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Abstract

Disorazol A1, a macrocyclic polyketide compound that is produced by the myxobacterium Sorangium cellulosum showed a remarkably

high cytostatic activity. It inhibited the proliferation of different cancer cell lines including a multidrug-resistant KB line at low picomolar

levels. In presence of disorazol A1, the nuclei of the cells increased in size and the cells often became multinucleate. Low concentrations of

disorazol (<100 pM) induced an apoptotic process, characterized by enhanced capase-3 activity and DNA laddering, and abnormal,

multipolar mitotic spindles. Low concentrations also induced an accumulation of p53 protein in the nucleus. At higher concentrations, we

observed an accumulation of the cells in the G2/M-phase of the cell cycle, and a depletion of microtubules. In vitro, disorazol A1 inhibited

the polymerization of tubulin in a concentration-dependent manner and independently of microtubule-associated proteins. Correspond-

ingly it induced a complete depolymerization of microtubules prepared in vitro. Formation of defined degradation structures was not

observed. Disorazol is a novel, highly effective antimitotic agent. Efforts are going on to develop it as an anticancer drug.

# 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Natural products are an unsurpassed source of novel

chemotherapeutic drugs. Tubulin-interacting compounds,

such as vinblastine and paclitaxel, cause cells to accumulate

in the M-phase of the cell cycle through inhibition of mitosis.

Microtubules are highly dynamic polymeric structures of

tubulin,whichare involved inmanycellularactivities includ-

ing maintenance of cell structure, cellular transport, and cell

proliferation [1]. Microtubular function depends on these

dynamics, which is especially high during formation of the

mitotic spindle. Interfering with microtubular dynamics of

the mitotic spindle is the basis for the anticancer activities of

drugs that either inhibit the polymerization of microtubules,

e.g. Vinca alkaloids, or promote it, e.g. taxanes.

As these compounds induce a fragmentation of the

nuclei which can easily be shown by DAPI staining, we

used a microtiterplate assay with L929 mouse cells in order

to screen small amounts of myxobacteria grown on agar

plates for this effect.1 The active principle of some positive

samples of Sorangium cellulosum was shown to be dis-

orazol A1, a macrocyclic polyketide (Fig. 1), which had

been reported as a highly cytotoxic compound with strong

antifungal, but no antibacterial activity [2]. Disorazol A1

was the main compound among twenty-nine disorazols

that were isolated from S. cellulosum, strain So ce12 [3].

The disorazols are macrocyclic dilactones of 2-pentade-

cyloxazole-4-carboxylic acids.

Here we show that disorazol A1 is an antimitotic com-

pound that interferes with microtubule formation, blocks

mitosis, and induces apoptosis.

2. Materials and methods

2.1. Natural compounds

Disorazol A1 and epothilone B were kindly provided

from the Division of Natural Product Research at the GBF.

Vinblastine was from Sigma.
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2.2. Cell culture and growth inhibition assay

Cell lines were obtained from the American Type Cul-

ture Collection (ATCC) and the German Collection of

Microorganisms and Cell Cultures (DSMZ). All cell lines

were cultivated under conditions recommended by their

respective depositors. Cell culture reagents came from Life

Technologies Inc. (GIBCO BRL). Plastic ware was from

Nunc Inc. Growth inhibition was measured in microtiter-

plates. Aliquots of 120 mL of the suspended cells

(50,000 mL�1) were given to 60 mL of a serial dilution

of the inhibitor. After 5 days, growth was determined using

the MTT assay [4] or the WST-1 assay (Roche). In order to

assay the survival rate, higher cell numbers (250,000 cells/

mL) were seeded, and the metabolic activities of the cells

monitored over a longer period of time. The absorbance

values measured after an incubation with MTT for 2 hr

were given as activity parameters.

