DDM and taxol in the suppression of cellular MT dynamics and
the associated inhibition of cancer cell growth might originate
from, or at least be connected to, effects on MT architecture.

Results and Discussion
Tubulin polymerization

The induction of tubulin polymerization by the MSAs taxol,
Epo B, and DDM in the absence of both glutamate and GTP
was assessed either by turbidimetry analysis (following the in-
crease in absorbance at 340 nm (AA,,) upon polymer forma-
tion)® or in a centrifugation-based assay, which involved the
quantification of unpolymerized soluble tubulin in the super-
natant of centrifuged polymerization mixtures.*” With both
methods, maximum tubulin polymerization was observed at
equimolar MSA/tubulin ratios for all three compounds; no fur-
ther increase in the degree of polymer formation was detecta-
ble with compound concentrations in excess of that of tubulin
(data not shown; these findings are in line with previous litera-
ture observations for all three agents'>??). However, significant
differences occurred between taxol, Epo B, and DDM with re-
spect to the time period, T, required to achieve maximum
tubulin polymerization under identical experimental conditions
(Mg®", no glutamate or GTP). Thus, the T, for DDM in the
centrifugation-based polymerization assay, as defined as the
time elapsed after initiation of the polymerization reaction
until no further decrease in the amount of soluble tubulin
could be detected, was (420+139) s, which was significantly
smaller than the values obtained for taxol, (1024+177) s, and
Epo B, (1530£281) s. This indicated a much more rapid com-
pletion of the polymerization reaction for DDM than for taxol
or Epo B. To further support this conclusion, attempts were
made to derive T,,, values from the polymerization-associated
changes at A, However, the determination of T, in the tur-
bidimetry-based assay was complicated by the fact that the
concentrations of soluble tubulin in the polymerization mix-
tures (as determined by the centrifugation method) continued
to decrease even after a plateau in the absorption curve had
been reached. This indicated that equilibrium was not ach-
ieved even when the absorption of the polymerization mixture
ceased to change. An alternative method was thus developed
for the assessment of T, by means of turbidimetry measure-

167

www.chembiochem.org


www.chembiochem.org

BIO

ments, which involved the addition of GTP to MSA-containing
polymerization mixtures at different times after the initiation of
polymerization. In the presence of soluble, polymerizable tubu-
lin, the addition of GTP was assumed to give rise to a “second
polymerization curve” (a separate discrete increase in absorp-
tion). This was indeed observed (Figure 1A and B), and T,
was defined as the time point when the addition of GTP failed
to trigger any further increase in As,,. Using this approach, T,
values of (1490+411)s and (1711+462)s could be deter-
mined for taxol and Epo B, respectively; these numbers agreed
reasonably well with those obtained in the centrifugation-
based assay.

Unfortunately, no sensible T, could be determined for
DDM by the turbidimetry method, due to the fact that the ad-
dition of GTP to DDM-containing polymerization mixtures led
to a dramatic second increase in A;y, (>40%) even long after
the centrifugation-based T, had been reached (Figure 1C).
While the reasons for this phenomenon are unclear at this
point and need to be elucidated in further experiments, it
should be noted that the strong increase in the A, observed
upon the addition of GTP to DDM-containing polymerization
mixtures after 30 min of (GTP-free) incubation cannot be ex-
plained by the existence of large amounts of residual soluble
tubulin that would undergo polymerization only with GTP, but
not with DDM, which was our original hypothesis. Only small
differences were found for the maximum degree of conversion
of tubulin into MT polymers between taxol (88 %), Epo B (91 %)
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and DDM (89%; in the absence of glutamate and GTP) and
DDM + GTP (92 %; addition of GTP once an absorption plateau
had been reached with with DDM alone, Figure 1C).

MT size and morphology

In order to expand on the results obtained in the polymeri-
zation assays, EM was employed for a semiquantitative assess-
ment of the number and size of MTs produced with taxol,
Epo B, and DDM under our experimental conditions (in BBR80
buffer containing 1 mm MgCl, and no glutamate or GTP; for
the composition of BBR80 buffer see the Experimental Sec-
tion).

