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ABSTRACT. (—)-Dictyostatin is a sponge-derived, 22-member macrolactone natural product shown to cause
cells to accumulate in the G2/M phase of the cell cycle, with changes in intracellular microtubules analogous
to those observed with paclitaxel treatment. Dictyostatin also induces assembly of purified tubulin more
rapidly than does paclitaxel, and nearly as vigorously as does dictyostatin’s close structural congener,
(+)-discodermolide (Isbrucker et al. (2008Biochem. Pharmacol. 655—-82). We used synthetic)-
dictyostatin to study its biochemical and cytological activities in greater detail. The antiproliferative activity
of dictyostatin did not differ greatly from that of paclitaxel or discodermolide. Like discodermolide,
dictyostatin retained antiproliferative activity against human ovarian carcinoma cells resistant to paclitaxel
due tog-tubulin mutations and caused conversion of cellular soluble tubulin pools to microtubules. Detailed
comparison of the abilities of dictyostatin and discodermolide to induce tubulin assembly demonstrated
that the compounds had similar potencies. Dictyostatin inhibited the binding of radiolabeled discodermolide
to microtubules more potently than any other compound examined, and dictyostatin and discodermolide
had equivalent activity as inhibitors of the binding of both radiolabeled epothilone B and paclitaxel to
microtubules. These results are consistent with the idea that the macrocyclic structure of dictyostatin
represents the template for the bioactive conformation of discodermolide.

Microtubules (MTs) are highly dynamic elements of the treatment of various cancers has drawn abundant interest to
cytoskeleton that orchestrate many important events in theMTs as a validated molecular target. Over the past decade,
cell. The discovery of the mechanism of action of paclitaxel, the search for MT stabilizers has yielded the epothiloBes (
promotion of MT assembly and stabilization against disas- 6), discodermolide?, 8), laulimalide ©—11), the eleuther-
sembly, opened new arenas in cancer chemotherapy. Bio-obins (12, 13), the sarcodictyinsi4, 15) and peloruside A
chemically, paclitaxel causes signature changes with isolated(16, 17), as well as synthetically prepared structural variants
tubulin. These include a concentration-dependent increaseof these novel entities. Many of these agents and a few of
in the turbidity of tubulin-containing solutions (due to MT  their analogues have shown in vitro and even in vivo
assembly) and a decrease in the critical concentration ofbiological activities that appear superior in some respects to
tubulin required for assemblyt,(2). In cells, paclitaxel causes  those of the taxoids.

MT stabilization and bundling, mitotic spindle disorganiza-
tion, mitotic arrest, and the induction of apoptosis. Clinical
success with the taxoids paclitaxel and docetaxel in the

(—)-Dictyostatin (Figure 1) is a 22-membered macrolac-
tone with 11 stereocenters, an endocydlig-dienoate and
a pendanZ-diene. It was first isolated from a marine sponge
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provided by the Drug Synthesis and Chemistry Branch,
National Cancer Institute. Discodermolide arfeh]isco-
dermolide (14.4 Ci/mmol) were generous gifts from Novartis
Pharmaceuticals Corp., and epothilone B @fd]ppothilone

B (111 mCi/mmol) from Novartis Pharma AG. All drugs
were dissolved in dimethyl sulfoxide (DMSO). Guanosine-
5'-triphosphate (GTP) was obtained from Sigma ah@ 2
dideoxyguanosine*&riphosphate (ddGTP) from Pharmacia;
each was repurified by triethylammonium bicarbonate gradi-
ent chromatography on DEAE-Sephacel. Purified tubulin and
heat-treated microtubule associate proteins (MAPS) were
prepared as described previousBb). Tubulin freed from
unbound nucleotide was prepared by gel filtration chroma-
tography as reported earligt@). Ca&"- and Mg +-free RPMI-

OH OH
(-)-dictyostatin

Oiﬂg:a"ypmpose J OH 1640 culture medium were from GIBCO/BRL-Life Tech-
structure of discodermolide/dictyostatin nologies. Fetal bovine serum (FBS) was from Hyclone.

i ; hybrid (ref. 19) R R K
(-)-dictyostatin (ref.18) Parental human ovarian carcinoma 1A9 and fhibulin

mutant subclone 1A9PTX10 and 1A9PTX22 cell lines were
generous gifts from Drs. Tito Fojo and Paraskevi Gianna-
kakou. Mouse antix-tubulin was from LabVision. Anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
O OH O from Biogenesis. Rabbit anti-phosphohistone H3 was from

paclitaxel docetaxel epothilone Upstgte Cell Signaling., anq fluorophore-labeled donkey anti-
R=Bz R=Boc A: R=H rabbit and -mouse antibodies were from Jackson Immunore-
R'=Ac R'=H B: R=CHj;

) o ) o search. All other chemicals were obtained from Sigma.
Ficure 1: Structures of dictyostatin, discodermolide, the originally

proposed structure of dictyostatiag), a previously synthesized Methods
and tested discodermolide/dictyostatin hybrid molecd®),(pa- o . L )
clitaxel, docetaxel, and epothilones A and B. Antiproliferative Actiity. Test agent-induced growth

inhibition of parental (1A9) and paclitaxel-resistant

range (-1 uM), and competed, albeit weakly, with paclitaxel (1A9PTX10 and 1A9PTX22) human ovarian adenocarci-
for binding to tubulin polymer19). noma cell lines was evaluated as described ea2iérag).