2.3. Cell cycle analysis

After the appropriate treatment, 106 U-937 cells (DSMZ

ACC-5) were harvested by centrifugation and then fixed

with cold (�208) 80% methanol. After 30 min of incuba-

tion on ice, the cells were washed with PBS (phosphate

buffered saline) and then treated with 0.1% saponin in PBS

(w/v). Finally 500 mL propidium iodide (20 mg/mL) and

RNAse (1 mg/mL) were added, and the cells were incu-

bated at 378 for 30 min. Samples were analyzed by a

FacScan (Becton Dickinson Immunocytometry System).

Results are presented as the number of cells versus the

amount of DNA as indicated by fluorescence intensity.

2.4. Caspase-3 assay

106 U-937 cells were extracted with 0.3 mL of 1% Triton

X-100 in 10 mM Tris–HCl buffer (pH 7.5) containing

10 mM sodium pyrophosphate and 130 mM NaCl at 48
for 30 min. The cell debris was removed by centrifugation.

Fifty microliter aliquots of the cell extract were added to a

reaction mixture made of 5 mL of 1 mg/mL Ac-DEVD-

AMC (Calbiochem) and 200 mL of 20 mM HEPES (pH

7.5) containing 10% glycerol and 2 mM dithiothreitol in a

microtiterplate. After incubation at 378 for 1 hr, the result-

ing fluorescence was measured with an excitation at

355 nm and emission at 460 nm using a Victor 1420 Multi

Label Counter.

2.5. Detection of DNA laddering

DNA of U-937 cells was extracted using a QiAmp DNA

mini kit (Qiagen). DNA (1–2 mg) was loaded into a well of

a 1.2% agarose gel, separated by electrophoresis at 20 V

overnight using TAE buffer (0.04 M Tris–acetate, 1 mM

EDTA), and stained by ethidium bromide.

2.6. Cell staining

PtK2 cells (ATCC CCL-56) were grown on glass cover-

slips (13 mm diameter) in four-well plates. Exponentially

growing cells were incubated with disorazol A1 for dif-

ferent periods of time. Cells were fixed with cold (�208)
acetone–methanol (1:1) for 10 min. For morphological

studies cells were stained by azur B. For labeling the

microtubules, cells were incubated with a primary mono-

clonal antibody against a-tubulin (1:500; Sigma), then with

a secondary goat anti-mouse IgG antibody conjugated with

Alexa 488 or 594 (1:200; Molecular Probes) at 378 for

45 min. For labeling the centrosomes, we used polyclonal

antibodies against g-tubulin and pericentrin from BAbCO/

Covance, and a secondary goat anti-rabbit IgG antibody

conjugated with Alexa 594 (Molecular Probes). The nuclei

and chromosomes were stained with DAPI (1 mg/mL). In

order to investigate p53 localization, we used human A-

549 lung carcinoma cells, and anti-p53 monoclonal anti-

bodies (1:500; Transduction Laboratories). The secondary

antibody was the same as for microtubule labeling. The

cells were washed with PBS between all incubations. The

coverslips were mounted using Prolong Antifade (Mole-

cular Probes), and viewed with a Zeiss Axiophot fluores-

cence microscope using appropriate filter sets.

2.7. Tubulin purification and polymerization assay

Microtubule proteins were purified from porcine brain

homogenates using standard procedures that comprise two

to three cycles of temperature-dependent polymerization

and depolymerization [5]. Microtubule proteins are com-

posed of tubulin and MAPs (microtubule-associated pro-

teins). The purification of tubulin from MAPs was done by

phosphocellulose chromatography [6].

Tubulin polymerization was monitored via turbidometry

[7]. In the standard polymerization assay, the sample

(200 mL of 10–12 mM microtubule proteins) in PEM poly-

merization buffer (0.1 M PIPES, pH 6.6, 1 mM MgSO4,

1 mM EGTA, and 1 mM GTP) was rapidly warmed to 378
in a water jacketed cuvette holder of a diode array photo-

meter (Beckman Spectrophotometer DU 7500). The absor-

bance at 350 nm was monitored in absence and presence of

the drug.