The corresponding micrographs clearly showed that taxol
and Epo B led to the formation of few but relatively long (1-
10 um) MTs (Figure 2). In contrast, DDM-induced MTs were
short (~1 pm), but the number of MTs formed was significantly
greater than that for either taxol (P=0.0005) or EpoB (P=
0.0003; pictures not shown). Similar size characteristics for
DDM-induced MTs have been reported previously for different
experimental conditions.""®

A closer inspection of the polymeric structures formed in
the presence of the three different MSAs revealed a number of
major architectural differences between the polymers formed
with DDM on one hand and those induced by either taxol or
Epo B on the other (apart from the difference in size). While
taxol and Epo B formed regular and straight MTs in our system

(Figure 2B-D), DDM-induced tu-
bulin polymers were typically
twisted and frayed and there

GTP only were numerous ribbons and

sheets visible in the electron mi-
crographs (Figures 2 A, E, and 3).

In general, more than 50% of
the DDM-polymerized tubulin
was present in sheets.

The presence of ribbon-type
PR structures in DDM-induced tu-

. bulin polymers was observed
previously by Hamel and co-
workers."® |n their experiments,

the fraction of ribbons was larg-
est under conditions with only

GTP in the polymerization mix-
ture, while mostly regular MTs
formed in the absence of GTP
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Figure 1. A) Determination of T, by turbidimetry. af;-Tubulin (50 um) was treated with Epo B (50 um) at room
temperature. GTP (25 mm) and glutamate (2.7 m) were added at different time points after a first plateau (A;,)
was reached. The T,,., was calculated from Graphpad Prism 4 curve fitting as the time point at which no further
increase in Ay, was detected. B) Same experiment as for A), but with taxol. C) Effect of GTP addition to DDM-,
taxol-, or Epo B-containing tubulin polymerization mixtures. af-Tubulin (50 um) was treated with MSA (50 pm) at
room temperature for 30 min prior to the addition of GTP (25 mm) and glutamate (2.7 m). The addition of GTP
and glutamate (1) leads to a marked second polymerization curve with DDM-induced MTs, but not with taxol- or
Epo B-containing MT samples. The unpolymerized fraction in the DDM-treated sample can be assembled by GTP
alone without glutamate (gray curve). A tubulin only (no MSA) negative control is shown (--).
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and  MT-associated  proteins
(MAPs), which were the condi-
tions employed here. These dis-
crepancies may be due to differ-
ences in other experimental pa-
rameters that cannot be traced.
Most importantly, however, no
further analysis of DDM-induced
polymers was performed in
Hamel’s study.
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Figure 2. Electron micrographs of MTs induced by equimolar amounts of different MSAs at 40 um af-tubulin con-
centration. A) DDM-induced MT fragments. B) Taxol-induced MTs. C) Epo B-induced MTs. D) Electron micrograph

FULL PAPERS

overall polymer population. In
this context, it is worth noting
that the increase in adsorption
(AA;4) oObserved in the tur-
bidimetry  experiments  with
DDM has to be assumed to re-
flect the sum of all polymeric
forms (MTs, tubulin sheets and
ribbons, and MT fragments)
rather than uniform MTs only, as
in the case of taxol and Epo B.
Addition of MAPs (0.5 mgmL™")
to free af-tubulin prior to poly-
merization did not markedly
alter the architecture of poly-
mers induced by DDM (Fig-
ure 2E).

Ultrasound (US) treatment of
MSA-induced tubulin polymers

showing long (> 13 pm) MTs induced by Epo B. E) Tubulin polymers induced by DDM in the presence of MAPs

(0.5 mgmL™). The size of the scale bar is 200 nm in all cases. All polymers were formed in the absence of GTP The

(see the Experimental Section).

Figure 3. A) DDM-induced af3-tubulin sheet composed of 18 protofilaments. The longitudinal and lateral contacts
are broken. B) A typical af-tubulin sheet induced by DDM. At its maximum width, the sheet is composed of 20
protofilaments. Also visible are convoluted protofilaments that appear as globular particles (white arrow head).
Polymerization was induced by equimolar amounts of DDM at 20 um af3-tubulin concentration. The size of the

scale bar is 30 nm.