During this time, dictyostatin was again isolated from a Cells were maintained in RPMI medium with 10% FBS. The
lithistida sponge of the familgorallistidaeharvested near  maintenance medium of the LA9PTX10 and 1A9PTX22 cells
Jamaica Z0) and shown to promote assembly of purified also contained 17 nM paclitaxel and 2B verapamil. Prior
tubulin. The natural product was more active than paclitaxel (48—72 h) to experimentation, resistant cells were transferred
and almost as active as discodermolide, to date the mostto verapamil-, paclitaxel- and phenol red-free RPMI contain-
potent of the taxoidmimetic drugs in inducing tubulin ing 10% FBS. Cells were seeded into 96-well plates, allowed
assembly§, 21). Isbrucker et al.Z0) found dictyostatinand  to attach and grow for 48 h, and then treated for 72 h with
paclitaxel to be essentially equitoxic against several cell lines, either DMSO (0.5% v/vN = 8) or a range of concentrations,
while dictyostatin, but not paclitaxel, retained nearly full in quadruplicate, of test agents. Cell number was determined
activity against two multidrug-resistant lines overexpressing spectrophotometrically at 490 nm minus absorbance at 630
the ABC1 drug efflux transporter (P-glycoprotein). Cells nm after exposure to 3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
treated with dictyostatin accumulated at the G2/M phase of boxymethoxyphenyl)-2-(4-sulfophenyl}-2tetrazolium and
the cell cycle and showed changes in their microtubule N-methylphenazine methylsulfate. One plate for accurate
networks that would be expected following treatment with determination of time zero cell numbers was always included.

a taxoidmimetic compour)d. . The fifty and one hundred percent growth inhibitory con-
_A rewsed structure pf dictyostatin was proposed_based oncentrations (Gh, Gliog) of test agents were calculated from
high field NMR experiments and molecular modelir&py. the spectrophotometrically determined growth of the control

Shortly thereafterde nao syntheses of the compound gave cells over the 72 h period.

unequivocal evidence for the structure and its absolute Cellular Levels of Soluble and Polymerized Tubulin.
stereochemistry as shown in Figure 23(24). These full Soluble and polymerized tubulin levels in cells were
syntheses and our previous approaches to dictyostatin/determined with a Western blot procedure described previ-
discodermolide hybrids have opened the door for the detailedously 9—31). Briefly, cells were plated in 100 mm dishes
biological evaluations of dictyostatin, some of which are and allowed to attach for 48 h, then treated with the indicated
reported here, and for synthesizing analogues of the naturalconcentrations of paclitaxel, discodermolide, or dictyostatin.

product. After the indicated times, cells were detached by trypsiniza-
tion, washed with Hanks’ balanced salt solution (HBSS), then
EXPERIMENTAL PROCEDURES lysed in 0.1 M 2-(morpholin-4-yl)ethanesulfonic acid (Mes;

pH 6.75), containing 0.1% Triton X-100, 1 mM MgSQ

mM EGTA, ard 4 M glycerol. The lysate was centrifuged
Dictyostatin was synthesized as describ2g).(Paclitaxel at 14000 rpm in an Eppendorf microcentrifuge. The

and PH]paclitaxel (specific activity 16.2 Ci/mmol) were supernatant (soluble tubulin fraction) and pellet (polymerized