Fig. 1. Chemical structure of disorazol A1.
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2.8. Electron microscopy

Protein samples (5 mL, 10 mM) were adsorbed to carbon-

coated copper grids, fixed for 60 s with 0.5% glutaralde-

hyde in PEM, and then rinsed with distilled water. The grid

was negatively contrasted with 2% aqueous uranyl acetate

solution, blotted and dried. The specimens were examined

under a Zeiss CEM 902 transmission electron microscope.

3. Results

3.1. Inhibition of cell proliferation

Disorazol A1 (Fig. 1) is an extremely effective inhibitor

of mammalian cell proliferation. Fig. 2 shows a concen-

tration-dependent inhibition curve of L929 mouse fibro-

blasts. The metabolic activity of the cells grown in

microtiterplates were measured by an MTT assay after

an incubation period of 5 days when the control cells

reached confluency. The metabolic activity in each well

is dependent on the number of cells that were grown during

the 5 days, but also on their vitality. The absorbance values

measured with the different disorazol A1 concentrations

were related to control wells whose activities were set to

100%. The activity of the seeded cells accounts to 5%. The

sigmoid inhibition curve shows an IC50 of 3 pM, and

reaches a lower limit at 26 � 3%, and not 5%, which

would be expected when the growth inhibition would be

complete. Also at 500 pM, there was an increase in meta-

bolic activity during the 5 days of incubation from 5 to

26%. Microscopic observations and cell counting showed

that this increase was due to an increase in cell size, not due

to cell proliferation. Experiments with a shorter incubation

period (3 days) gave no significantly different results.

Disorazol prevents cell proliferation, but has no apparent

acute cytotoxic effects. We monitored L929 cells in pre-

sence of 13 and 130 pM disorazol A1 by an MTTassay over

a period of 10 days (data not shown). The cells did not

propagate under these conditions, showed a slight increase

in activity during the first days, which was accompanied by

cell enlargement, but no decrease of the metabolic activity,

which would be expected with acute cytotoxic effects. In

presence of disorazol A1, the nuclei of the cells increased in

size and the cells often became multinucleate as shown in

Fig. 3 for PtK2 cells. The nuclei had irregular shapes and

different sizes.

We measured IC50 values of several established animal

and human tumor cell lines. The data, which are summar-

ized in Table 1, show values between 2 and 42 pmol/L. The

high potential of disorazol A1 becomes especially clear

when we compare its data with those of epothilone B and

vinblastine, both potent drugs that interfere with micro-

tubular dynamics.

Growth inhibition of the multidrug-resistant cell line

KB-V1 was also measured in presence of verapamil. As

this compound inactivates the Pgp efflux pump [8], a

comparison of the IC50 values obtained in presence and

in absence of verapamil reveal to which extend disorazol

A1 is pumped out of the cells by the MDR1 Pgp. The data

in Table 1 show that disorazol A1 is a poor substrate of Pgp,

Fig. 2. Concentration-dependent growth inhibition of L929 mouse

fibroblasts by disorazol A1.

Fig. 3. PtK2 cells that were incubated with 6.6 pM disorazol A1 show enlarged nuclei (B) and multinucleate cells (C), which contain nuclei of different size.

(A) Untreated control cells. Scale bar: 10 mm.
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it is transported in a less degree than vinblastine. Epothi-

lone B overcomes MDR1-mediated resistance completely.

3.2. G2/M blockade of the cell cycle

Cell cycle investigations showed that U-937 cells incu-

bated with disorazol A1 accumulated in the G2/M-phase of

the cell cycle (Fig. 4). In untreated control cells, only 15%

of the whole cell population was in the G2/M-phase (histo-

gram A), but 85% of the cells had accumulated in this phase

when they were incubated with disorazol A1 (1.3 nM) for

24 hr (histogram B). Only 5% of the cells were in the G0/G1-

phase. The treated cells also showed a small population of

cells with a 4-fold DNA content. This population increased

when cells were incubated with the drug for another day

(data not shown). An accumulation of cells in the G2/M-

phase was also observed at 0.13 nM. G2/M arrest and an

increased population of hyperploid cells was also found

with L929 mouse fibroblasts (data not shown).