In order to assess the number of protofilaments in DDM-in-
duced MT polymers (at 40 um MSA/tubulin), 40 cylindrical MTs
from two independent experiments were analyzed and >90%
of these polymers were found to be composed of 10-14 pro-
tofilaments. (In general, MTs assembled in vitro incorporate be-
tween 12 and 14 protofilaments?). In contrast, DDM-induced
tubulin sheets contained up to 22 protofilaments (Figure 3).
The formation of polymeric sheets could occur either through
the opening of MT cylinders or by the lateral assembly of pro-
tofilaments, which do not close to form a cylinder. The existing
data do not allow us to distinguish between these possibilities,
but given the large number of protofilaments in the sheets
(>18), the direct lateral assembly of protofilaments may be the
more likely mechanism of sheet formation.

Excess drug concentrations, relative to that of tubulin,
showed a tendency to increase the fraction of sheets in the
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observations  described
above raised the question of
whether the short size and, in
particular, the irregular nature of
the DDM-induced polymers
might affect the stability of
these structures under condi-
tions of physical stress. To test
this hypothesis, physical stress
was applied to fully grown MTs
(GTP-  or MSA-induced) by
means of US. Intriguingly, even
E a 2 min high-frequency (40 kHz)
US treatment of DDM-induced
polymers led to a reduction in
As4 by approximately 40%; this
indicates that DDM-induced MTs
and other polymerization prod-
ucts were partially destroyed
under these conditions (Fig-
ure 4). In contrast, the polymerization curves observed with
either taxol or Epo B were not affected by intermittent short-
term exposure of the polymerization mixtures to US. Impor-
tantly, MTs assembled in the presence of GTP (0.5 mm) and
monosodium glutamate (0.4m) and in the absence of MSAs
showed the same behavior as taxol- and Epo B-induced MTs
and were found to be entirely stable to high-frequency US, as
determined by turbidity measurements (data not shown).

The conclusions derived from the turbidimetry experiments
are also supported by the results of EM studies. As illustrated
by the electron micrographs shown in Figure 5, short-term
(<5 min) US treatment resulted in both the disassembly of
DDM-induced MTs as well as the agglutination of tubulin
sheets and ribbons into clews. This is an important finding, as
even significant changes in A;,, might not always reflect large
changes in the ratio of soluble to polymerized tubulin, and,

169

www.chembiochem.org


www.chembiochem.org

K.-H. Altmann et al.

20 um of DDM followed by a
20 a0 2min US exposure led to a

Neg. control

1 min f (40kHz)

g

| <

ASJO

2 min f (40kHz)

srrer++ | tUbUIIN
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centration dependent, that is, it
Taxol was more pronounced with
20 um DDM (30% reduction in
Asy) than with 5 um DDM, and
it strongly suggests that DDM
reduces the stability of taxol-
containing MTs under physical
stress conditions. No change in
Ay, Was observed upon the ad-

tubulin

dition of a twofold molar excess
| of DDM (relative to MSA and

P =0.009
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tubulin) to Epo B-induced MTs

P =004

Taxol (Figure 4 C), which indicates that

the stability of the latter is not
affected by DDM. While we
have not specifically investigat-
ed this question, the apparent
destabilization of taxol-induced
MTs by DDM may be a conse-
quence of a (partial) displace-
ment of taxol from its binding
site, which could change the
overall properties of the poly-

EpoB

-0.1 -0.07 -0.04

% MT decay

0.01 mers to a more “DDM-like”
state. The different effects of
DDM on taxol- and Epo B-based
MTs would then be a direct re-

Figure 4. Turbidimetry-based assessment of the stability of MSA-induced tubulin polymers against US treatment

(40 kHz, 1 min or 2 min, 22-25°C). af-Tubulin (10 um) was polymerized with an equimolar amount of the respec-
tive MSA in the absence of GTP. Depending on the experiment, different concentrations of DDM were employed.
Arrows indicate time windows during which US treatment was applied. af-Tubulin negative controls are also
shown. A) Short US exposure of active DDM-containing polymerization mixtures led to a significant decrease in
Asqo thus indicating the degradation (disassembly) of polymerization products. B) Taxol- or Epo B-based MTs are
not affected. C) DDM treatment of taxol-induced MTs leads to a concentration-dependent decrease in Ay, The
graph shows the AA;,, after the addition of DDM to MTs induced by taxol or Epo B and subsequent US treatment
(2 min). Black bars: control (no DDM added); gray bars: 5 um DDM added; white bars: 20 um DDM added. The
DDM bar shows the AA;,, after a 2 min US exposure of DDM-induced MTs (corresponds to Figure 4 A).

therefore, the extent of tubulin polymerization or disassembly,
vide supra.