Materials
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tubulin fraction) were dissolved in the in the cell lysis buffer. (FITC) pixel intensity in an area defined by the Hoechst-
Protein samples were boiled in loading buffer, loaded onto defined nuclear mask. This cytoplasmic area around the
10% polyacrylamide gels, and separated by electrophoresisnucleus contains cytoskeletal components and has been
Proteins were transferred to polyvinyldifluoride membranes shown to be a region from which sensitive measurements
(Biorad), using a Biorad Transblot Semidry system. After of cytoplasmic characteristics can be mad8)( The
washing, blocking, and treating with appropriate antibodies, percentage of phosphohistone H3 positive cells was defined
protein bands were detected using the Amersham ECLas the number of cells whose average red (Cy3) staining
Western blotting system and Fuji film. Densitometric analy- intensity exceeded the average Cy3 intensity plus two
ses were performed with ImageJ (v. 1.32j) software. standard deviations of vehicle-treated cells, divided by the
Multiparameter Fluorescence Microscopyhe high in- total number of cells.
formation content cell-based fluorescence assay was carried Tubulin Polymerization AssaylTubulin assembly was
out under previously detailed condition32. HelLa cells monitored turbidimetrically at 350 nm in temperature-
growing at log phase were trypsinized and plated irnu#0 controlled, multichannel Gilford 250 spectrophotometers as
at a density of 70088000 cells per well in calf skin collagen  described previously8j. Reaction mixtures without test
I-coated 384-well plates (Falcon #3962; Fisher Scientific). compounds contained tubulin (@M, 1.0 mg/mL), heat-
Cells were exposed to test agents or 0.5% DMSO within treated MAPs (0.75 mg/mL if present), GTP (10M if
2—8 h of plating. Concentrated DMSO stock solutions of present), 4% DMSO, and 0.1 M Mes, pH 6.9. Baselines were
all test agents were diluted into solutions of HBSS medium established after addition of all reaction components except
plus 10% FBS and added to the microplate wells 10 the test compounds to the cuvettes held &€0Compounds
per well), using an automated liquid handling system predissolved in DMSO were added to give the indicated final
(Biomek 2000; Beckman-Coulter, Inc.) to provide a serial concentrations, and the reaction mixtures (0.25 mL final
2-fold dilution of each test agent. The cells were incubated volume) were subjected to the indicated sequential temper-
in the presence of test agents for 24 h. At the end of the ature changes.
incubation, the medium was removed and replaced with Electron MicroscopyAliquots taken directly from cuvettes
HBSS containing 4% formaldehyde and 2§¢/mL Hoechst during turbidimetry studies were placed on 200-mesh,
33342 (25uL/well) to fix the cells and fluorescently label carbon-coated, Formvar-treated, copper grids and stained
their chromatin. After incubation at room temperature for with 1% (w/v) uranyl acetate8). Excess staining solution
20—30 min, the solution was removed from each well and was removed by wicking with torn Whatman filter paper,
replaced with HBSS (100L/well). Further reagent additions  and the grid was allowed to dry while protected from dust
were made to the microplates using the Biomek 2000. After at room temperature. Grids were examined in JEOL 100CX
removing the HBSS from each well, cells were permeabilized SEM and Zeiss 10CA electron microscopes.
for 5 min at room temperature with 0.5% (w/w) Triton X-100 Tubulin Critical ConcentrationThe minimum concentra-
in HBSS (10uL/well). This step extracts a fraction of the tion of tubulin necessary for each test agent atuM to
soluble cellular components, including soluble tubulin. The induce polymerization at 37C was determined with a
wells were washed with HBSS (10Q0./well), followed by centrifugation-based procedure described previou34y. (
addition of a primary antibody solution containing mouse Briefly, reaction mixtures (0.1 mL) containing varying
anti-o-tubulin (1:3000) and rabbit anti-phosphohistone H3 concentrations of tubulin, 0.1 M Mes (pH 6.9), 4% DMSO,
(1:500) in HBSS (1QcL/well). After 1 h atroom temperature,  and test agents as appropriate were prepared and incubated
the wells were washed with HBSS as above, followed by for 30 min at 37°C. The reaction mixtures were centrifuged
the addition of a secondary antibody solution containing for 15 min at 14 000 rpm at room temperature {22 °C)
fluorescein-5-isothiocyanate (FITC)-labeled donkey anti- in an Eppendorf 5417C centrifuge. An aliquot was removed
mouse (1:300) and Cy3-labeled donkey anti-rabbit (1:300) from the supernatant and its protein concentration determined
antibodies diluted in HBSS (1@L/well). After 1 h atroom by the Lowry method.
temperature, the wells were washed as above, and HBSS EGCs, Determination by CentrifugationThe EGo, was
was added (10Q:L/well). The plates were placed in an defined as the concentration of test agent required to
ArrayScan HCS Reader with the Target Activation BioAp- polymerize 50% of the tubulin compared to amount of
plication Software coupled to Cellomics Store and the vHCS tubulin polymer found in the pellet of the DMSO control,
Discovery Toolbox (Cellomics, Inc.) to analyze images. as described earlie8H). The reaction condition included
Briefly, the instrument was used to scan multiple optical 0.2 M monosodium glutamate (MSG), 1M tubulin, 5%
fields, each with multiparameter fluorescence, within a subsetDMSO and varying concentrations of test agents. The
of the wells of the 384-well microplate. The BioApplication reaction mixtures were incubated at room temperature for
software produced multiple numerical feature values, such 15 min, centrifuged for 10 min at 14 000 rpm, and protein
as subcellular object intensities, shapes, and location for eaclconcentration determined as above. On averaget5460
cell within an optical field. Data were acquired from a (SD) % of the tubulin pelleted in the DMSO control.
minimum of 1000 cells per well, except in cases where added Radiolabeled Ligand Binding Assayihe abilities of test
test agents markedly reduced the attachment of cells to theagents to inhibit the binding of radiolabeled MT stabilizers
substrate. A nuclear mask was generated from Hoechstfrom tubulin polymer were determined with a procedure
33342-stained nuclei, and object identification thresholds and described previously 3@). [®H]Paclitaxel, pH]discoder-
shape parameters were set such that the algorithm identifiedmolide, and }*Clepothilone B solutions were prepared as
over 90% of the nuclei in each field. Objects that touched 125 uM stock solutions in 50% DMSO. Radiolabeled
each other or the edge of the image were excluded from thecompound (final concentration, 44M) and test agents at
analysis. Tubulin mass was defined as the average greerfinal concentrations noted in the text and tables were mixed
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Table 1: 50% Growth Inhibitory Concentrations §gjlof ﬁ
Dictyostatin, Discodermolide, and Paclitaxel against Human Ovarian _ _E 5
Cancer Cell Lines after 72 h in Continuous Presence of the Agents e g @ E
as Determined by the MTS Assay % = 3 é
Glso £ SD, nM (fold-resistance) 8 a2 s 5
1 1 1 1
' test agt.ant 1A9 1A9PTX10 1A9PTX22 A P SpPSpPsopSs
dictyostatin 0.69-0.80 3.2+-2.4(4.6) 1.3:1.0(1.9) 38 62 49 61 66 44 54 48%
discodermolide 1.7 1.2 6.2+ 3.6 (3.6) 7.0:8.4(4.1) U  o-tubulin
paclitaxel 0.7+ 0.11 64+ 8(90) 51+ 9 (72)