3.3. Induction of apoptosis

In Fig. 4B, there is also a significant sub-G1 population

indicating that an apoptosis is going on. Caspase-3 activity

and DNA cleavage are hallmarks of the apoptotic process.

Our results showed that caspase-3 activity of treated U-937

cells rapidly increased after the addition of disorazol A1

reaching a maximum level between 12 and 24 hr (Fig. 5).

Table 1

Antiproliferative efficacy of disorazol A1 against established animal and human tumor cell lines compared with those of epothilone B and vinblastine

Cell line Origin IC50 (nM)a

Disorazol A1 Epothilone B Vinblastine

L929 (DSMZ ACC-2) Connective tissue, mouse 0.0038 � 0.0002 (6) 1.3 � 0.6 (8) 28 � 7 (6)

PtK2 (ATCC CCL-56) Kidney, potoroo 0.034 � 0.004 (2) 0.8 � 0.3 (2) 41 � 3 (2)

KB-3.1 (DSMZ ACC-158) Cervix carcinoma, human 0.0025 � 0.0003 (4) 1.6 � 0.6 (2) 8.6 � 0.3 (4)

KB-V1 (DSMZ ACC-149) Multidrug-resistant KB line 0.042 � 0.008 (6) 0.57 � 0.03 (2) 114 � 31 (4)

KB-V1 (assay in presence

of 11 mM verapamil)

0.0040 � 0.0002 (2) 0.27 � 0.04 (2) 1.0 � 0.1 (2)

K-562 (ATCC CCL-243) Myelogenous leukemia, human 0.006 � 0.001 (4) 0.69 � 0.03 (2) 8.7 � 1.8 (4)

U-937 (DSMZ ACC-5) Histiocytic lymphoma, human 0.002 � 0.001 (4) 0.09 � 0.01 (4) 0.43 � 0.13 (4)

A-498 (DSMZ ACC-55) Kidney carcinoma, human 0.016 � 0.004 (2) 4.3 � 3.6 (4) 46 � 12 (2)

A-549 (DSMZ ACC-107) Lung carcinoma, human 0.0023 � 0.0005 (2) 0.26 � 0.14 (2) 5.9 � 0.5 (2)

SK-OV-3 (ATCC HTB-77) Adenocarcinoma, ovary, human 0.0049 � 0.0001 (4) 0.64 � 0.07 (2) 1.4 � 0.1 (4)

PC-3 (ATCC CRL-1435) Adenocarcinoma, prostate, human 0.0071 � 0.0012 (4) 2.0 � 0.3 (2) 0.82 � 0.06 (4)

a Arithmetic means � standard deviation (number of replicates in brackets).

Fig. 4. Histograms of flow cytometry data of U-937 cells. (A) Control

cells showed a high peak at G1-phase. (B) After treatment with disorazol

A1 (1.3 nM) for 24 hr, the cells accumulated in G2/M-phase. In addition,

there is a small cell population with 4-fold DNA content.

Fig. 5. Disorazol induces an apoptotic process characterized by caspase-3

induction and DNA laddering. U-937 cells showed an increased level of

caspase-3 activity with a maximum between 12 and 24 hr after the addition

of 10 pg/mL disorazol A1. The insert shows DNA laddering in the presence

of 10 (lanes 3 and 4) or 100 pg/mL (lanes 5 and 6) disorazol A1 after 24

(lanes 3 and 5) and 48 hr (lanes 4 and 6). Lane 1 shows a standard 100 bp

ladder. Lane 2 shows DNA from control cells without disorazol.

930 Y.A. Elnakady et al. / Biochemical Pharmacology 67 (2004) 927–935



Fig. 6. The action of disorazol A1 on the microtubules of PtK2 and L929 cells. Microtubules were labeled green or red; nuclei and chromosomes were stained

blue. (A) Untreated PtK2 cells showing normal microtubules and a bipolar mitotic spindle. (B) Four hours after treatment of the cells with disorazol A1

(660 pM), the network of the microtubules was completely disrupted. (C) After treatment with low concentrations of disorazol A1 (13 pM) for 24 hr, mitotic

cells showed abnormal spindles with a multipolar configuration. (D) Low concentrations of disorazol A1 that did not led to a microtubule depletion still

induced the formation of multinucleate cells. After 2 days of incubation with disorazol (66 pM) the L929 cells contain nuclei of different size and nuclear

fragments. Scale bars: 10 mm (scale bar for panel (C) is also valid for panels (A) and (B)).