It should also be noted that the tubulin polymers obtained
with DDM under our experimental conditions were completely
resistant to cold-induced depolymerization (as deduced from
turbidity measurements). This is in agreement with previously
reported data for polymers obtained under different polymeri-
zation conditions,"*’ thus indicating that the polymers investi-
gated here are not inherently less stable than those previously
studied.

Given the distinct combination effects observed between
DDM and taxol in cell growth inhibition experiments!'* (vide
supra), we also investigated the effect of DDM on the stability
of taxol- or Epo B-induced MTs under physical stress condi-
tions. The incubation of fully grown taxol-induced polymers
(obtained from 10 um tubulin and 10 um taxol) with either 5 or
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flection of the much larger dif-
ference in MT-binding affinity
between DDM and taxol (~400-
fold) than for DDM and Epo B
(~fourfold, in favor of DDM).""”

In addition to the effects of
DDM on taxol- and Epo B-con-
taining preformed MTs, we also
investigated the ability of taxol
and Epo B to affect the state of
the breakdown products derived from the US treatment of
DDM-induced MTs. Thus, DDM-containing polymerization mix-
tures (polymerization period of 30 min) were subjected to a
2 min US treatment and then incubated with taxol or Epo B for
30 min at room temperature. Neither taxol nor Epo B, even
when employed at a fivefold molar excess over tubulin, pro-
duced any increase in A;4 (data not shown). This indicates that
neither compound was able to induce reassembly of the
breakdown products formed upon US treatment of DDM-in-
duced MTs.

Combination studies

As indicated above, DDM and taxol, but not DDM and Epo B,
exhibit pronounced synergism in the inhibition of human
cancer cell growth in vitro."* At the same time, the experi-
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Figure 5. The effect of US on MSA-induced tubulin polymers. Upper row of micrographs: tubulin polymers in-
duced by DDM, taxol, or Epo B (40 um of drug/af-tubulin) prior to US treatment. Lower row of micrographs: cor-
responding preparations after a 2 min treatment with US (40 kHz). The size of the scale bars: DDM, Taxol,

DDM +US: 200 nm; Epo B: 25 nm; Taxol + US: 500 nm; Epo B+ US: 2000 nm.

ments discussed in the previous sections revealed distinctly
different effects of DDM, compared with that of either taxol or
Epo B, on tubulin polymerization kinetics, polymer morpholo-
gy, and the stability of polymerization products. Collectively,
these findings raised the question about the effects of DDM/
taxol and DDM/Epo B combinations on tubulin polymerization
and the nature of the polymers that would be formed in this
process. Thus, we investigated the induction of tubulin poly-
merization by equimolar mixtures of DDM/taxol, DDM/Epo B,
and taxol/Epo B. These experiments were performed in the

0.44 A
042 DDM + EpoB

0.40 - 4 DDM
0.38 1 T} DDM + Taxol
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0.20+ 7 T T
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A340

Trmax Tmax

Tubulin + MAPs

Figure 6. Tubulin polymerization induced by equimolar mixtures of DDM
and taxol or of DDM and Epo B. Each MSA (10 pm) was added simultaneous-
ly to af-tubulin (30 um)/MAPs (0.5 mgmL™'). Data points are average values
from three experiments + SEM. Arrows indicate T,,,, as determined by the
centrifugation method.
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presence of MAPs and free af3-
tubulin in excess (1equiv of
each MSA, 3 equiv tubulin), in
order to provide a sufficient
number of binding sites for the
complete binding of both
MSAs.

The centrifugation-based T,,,,
observed upon simultaneous in-
cubation of tubulin/MAPs with
DDM and taxol, (387+131)s,
was comparable with that ob-
tained for DDM alone, (420+
139) s, and thus, was significant-
ly lower than the T, for taxol
((1024+177)s; Figure 6). In
contrast, combinations of DDM
and Epo B or taxol and EpoB
produced T, Vvalues that
roughly corresponded with the
higher of the T, values of the
individual combination partners
(Epo B in both cases; DDM/
EpoB: T,.,=(1565+218) min;
Epo B/taxol: Tmax= (1484 +
275) min; Figure 6).