a1A9 cells express wild-typg-tubulin, whereas the 1A9PTX10 and
1A9PTX22 cells express, respectively, the Phe2val and Ala364~Thr
mutant forms of the protein.

in 50 uL of 4:1 (v/iv) 0.75 M aqueous MSG/DMSO and
warmed to 37C. Meanwhile, a reaction mixture containing

0.75 M MSG, 2.5uM tubulin, and 254M ddGTP was
prepared and incubated at 32 for 30 min to form MTs. A

200 uL aliquot of the MT mixture was added to the drug
mixtures, and incubation continued for 30 min at 7.
Reaction mixtures were centrifuged in an Eppendorf 5417C B
centrifuge at 14 000 rpm for 20 min at room temperature.
Radiolabel in the supernatants (1@0) was determined by

scintillation spectrometry. Bound radiolabeled compound was

. . S G /P DH
calculated from the total radiolabel added to each reaction

mixture minus the amount of radiolabel found in the FiGurRe 2: Western blot analysis of polymerized (p) and soluble

:| discodermolide, 10uM

:| dictyostatin,20uM
:| dictyostatin,40uM

:| paclitaxel, 10uM
:I dictyostatin, 10uM

:| control
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supernatant. (s) tubulin fractions of 1A9PTX22 cells. Panel A shows results
after cells were treated for 12 h with vehicle (DMSO) or thedsl
RESULTS concentrations of paclitaxel, 96:-) nM; discodermolide, 714#12)

nM; or dictyostatin, 6.2 £3.6) nM (standard deviations of the
original determinations made with the MTS assay are shown
parenthetically). Panel B shows results from cells treated for 4 h
with 10 uM discodermolide, 1Q:M paclitaxel, or 10, 20, or 40
uM dictyostatin. Treated cells were detached by trypsinization and
washed with HBSS. The cells were then lysed in a buffer that
maintained tubulin polymer but released soluble tubulin: 0.1 Mes,
pH 6.75, containing 0.1% Triton X-100, 1 mM Mg mM

Inhibition of Cell Growth by Dictyostatin: Comparison
with Discodermolide and PaclitaxdDictyostatin was evalu-
ated in comparison with discodermolide and paclitaxel for
its growth inhibitory effects on human ovarian carcinoma
1A9 cells and the twg-tubulin-mutant paclitaxel-resistant
1A9PTXlO.and 1A9PTX22 cell Iine;ZB). Thg Ghko valugs  EGTA 4 M alveerol. The | W ntrif nd th
presented in Table 1 show that dictyostatin was active in Slﬁ)err;a?ar?]t (soluglg (tzﬁbzlin fra?:tigf]?ziend Sesllgte (ptoI;n%gﬂ'ze% tcljjt:ul?n

the low nanomolar range and was the most potent growth fraction) were electrophoresed through denaturing 10% polyacry-
inhibitory agent of the compounds studied in the paclitaxel- lamide gels. Proteins were transferred to PVDF membranes and

resistant lines. Dictyostatin and paclitaxel exhibited compa- probed with antibodies. Results of densitometric analyses are shown
rable Gko values against the parental 1A9 cells (0.69 nM as the percent values for each tubulin band after normalization to
. . - ., total cellular GAPDH.

versus 0.71 nM), while the value obtained for discodermolide
(1.7 nM) was over 2-fold higher. The mutafittubulin-
expressing cells showed #00-fold resistance to paclitaxel, Multiparameter Fluorescence Analysis of Cellular Effects.
while their cross-resistance to dictyostatin and discodermolide The complex cellular responses that human tumor cells
was only 2-5-fold. mounted in response to dictyostatin, discodermolide, and