Fig. 7. Low concentrations of disorazol A1 induce the accumulation of p53 protein in the nucleus of A-549 lung carcinoma cells. (A) Control cells; (B) cells

incubated with 13 pM disorazol A1 for 1 day.
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An caspase-3 induction showing a maximum between and

24 hr was also found with KB-3.1 cells (data not shown).

To check for DNA cleavage, genomic DNA samples of

U-937 cells treated with disorazol A1 for 24 and 48 hr were

separated by electrophoresis on an agarose gel. The

inserted image in Fig. 5 shows that disorazol induced

DNA ladders after 1 and 2 days.

3.4. Effects on microtubules and p53 localization in

cultured cells

Microscopic investigations using immunofluorescence

techniques showed that disorazol A1 interfered with the

organization of the microtubular structures in the cells

(Fig. 6). The extent of the effect on microtubules was

concentration dependent. At drug concentrations of

130 pM and above, the interphase microtubules of

PtK2 cells disappeared within a few hours to within

minutes (Fig. 6B). Even after a short incubation period

(5 hr), the effect of disorazol A1 could not be reversed.

When the cells were washed and transferred to drug free

medium, the microtubular network did not recover. On

the other hand, at lower drug concentrations (e.g. 13 pM)

only the microtubules of the mitotic spindles seemed to

be affected and not the interphase microtubules. The

organization and the density of the microtubular network

of interphase cells showed no changes in comparison with

untreated cells. The mitotic cells showed abnormal spin-

dles with a multipolar configuration (Fig. 6C). The

number of the poles varied from three to nine. According

to immunofluorescence investigations with antibodies

against g-tubulin and pericentrin, we found that these

mitotic cells have only two, seldom four normal MTOCs

that contain g-tubulin and pericentrin, as is the case in

centrosomes and spindle poles of normal cells (data not

shown).

Low concentrations that did not affect the microtubular

network of interphase cells still induced multinucleate

cells and an engulfment and fragmentation of nuclei

(Fig. 6D).

Treatment of cells with microtubule targeting com-

pounds affects cellular transport, which was clearly shown

for the tumor suppressor protein p53 [9]. To assess the

effects of disorazol A1 on p53 localization, A-549 human

lung carcinoma cells were treated with low concentrations

(13 pM) of the drug. These concentrations had no apparent

effect on interphase microtubules, but resulted in enhanced

nuclear accumulation of p53 protein (Fig. 7).

3.5. Effect of disorazol A1 on microtubule

polymerization in vitro

As the immunofluorescence studies suggested that dis-

orazol A1 impairs the formation or the stability of micro-

tubules in the cells, we examined the effect of disorazol A1

on the polymerization of microtubule protein isolated

from porcine brain (Fig. 8). Turbidometric measurements

showed that disorazol A1 inhibited the polymerization of

tubulin at substoichiometric doses in a concentration-

dependent manner. 1.8 mM of the drug inhibited the

polymerization of microtubule protein (10 mM) by 50%,

i.e. at a disorazol A1:tubulin ratio of 0.18. In order to

examine the effects of disorazol A1 on preassembled

microtubules, tubulin was polymerized for 15 min. Then

disorazol A1 was added to the microtubules, and their

stability was monitored for another 15 min. As shown in

Fig. 8, disorazol A1 induced a depolymerization at sub-

stoichiometric concentrations. A drug concentration of

2 mM, i.e. a drug:microtubule protein ratio of 0.2, induced

a degradation of 50% of the given microtubules. Thus, the

ability of disorazol A1 to inhibit tubulin polymerization

or to induce microtubule depolymerization was nearly

the same.