At the same time, and quite intriguingly, the architecture of
the DDM/taxol-induced MTs appeared to be intermediate be-
tween that of the MTs formed with either of the two agents
alone (Figure 7). The DDM/taxol-induced MTs tended to be
shorter (1-3 um) than those induced by taxol (1-10 pm), but
longer than the polymers formed with DDM (~1 um). Signifi-
cantly, the characteristic tubulin sheets observed with DDM
alone were almost completely absent from polymer prepara-
tions obtained with the DDM/taxol combination (Figure 7).

A more detailed analysis of the DDM/taxol-induced polymer-
ic structures revealed the presence of randomly distributed
areas across the polymer where the cylinder was opened and
distorted; these might represent accumulation sites of DDM
(Figure 7). At the same time, only few broken fragments were
visible. Internal distortions of the MT cylinder were virtually
absent from MTs assembled with taxol alone (under identical
conditions), although they may occur close to MT ends (data
not shown).

The EM analysis of DDM/Epo B-induced polymers was incon-
clusive, but seemed to indicate the formation of two inde-
pendent types of MTs (corresponding to those in Figure 1;
data for combination experiments not shown). This would be
in line with the results of the T, measurements, as the T,
for the combination in this case would be expected to corre-
spond to the higher of the T,,,, values for the two combination
partners (i.e., Epo B). However, at this point in time, these as-
sumptions are purely speculative, and additional experiments
will be required to either confirm or reject the hypothesis of
independent polymer formation for mixtures of DDM and
Epo B.

Epo B + US
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Figure 7. Electron micrographs of MTs formed with equimolar amounts of DDM and
taxol. DDM (13.3 pm) and taxol (13.3 um) were simultaneously incubated with af-tubulin
(40 um)/MAPs (0.5 mgmL ). White arrows indicate regions displaying structural features

of DDM-induced MTs (Figure 2). The scale bars are 200 nm.

Surprisingly, the US treatment of MTs formed with the DDM/
taxol combination revealed that they had apparently lost the
hyperfragile character of the DDM-induced polymers (data not
shown). This seems to contradict the previous observation of
the destabilizing effect of DDM on taxol-induced preformed
MTs. The reasons for this discrepancy have not been specifical-
ly addressed, but could perhaps be related to differences in [3-
tubulin isotype composition and distribution between the MTs
assembled with either taxol alone or a taxol/DDM mixture
(vide infra).

B-Tubulin isotype composition of MSA-assembled MTs

Previous studies have demonstrated that the dynamicity and
stability of MTs strongly depend on their isotype composition.
For example, it has been known for some time that MTs assem-
bled, in vitro, solely from af}, dimers exhibit distinct assembly
properties® and significantly enhanced dynamics relative to
MTs derived from either af, or af3,, dimers or from unfraction-
ated tubulin.”® These experimental findings were extended in
a recent study by Rezania et al., and the collective data were
analyzed by using an approach based on recursive maps.*” As
a result, these authors suggested that the interactions be-
tween dimers of different isotypes during polymer growth are
stronger than those between dimers of the same isotype. For
example, the incorporation of new af}, dimers during MT poly-
merization is predicted to occur preferentially next to an afy,
rather than an af, dimer, and vice versa.”” As a consequence,
MTs assembled from mixtures of different tubulin isotypes
should be less dynamic (more stable) than those formed with
one isotype only, which is what is experimentally observed.

Based on this model, the differences in morphology and sta-
bility observed in our study between MTs assembled with
DDM and taxol or Epo B could be related to differences in af-
tubulin isotype usage by different MSAs in the course of the
polymerization process. In order to address this question, we
analyzed the af,,- and af,-dimer content of the MTs induced
by DDM, taxol, or Epo B from purified (mixed isotype) af3-tubu-
lin in the absence of GTP by means of Western blotting.

172

www.chembiochem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

K.-H. Altmann et al.