Solubleversus Polymerized Tubulin in Cell$he pacli- paclitaxel were examined with a multiplexed fluorescence
taxel resistant 1A9PTX22 cells were treated for 12 h with cell-based assay. This assay defines the effects that test agents

the concentrations of dictyostatin, discodermolide, or pacli-
taxel that caused 50% or 100% inhibition of cell growth after
72 h (i.e., the Gy and Glgo concentrations), or with the
each of the test agents at AM (and with additional higher
concentrations of dictyostatin) for 4 h. The extent of cellular
MT polymer was then determined by Western blot analysis.
As expected Z9), paclitaxel caused overall only a small
increase in the level of polymerized tubulin in these cells.

have on the temporal and spatial regulation of multiple cell
functions and has been adopted by the pharmaceutical
industry as a standard platform for compound evalua®ah (
38). The multiplexed assay, which was previously validated
and used to generate results for several rep@is32, 39,

40), provided measurements of nuclear morphology, micro-
tubule content, and histone H3 phosphorylation, all markers
of cells at the GM cell cycle boundary. HelLa cells were

In contrast, dictyostatin or discodermolide caused increasesplated on collagen-coated 384-well microtiter plates, allowed
in polymerized fraction of tubulin in the cells, an effect barely to attach, and then treated for 24 h with dictyostatin,
detectable even at the §gconcentrations of the two agents discodermolide, or paclitaxel at 11 concentrations over a
(data not shown), but clearly evident at the dtoncentra- range of more than 3 orders of magnitude, with a maximal
tions (Figure 2A). Dictyostatin and discodermolide caused test agent concentration ofiM. After the treatment period,
the virtually complete loss of soluble form of the protein in the cells were fixed and soluble tubulin extracted with
cells treated with micromolar concentrations of the agents detergent. Chromatin stained with Hoechst 33342, and
(Figure 2B). o-tubulin and phosphohistone H3 with primary antibodies.
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Minutes

Ficure 4: Turbidity profiles of tubulin polymerization assays, with
stepwise temperature changes. Reaction mixtures contained 1.0 mg/
0.5/ mL (10 uM) tubulin, 0.1 M Mes (pH 6.9), 4% (v/v) DMSO, 10

. . uM test agent, and further additions as indicated. (A) Complete

1 10 100 1000 system: 0.75 mg/mL MAPs, 10&M GTP. (B) MAPs-only
system: 0.75 mg/mL MAPs. (C) GTP-only system: 100 GTP.

. ) (D) Tubulin-only system: no further additions. In each panel: (1)
FiGURE 3: Multiparameter fluorescence analysis of the effects on dictyostatin; (2) discodermolide; (P) paclitaxel; (0) no test agent.
HelLa cells of 24 h treatment over a range of concentrations of Reaction temperatures were as indicated, with the temperature set
dictyostatin (squares), paclitaxel (triangles), and discodermolide on the temperature controller at the time indicated by the vertical
(circles). (A) Fold-increase in the fluorescence intensity of tubulin  dashed line to the left of the temperature. Test agents were added
polymer around each cell's nucleus. (B) Fold-increase in nuclear tg the reaction mixtures at zero time af©@. Temperature in the

phosphohistone H3 levels. (C) Fold-increase in chromatin conden- cyvettes rose at about 0°&/s and fell at about 0-20.15°C/s.
sation. Cells (70068000 per well) were plated in calf skin collagen

I-coated 384-well plates and treated with a set of serial 2-fold
dilutions of each test agent for 24 h. At the end of the treatment three parameters in the HeLa cells. Discodermolide was about

period, cells were fixed with 4% formaldehyde and their chromatin ., . ; _
stained with Hoechst. Cells were permeabilized with 0.5% (wiw) ~0-f0ld less potent. Minimum detectable effective concentra

Triton X-100 in HBSS and treated with antibodies detubulin tions, determined as described previousB7,(32), for
and phosphohistone H3rf& h atroom temperature. After an HBSS  increases in tubulin polymer mass with dictyostatin, pacli-
wash, FITC- and Cy3-labeled secondary antibodies were added.taxel, and discodermolide were 3.2 nM, 3.6 nM, and 40 nM,

Thetplﬁt%sﬂwere placed in an ArrayScan 'glcs ]Beaollerz a r;?bOtiCEl‘”yrespectively; for the phosphohistone H3 response, 5.6, 6.3,
controlled fluorescence microscope capable of analyzing five color ) .
ranges, with the Target Activation BioApplication Software coupled and 89 nM; and for nuclear condensation, 5.0, 7.9, and 56

to Cellomics Store and the VHCS Discovery Toolbox (Cellomics, NM; for comparison, the 24 h G values estimated from
Inc.) to analyze individual cells in the images. Each point represents the cell densities determined by Hoechst staining in the