The effectiveness of disorazol A1 to inhibit tubulin

polymerization in vitro was comparable to that of colchi-

cine and vinblastine. A concentration of 1 mM inhibited the

polymerization by 25, 20, and 33%, respectively.

We further investigated the effect of disorazol A1 on the

polymerization of microtubule protein by electron micro-

scopy. The control samples (Fig. 9A) showed many micro-

tubules with a normal cylindrical structure, whereas the

samples treated with 1 mM disorazol A1 showed only

irregular piles of protein (Fig. 9B). No defined polymeric

tubulin structures, like rings or spirals, could be observed.

In order to determine whether disorazol A1 acts directly on

tubulin or on associated proteins, we made further electron

microscopy investigations using phosphocellulose puri-

fied tubulin. In the absence of MAPs, it was necessary to

utilize altered reaction conditions that promote microtubule

assembly, viz. addition of 0.8 M glutamate at pH 6.6. As

Fig. 8. Influence of disorazol A1 on microtubule stability and formation in

vitro. Microtubule proteins (10 mM) were polymerized at 378 for 15 min

without disorazol (&). After that, 1 (*), 2 (~), 3 (!), and 4 mM (")

disorazol A1 were added, and polymerization was monitored at 350 nm for

another 15 min. The same experiment was done with disorazol A1 added

from the beginning: (*)1, (~) 2, and (5) 3 mM.
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seen with complete microtubule protein, disorazol A1

induced a degradation of preassembled microtubules also

under these conditions. These results indicate that the

molecular target of disorazol A1 is tubulin and not an

associated protein.

4. Discussion

During the last few years, several compounds have been

isolated from myxobacteria that interfere with the cytos-

keleton, either with microfilaments or with microtubules

[10–13]. In this report, we demonstrated that disorazol A1

is a novel antimitotic compound from myxobacteria. After

epothilones [10] and tubulysins [13], disorazols are the

third class of myxobacterial secondary metabolites that

interfere with tubulin polymerization. While epothilone

induces the polymerization of tubulin in vitro and stabilizes

the microtubules in intact cells [14], disorazol A1, like

tubulysin [13], inhibits tubulin polymerization and leads to

a depletion of microtubules in intact cells. In vitro poly-

merization assays with microtubule protein as well as

electron microscopy investigations with phosphocellu-

lose-purified tubulin demonstrated that disorazol A1 is

an effective inhibitor of tubulin polymerization, and that

it acts in a concentration-dependent manner and indepen-

dently of MAPs, suggesting that disorazol A1 exerts its

effect directly on tubulin rather than on microtubule-asso-

ciated proteins. Also, it completely depolymerised micro-

tubules prepared in vitro without forming rings or similar

structures. This suggests that the microtubules are disas-

sembled from their ends. In contrast to other antimitotic

agents, disorazol A1 was equally able to inhibit polymer-

ization of tubulin and to induce depolymerization of

microtubules. Phomopsin A, e.g. induces a 50% depoly-

merization of the microtubules only at concentrations that

are 5-folds higher than the concentrations needed to inhibit

tubulin polymerization by 50% [15]. The reason for this

symmetry of action could be that disorazol A1 does not

induce the formation of tubulin aggregates or ring struc-

tures from microtubules, which could raise the light scat-

tering in the polymerization assay.

The immunofluorescence studies of PtK2 cells that were

incubated with very low concentrations (e.g. 13 pM) of the

drug showed no significant altering of interphase micro-

tubules. Under these conditions, the number of microtu-

bules was also not detectably decreased. Nevertheless,

many nuclei of the treated cells were fragmented. At such

low concentrations, disorazol A1 probably affects only the

dynamics of the microtubules without depleting them.

Similar observations were made with other antimitotic

agents, like Vinca alkaloids, which also inhibit the micro-

tubular dynamics at concentrations below those required to

inhibit polymerization [16].

The tumor suppressor protein p53 is transported along

the microtubules to the nucleus via the minus-end-direc-

ted motor protein dynein [17]. The suppression of micro-

tubule dynamics by low concentrations of microtubule

targeting compounds was shown to enhance trafficking

towards the minus ends of microtubules [9]. Our findings

are in agreement with these results. Disorazol A1 also

enhanced the p53 localization in the nucleus at low

concentrations that had no apparent effect on interphase

microtubules.