Initial experiments were conducted with equimo-
lar amounts of af-tubulin and MSAs, but no signifi-
cant differences were observed between the West-
ern blots of polymerization mixtures obtained with
the different MSAs under these conditions. However,
when af-tubulin was employed in a fivefold molar
excess over the inducing agent, the fraction of af},,
dimers was markedly lower in DDM-induced MTs
than in those obtained with either taxol or Epo B
(Figure 8). This finding strongly suggests that DDM
has a pattern of isotype usage during tubulin poly-
merization that is different from that of taxol and
Epo B, and is characterized by a lower affinity for
afy-tubulin. Under conditions where af-tubulin and
DDM are present in a 1:1 ratio, this may become
manifest in the incorporation of of},-type dimers

IBIII isotype

a tubulin

B,., isotypes

DDM EpoB Taxol GTP

Figure 8. Western blots of tubulin polymers obtained with MSAs (10 pm)
and purified pig brain tubulin (50 um) in the absence of GTP (1 h incubation
at room temperature). Control MTs were assembled with GTP (25 mm) and
glutamate (2.7 m). Monoclonal antibodies were used for immunostaining of
the p-tubulin isotypes.

only towards the end of the polymerization process. As a con-
sequence, the isotype composition for the bulk of the MTs
would be more homogeneous; this results in more dynamic,
less stable MTs (vide supra).

The above differences in isotype usage between DDM and
taxol also suggest that MTs assembled with a DDM/taxol mix-
ture and those obtained with taxol alone might differ in their
isotype composition and distribution (across the MT). This
could provide a rationale for the US resistance of MTs formed
with DDM/taxol, while taxol-induced MTs become less stable
to US treatment in the presence of added DDM.

Conclusions

The experiments performed in this study demonstrated that
DDM induces the formation of MT polymers, whose architec-
ture was clearly distinguishable from that of taxol- or Epo B-in-
duced structures. While these findings partly reconfirm previ-
ous literature reports,"® we were also able to show that the
differences in morphology between DDM-induced MTs and
those obtained with either taxol or Epo B translate into distinct
differences in physicochemical properties. Thus, DDM-induced
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MT polymers can be destroyed by US treatment, whereas
those formed with taxol or Epo B are stable. While the biologi-
cal significance of these findings is unknown, they still high-
light the existence of fundamental differences in the physico-
chemical properties between DDM- and taxol- or Epo B-in-
duced tubulin polymers, which could also be relevant at the
biological level.

DDM-induced MT assembly was found to be distinct from
taxol- or Epo B-driven polymerization not only at the level of
polymer morphology and stability but also regarding the
usage of different tubulin isotypes. Thus, under conditions in
which MSA availability is limiting, DDM-induced MTs contained
significantly less af3,-tubulin than those assembled with either
taxol or Epo B. While no such difference could be detected
(within the accuracy limits of Western blot analysis) when
MSAs and af-tubulin were present in a 1:1 ratio, the less effi-
cient usage of af3,-tubulin by DDM could lead to changes in
polymer stability due to changes in the intramicrotubular dis-
tribution of tubulin isotypes. Clearly, a more comprehensive
understanding of the differential effects of MSAs on tubulin
polymerization and MT stability will require a detailed assess-
ment of tubulin isotype usage by these agents during the
polymerization process.

Subtle but significant differences between DDM and taxol
have been reported for cellular systems. Thus, DDM has been
shown to produce shorter MTs and to induce strong MT bun-
dling in cells"®*3¥ and, in comparison to taxol, exhibit stronger
MT-stabilizing effects."®3% On the other hand, the concentra-
tions required to produce mitotic arrest by DDM appear to be
significantly higher than those required to inhibit human
cancer cell proliferation,"®*" and we have confirmed this phe-
nomenon in our own laboratory (B. Sager, J.G., unpublished
data). More recently, DDM was also found to induce accelerat-
ed senescence in A549 cells, whereas taxol did not.*? Based
on our experiments, it is not inconceivable that these effects
are due to differences in MT architecture between DDM- and
taxol-induced MTs rather than being related to interactions (of
DDM) with additional protein targets. Cell-based experiments
in our own laboratory have also shown that incubation of
MonoMac-6 cells with high concentrations of DDM (1 um) over
short time periods leads to the extensive formation of bundles,
which are rapidly transported into pseudopodia, thereby in-
ducing a distinct cellular morphology (J.G., unpublished data).
Similar effects have previously been observed with mouse fi-
broblasts,* and no such changes in cellular morphology were
induced in MonoMac-6 cells with either taxol or Epo B. Based
on immunofluorescence staining, the DDM-induced bundles in
MonoMac-6 cells appear to be largely composed of shorter
MTs (in comparison to taxol- or Epo B-induced bundles) and/or
af-tubulin sheets that assemble laterally and cluster without
forming a tube.