the meant: SD of fluorescence intensity values obtained from at multiparameter fluorescence experiments were 5.2, 4.8, and
least 1000 cells in three independent experiments after normalizationg 7 1\
to values obtained in the control (DMSO only) cultures. Effects of Dictyostatin on Tubulin Assembly with and
without MAPs and/or GTPTubulin assembly reactions were
Secondary fluorophore-labeled antibodies were added andperformed to compare 1@M dictyostatin with 10uM
three fluorescent channels were examined on a roboticallydiscodermolide or 1M paclitaxel. Test agent-induced
controlled fluorescence imaging system that yielded quantita- turbidity profiles were first examined under a reaction
tive pixel distribution and density information in each channel condition in which drug is not an absolute requirement for
on a per cell basis. Figure 3 shows the concentration microtubule assembly. This was the “complete system”
response curves for average tubulin polymer mass (a measuréFigure 4A), which contained both MAPs and GTP. Because
of MT stabilization), percent condensed nuclei (a measure dictyostatin, like discodermolide8( 21), caused extensive
of mitosis), and percent histone H3 phosphorylation (mitosis) assembly at *C within seconds of being added to the
in the test agent-treated cells in relationship to responses ofreaction mixture, temperature was increased stepwise to 30
cells treated with DMSO only. The results showed that °C in these studies. With these two agents, temperature
dictyostatin and paclitaxel had nearly identical effects on all increases led to only small enhancements of the assembly

Condensed chromatin value
(normalized to control)

Concentration (nM)
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0° ° , 0 The reactions observed when either MAPs (Figure 4B) or
GTP (Figure 4C) was omitted from the reaction mixture were
quite similar overall. No MTs or other polymer was formed
without drug in either reaction system, as confirmed by
electron microscopy. The reactions with the test agents were
universally shifted to higher temperatures as compared with
the complete system. Thus, rapid assembly of tubulin
occurred at 10C only with dictyostatin and discodermolide;
paclitaxel required higher temperatures. The final °8)
turbidity reading with paclitaxel was lower than with
dictyostatin or discodermolide in these incomplete systems,
in contrast to the complete system. When the temperature
was decreased from 30 to @, there was an apparent
. decrease in turbidity with all test agents, except discoder-
20 40 80 molide in the MAPs only system. This has not yet been
Minutes studied further.
Ficure 5: Turbidity profiles of tubulin polymerization assays, with The data shown in Figure 4 are representative of observa-

temperature rapidly increased from’Q to 30°C. Each reaction : : L .
mixture contained 1.0 mg/mL (10M) tubulin, 0.1 M Mes (pH tions made in many repetitions of these experiments. Thus,

6.9), 4% DMSO, 10uM test agent, and further additons as the small increase and subsequent decline in turbidity
indicated. (A) Complete system: 0.75 mg/mL MAPs, 100 GTP. observed at OC with dictyostatin in the MAPs-only system

(B) Tubulin-only system: no further additions. In each panel: (1) (Figure 4B) indicates a subtle mechanistic difference as

dictyostatin; (2) discodermolide; (P) paclitaxel; (0) no test agent. o mpared with discodermolide. It suggests a failure of
Reaction temperatures were as indicated by the vertical dashed line | tion followi leati S d
to the left of the temperature. See caption of Figure 4 for further POIYMer propagation following nucleation. Second, greater

details. For panel A, test agents were added to reactions at zerooverall turbidity was observed with dictyostatin than with
time at 0°C. For panel B, test agents were added to reaction discodermolide in the MAPS-only system (Figure 4B), as

mixtures at 0°C, and the temperature controller was set atG0 well as with tubulin only (see below, Figure 4D). Thus, GTP
at zero time. appears to play a modulating role in the apparent relative

activities of dictyostatin and discodermolide. Finally, with
reaction, with a significant change occurring only at°@ 10 uM paclitaxel, only a weak reaction was observed at 10
When the temperature was dropped from°80back to 0 °C in the GTP-only system (Figure 4C) but no reaction was
°C, the turbidity readings remained unchanged (i.e., the observed for paclitaxel at this temperature in the MAPs-only
tubulin polymers induced by dictyostatin and discodermolide system (Figure 4B).

A

were apparently completely cold-stable). Theé®@reaction When both MAPs and GTP were omitted from the reaction
with discodermolide was slightly more vigorous than that mixture (tubulin-only system, Figure 4D), there was a further
with dictyostatin. shift to higher temperatures for assembly to occur with

With paclitaxel and as previously reportetl), significant dictyostatin or discodermolide, and only minimal turbidity
assembly occurred at I but not at 0°C, with a further development occurred with paclitaxel even at°8) None
increase in turbidity occurring at 2@. Little further change  of the test agents induced assembly af@ Turbidity
occurred at 30C. When the temperature was dropped to 0 increases were observed with dictyostatin and discodermolide
°C, the paclitaxel-induced reaction mixture showed a slow, at 10°C, and each subsequent increase in temperature led
partial loss of turbidity. Previous studie$?) have indicated  to similar increases in turbidity. To obtain rapid assembly
that polymer mass is about 70% cold-stable with paclitaxel with 10 uM dictyostatin or discodermolide (but not with
following a prolonged °C incubation after the assembly paclitaxel) a 0 to 30°C temperature jump was required
reaction. At 20°C and 30°C, the turbidity reading with  (Figure 5B), and with both compounds turbidity plateaus
paclitaxel was essentially identical with the readings obtained were reached within 40 min. There was a very slow decrease
with dictyostatin and discodermolide. in turbidity with all compounds when temperature was