Fig. 9. Electron micrographs of control samples without disorazol showed many microtubules with a normal cylindrical structure (A); scale bar: 1 mm.

Samples treated with disorazol A1 (1 mM) showed only irregular piles of protein (B).
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But mitotic cells showed abnormal spindles with a

multipolar configuration at such low concentrations of

disorazol A1. These were similar to those observed in

the presence of tubulysine D [13]. In order to examine

whether these structures are organized from a centrosome,

we made immunofluorescence stainings using antibodies

against g-tubulin and pericentrin. In most of the mitotic

cells with abnormal spindles, only two, seldom four, real

microtubule-organizing centers (MTOCs) containing g-

tubulin and pericentrin were observed. These results sug-

gest that the multipolar spindles are not the result of an

abnormal centrosome propagation. The few cells with four

spindle poles may be hyperploid cells (see below). At

higher drug concentrations (>100 pM) the microtubular

network of the interphase cells was completely disrupted.

The effect of disorazol A1 was irreversible, which suggests

that the compound has a high binding affinity to tubulin.

The mitotic spindle is a highly dynamic molecular

machine composed of tubulin, motors and other molecules.

It assembles around the chromosomes and distributes them

after duplication to the daughter cells. The formation of

abnormal spindles let us to suppose that the drug inhibits

the proliferation of cells by blocking mitosis. Cell cycle

investigations of the treated cells corroborate this assump-

tion. After 24 hr of incubation with disorazol A1, 85% of

U-937 leukemia cells had accumulated in the G2/M-phase.

On the other hand, we observed cells with enlarged nuclei

and cells with more than one nucleus after drug treatment.

In flow cytometric analyses, we noticed an increasing

population of hyperploid cells. Hyperploidy and multi-

nucleate cells can be induced in mammalian cells by other

antimitotic agents [18–21]. Microtubule inhibitors, such as

nocodazole, colcemid, and taxanes, induce the spindle

assembly checkpoint and cause a cell cycle arrest at the

M-phase. But after extended exposure to the drugs, the

cells begin to enter the G1-phase without undergoing

complete chromosome segregation and cell division, a

phenomenon termed mitotic slippage. As a result, the cells

undergo DNA rereplication and form hyperploid cells.

Disorazol A1 may induce the hyperploidity of the treated

cells by the same mechanism.

Despite the fact that we found clear signs that an

apoptotic process is induced by disorazol, most of the

cells survive for a longer period of time. L929 mouse

fibroblasts were metabolically fully active after an incuba-

tion period of 10 days.

Disorazol A1 has a high inhibitory effects on mamma-

lian cells that include the multidrug-resistant cell line KB-

V1 which expresses high Pgp levels. Here disorazol has an

advantage over paclitaxel or Vinca alkaloids concerning its

application as antitumor drug. Enhanced Pgp expression,

leading to enhanced drug efflux and reduced drug accu-

mulation, is a major cause of resistance to both compound

groups.

When we compare the in vitro and in vivo data we find a

high difference between the inhibition data found in poly-

merization assays with purified tubulin and the IC50 data

obtained with living cells that cannot easily be explained.

While the efficacy of disorazol A1 in vitro is comparable to

that of other tubulin inhibitors, e.g. vinblastin, it is three

orders of magnitude more effective in cells, i.e. the efficacy

of disorazol in living cells is much higher than would

be deduced from the in vitro polymerization experiments.

A possible explanation could be that disorazol is accumu-

lated and strongly bound by the cells. This would also

explain why the effect of disorazol cannot be stopped by

changing the cell culture medium even after a short

incubation period. A high accumulation was reported for

epothilone B [22]. Though we found that tubulin is a target

protein of disorazol, additional modes of action cannot be

excluded.

Efforts are made towards a total synthesis of disorazol

[23,24] and to develop either a natural or a synthetic

derivative as an anticancer drug.
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