Finally, our study points to the formation of a new type of
MT polymer with a mixed morphology in the simultaneous
presence of DDM and taxol. These findings parallel the previ-
ously reported cellular synergism between DDM and taxol.!*
Future studies will show whether our findings with isolated
tubulin are of relevance for cellular systems, and whether MT
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architecture could become a relevant aspect in MT-based drug
discovery.

Experimental Section

Chemicals: (+)-DDM and Epo B were generous gifts of the Novar-
tis Pharmaceuticals Corp. (Basel, Switzerland); taxol (paclitaxel) was
purchased from Sigma. Compounds were used as stock solutions
(2 mm) in DMSO. DMSO, GTP, ATP, PIPES, and EGTA were obtained
from Fluka. Monoclonal antibodies against B-tubulin isotypes and
a polyclonal antibody against o-tubulin were purchased from
Abcam (Ab11314, Ab11313, Ab151246) and employed according to
the manufacturer’s instructions.

Isolation of pure af-tubulin (>95%): Tubulin was isolated as
pure of-tubulin from fresh pig brain tissue according to the
method of Castoldi and Popov.®¥ Fresh brain tissue was obtained
from a local slaughterhouse and processed immediately without
prior cooling. In brief, cleaned pig brain tissue (150-200 g) was put
into ice-cold depolymerization buffer (50 mm MES, 1 mm CaCl,, ad-
justed to pH 6.9 with KOH) and homogenized in a Polytron mixer.
The homogenate was centrifuged in a Sorvall SLA-1500 rotor at
14500 rpm for 60 min. The supernatant was transferred into an
Erlenmeyer flask in high-molarity PIPES buffer (1m PIPES, 10 mm
MgCl,, 20 mm EGTA adjusted to pH6.9 with KOH) plus ATP
(1.5 mm final concentration) and glycerol (98%) in a total volume
of 300 mL. The resulting suspension was mixed and incubated at
37°C for 1 h. Aliquots were transferred into ultracentrifuge tubes
and centrifuged in a Beckman Ti50.2 rotor at 32500 rpm (96000 g)
for 75 min at 30°C. The MT protein pellets were resuspended in
depolymerization buffer and put on ice prior to ultracentrifugation
at 4°C. The procedure was repeated for two polymerization cycles
(total of three cycles), and the final af-tubulin pellets were dis-
solved in ice-cold Brinkley Buffer (BRB80: 80 mm PIPES, 1 mm
MgCl,, 1 mm EGTA adjusted to pH 6.8 with KOH) prior to shock-
freezing in liquid N, and subsequent storage at —80°C. The af}-tu-
bulin purity and concentration were determined by SDS-PAGE gel
electrophoresis and spectrophotometrically (A=gxcxd with an
extinction coefficient of 115000 M 'cm™' at 280 nm). This proce-
dure typically yielded 60-100 mg of af-tubulin per 100 g of brain
tissue with a purity >95%. Notably, this method of tubulin prepa-
ration results in tubulin with GDP in the exchangeable site with
only traces of GTP. No GTP, MAPs, or glutamate was used in poly-
merization experiments with this tubulin unless specifically stated.

Preparation of MAPs: Heat-treated MAPs were prepared from
fresh pig brain tissue according to a method previously published
by Hamel etal.”® The MAPs preparation was lyophilized and
stored at —80°C. The purity and concentration were determined
by SDS-PAGE gel electrophoresis. In experiments employing MAPs,
0.5 mgmL~" were added to ap-tubulin preparations.