In the absence of the test agents, polymerization only returned to 0°C. As noted above, under this reaction
occurred at 30C. Extent of the reaction was much reduced condition the turbidity plateau obtained with dictyostatin was
as compared with the test agents. The microtubules formedalways somewhat higher that that obtained with discoder-
at 30°C rapidly and completely disassembled at@, as molide. The slight turbidity increase observed without test
confirmed by electron microscopy. agent probably represents tubulin denaturation. No polymer

The experiment providing results shown in Figure 5A was observed under this reaction condition in the electron
demonstrated unequivocally the dramatic difference in the microscope.
assembly promoting effects of dictyostatin and discoder-  Electron Microscopic kaluation of Dictyostatin-Induced
molide as compared with paclitaxel at°C. A prolonged Polymer. The immunofluorescence studies of Isbrucker et
incubation at 0°C led to nearly complete polymerization al. (20), as well as the demonstration of mitotic arrest
with both dictyostatin and discodermolide, whereas only a presented above, are consistent with the enhanced turbidity
minimal reaction occurred with paclitaxel. With a rapid development observed with dictyostatin representing drug-
temperature jump to 3€0C, assembly occurred much more induced MT assembly. Nevertheless, it was important to
rapidly and extensively with paclitaxel as compared with the demonstrate this by electron microscopic observation. There
reaction mixture without test agents. Again, similar turbidity are many examples of drug-induced formation of aberrant
plateaus were reached with all three test agents. tubulin polymers that are either cold-stable or cold-labile.
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FiGure 7: Tubulin critical concentration determinations with
dictyostatin and discodermolide at 101. (A) Complete system.

(B) Tubulin-only system. In both panels: no test agent, diamonds;
dictyostatin, circles; discodermolide, triangles. Reactions were
carried out in 0.1 M Mes, pH 6.9, and the final concentration of
DMSO in all cases was 4% v/v. Incubations were for 30 min at 37
°C followed by centrifugation for 15 min at 14 000 rpm at room
temperature at 2622 °C. An aliquot was removed from the
supernatant and its protein concentration determined by the Lowry
method. The critical concentration was the intersection of the
interpolated control and test agent regression lines. The abscissa
shows the concentrations of tubulin (mg/mL), while the ordinate
values show the polymerized tubulin (mg/mL) present in the
reaction mixture. Each data point was determined in triplicate.
Critical concentration values in the complete system were A6
(0.006 mg/mL) for dictyostatin and 1.aM (0.1 mg/mL) for

Ficure 6: Electron micrographs of dictyostatin-induced polymer
formed in the complete system (A) and in the tubulin-only system
(B). The reaction mixtures were followed spectrophotometrically

; P ; : discodermolide. In the tubulin-only system, the critical tubulin
and prepared as described in Figure 5, with aliquots removed from : . -
the cuvettes either at the end of theé@incubation (A) or the end cc;ﬂncerg;atlor}s Y_"e;e 2 d/B' v (%'25 mlgémL) for dictyostatin and 2.1
of the 30°C incubation (B). #M (0.21 mg/mL) for discodermolide.

Many initial comparisons were made by electron microscopy previously @4) with the two test agents in the complete
of the various reaction conditions of dictyostatin-induced system (Figure 7A) and in the tubulin-only system (Figure
polymer with discodermolide-induced polymer and, when 7B). The tubulin critical concentrations obtained were very
appropriate, paclitaxel-induced polymer. For any given similar for dictyostatin and discodermolide in each of the
reaction condition there was little overall difference in reaction conditions. In the complete system, the critical
morphology of the polymer formed with any of the test concentrations were 0,6M tubulin with dictyostatin and
agents in that microtubules and ribbon polymers were seen1.0 uM tubulin with discodermolide. In the tubulin-only
under all conditions. While relative proportions seemed to system, the values were 2.5 and M tubulin for
vary, this was difficult to quantitate. Two examples of dictyostatin and discodermolide, respectively. In the earlier
dictyostatin-induced polymer are shown in Figure 6. Under study @4) in the tubulin-only system, tubulin critical
both reaction conditions chosen, no polymer formed in the concentration values of 1.5 and # were obtained for
absence of test agent. Figure 6A shows the short MTs anddiscodermolide and paclitaxel, respectively.
ribbons, observed in the complete systemrafté at 0°C. The second experimental approach was to determine for
Figure 6B shows the polymer, mostly in the form of short each test agent the concentration that would induce 50%
ribbons, observed in the tubulin-only system afteh at 30 assembly (E6 value), as measured in a centrifugation assay
°C. (35). This assay exploits the interaction of MSG and tubulin
Relative Quantitatve Potencies of Dictyostatin and Dis- in assembly reactions. In the absence of GTP, tubulin
codermolide as Inducers of Tubulin Polymerizatidrne assembly will not occur in MSG unless a taxoidmimetic
turbidimetry studies presented in Figures 4 and 5 indicated agent is present. In the case of paclitaxel, detailed studies
dictyostatin and discodermolide to have similar potencies asshow that the lower the MSG concentration the higher the
inducers of tubulin assembly. A more quantitative measure- ECsq value. Thus, the assay can be modulated to study taxoid
ment of their relative activities was desired; to achieve this, site drugs both less active and more active than paclitaxel.
two types of experiments were performed. In the studies summarized in Table 2, a low concentration
In the first set of experiments, tubulin critical concentra- of MSG (0.2 M) was used because of the potent activity of
tions were obtained using a centrifugation assay describeddictyostatin and discodermolide. Dictyostatin seemed slightly



15060 Biochemistry, Vol. 44, No. 45, 2005

Madiraju et al.