Electron microscopy (EM): Conventional transmission EM (both
bright- and dark-field) was performed at the Electron Microscopy
Center, EMEZ ETH, Zurich. MT samples were prepared in BRB80
buffer, in general, with stoichiometric amounts of drug/af-tubulin.
Samples (5 pL) of MT from preparations were loaded onto a freshly
prepared copper grid. The grid was blotted dry with filter paper
15-20's later, and the MT preparations were stained with uranyl
acetate (2%) for 20 s. For negative staining, an aliquot (5 pL) of the
sample was adsorbed for 60s onto glow-discharged carbon-
coated collodium film on a 400 mesh per inch copper grid. The
grid was next washed with two drops of distilled water, stained for
20 s with uranyl formate (0.75%, pH 4.25), and air dried after the
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removal of excess liquid with filter paper and suction with a capil-
lary applied to the edge of the grid. Specimens were examined in
a Hitachi H-8000 TEM (Hitachi, Ltd.), operated at 100 kV. The num-
bers of MTs were counted from prints of different grid areas
(176 um? each). Polymers were chosen randomly for analysis.

Tubulin polymerization: Freshly thawed of-tubulin was centri-
fuged at 5000 g for 5 min at 5°C and then incubated with addi-
tional BRB80 buffer, MSAs, DMSO vehicle (2%), GTP/glutamate
(0.5 mm/0.4m final concentration if not stated otherwise), and/or
MAPs (0.5 mgmL™") in a 96-well plate in either 50 or 100 uL vol-
umes. MSA-driven polymerization was investigated in the absence
of GTP. Compounds were added to the tubulin solution on ice. Ex-
periments were either carried out in a 96-well quartz plate or in
normal 96-well polystyrene plates (Falcon). The polymerization was
monitored by following the increase in absorption at 340 nm in a
temperature-controlled TECAN GeniosPro spectrophotometer. De-
pending on the specific experiment, the temperature was set
either to room temperature (actual measuring temperature was
24-27°C) or 37°C. The concentration of DMSO was found to be
highly critical, as DMSO concentrations > 2% induced considerable
MT formation. All experiments, including both negative (untreated
afp-tubulin) and vehicle controls, were carried out in triplicate. Ex-
periments were performed with at least two different af3-tubulin
batches. Average differences in A340 were subjected to statistical
analysis (student t-test and ANOVA), and P<0.05 was considered
to be significant.

Determination of the time required to achieve maximum poly-
merization (T,,,). Several drug/af-tubulin mixtures were run in
parallel in these experiments. After an initial polymerization time
of 120 s for all samples, individual mixtures were removed every
minute and centrifuged. The remaining amount of unpolymerized
af-tubulin in these samples was determined according to Lin
et al.,* that is, employing a standard Bradford method (Pierce Bio-
technology). T,..« was determined from a curve generated with the
Graphpad Prism 4 software (A4, in the presence of MSA alone/As,,
for MSA + GTP) and defined as the time point at which the quan-
tifiable amount of tubulin in the supernatant did not decrease fur-
ther. This method was also employed to determine the maximum
degree of conversion of tubulin into MT polymers (% polymeri-
zation) induced by each MSA. In an alternative approach, the ab-
sorption of the polymerization mixtures was followed at 340 nm
and assumed to be proportional to the amount of MT polymer
formed.” After the MSA addition, glutamate (2.7m) and GTP
(25 mm) were added to the polymerization mixture every minute
to assess whether free af-tubulin (or oligomers not associated
with MTs) was still present. This was judged by the appearance
and height of a second polymerization curve (a further increase in
Asq), Which was assumed to indicate the presence of remaining
free af-tubulin or oligomers not detectable at 340 nm. In this
method, T,.. was determined from a curve generated with the
Graphpad Prism 4 software and defined as the time point at which
no second polymerization curve could be detected upon the addi-
tion of glutamate/GTP.

Ultrasound (US) treatment of polymers: Polystyrene 96-well
plates containing the samples from the polymerization assays were
carefully sealed with parafilm. A Merck ASB 40 kHz US water bath
was filled with deionized water (10 cm deep), and the 96-well
plates were carefully placed on the surface to float. Sonication was
performed for different time periods. After sonication, the plate
was carefully dried and left for 10 min on a shaking table. This
latter incubation step was crucial to obtain reproducible results.
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