Table 2: Concentrations of Dictyostatin, Discodermolide, and
Paclitaxel Necessary To Cause 50% Assembly of alil0Bovine

Table 3: Percent Inhibition by Test Agents 8H[Discodermolide,
[**C]Epothilone B, and®H]Paclitaxel Binding to Tubulin Polymer

Brain Tubulin Solution (EG)

% inhibition + SD (N)

test agent E6+ SD,uM (N) [®H]paclitaxel [**C]epothilone B[*H]discodermolide
dictyostatin 3.14+:0.2(3) inhibitor binding binding binding
discodermolide 3.60.4(3) discodermolide
paclitaxel 25£3(9) 1 uM 61+04(3) 60+ 6 (4) nd
2uM 77+ 1(3) 84+ 2 (4) nd
more active than discodermolide, with kalues for the gé‘MM z;i 5 Sgi 1 gg ‘;Zi g Eg;
two test agents of 3.1 and 3:6V, respectively, although dictyoﬂstatin
the difference was within experimental error. Paclitaxel was 1 uMm 61+2(3) 554 3 (4) nd
much less active, with an Egvalue of 25uM. iﬂm ;gii(g) Zzéi i (‘31) ggi 5 (7
Effects of Dictyostatin on the Binding oiH]Paclitaxel, zg‘#M nd ©) nd @) 70+ 1 EZg
[*“C]Epothilone B, and {H]Discodermolide to Tubulin  epothilone B
Polymer.Previous work shows that discodermolide strongly ~ 14M 53+2(3) nd nd
inhibits the binding of radiolabeled paclitaxel to tubulin 2uM 64+1(3) nd nd
. . ) - L 4uM 71+ 3(7) nd 1443 (3)
polymer @1), while paclitaxel has little ability to inhibit the 20uM nd nd 31+ 6 (2)
binding of radiolabeled discodermolide to polymei3) paclitaxel
Moreover, studies with radiolabeled paclitaxel at8have 4uM nd 26+1(3) 6+£5(3)
indicated the following order of affinity of taxoidmimetic 20uM nd nd 3£4(2)
drugs for the taxoid site: paclitaxel/epothilone A doc- docetaxel
9 ; €. p ‘Elep ' 4uM 63+ 8 (4) 36+ 1 (3) 8+ 6 (3)
etaxel/epothilone B< discodermolide 36). More precise epothilone A
measurements df, values for the taxoids and epothilones,  4uM 53+4(4) 25+ 3(3) 66 (3)

obtained by measuring inhibition of binding of a fluorescent
taxoid to MTs @4), show the affinity of epothilone B to be
significantly greater than the affinities of paclitaxel, doc-
etaxel, and epothilone A (the€, values at 37C for the four
compounds were reported in réf to be, respectively, 61,
1.1, 3.1, and 2. 10’ M.

To confirm that dictyostatin bound to the taxoid sigl

a2 Not determined.

again little difference was observed between the two
compounds.

When the inhibitory effects of dictyostatin orfH]-
discodermolide binding were examined, the first impression
was that dictyostatin bound somewhat less well than disco-
and to obtain a preliminary idea of the relative affinity of dermolide, since only 36 5% inhibition was observed with
dictyostatin for the site, its ability to inhibit the binding of both compounds at 4.0M. However, a nearly identical
[®H]paclitaxel to tubulin polymer was examined and its effect (47 & 6% inhibition) was obtained when 40M
activity compared to that of a number of other agents. The nonradiolabeled discodermolide was mixed with#M[*H]-
inhibitory effects of this group of agents on the binding of discodermolide, reflecting the apparent inability to com-
[*“Clepothilone B and3H]discodermolide were also exam- pletely inhibit binding of the tritiated ligands to tubulin
ined. The results of experiments summarized in Table 3 polymer noted above. This suggests that the affinities of
demonstrate that dictyostatin was an effective inhibitor of dictyostatin and discodermolide for tubulin polymer are
the binding of all three radiolabeled ligands to tubulin nearly identical. The only other test agent that showed
polymer, and these experiments yielded data consistent withsignificant ability to inhibit discodermolide binding at the
the relative affinities described above. This latter observation concentrations examined was epothilone B. However, the
is clearest if the inhibitory effects of equimolar docetaxel or inhibitory effect of 20uM epothilone B was less than that
epothilone A are considered (in these experiments the of 4.0uM dictyostatin or 4.«M nonradiolabeled discoder-
concentration of each of the radiolabeled ligands was 4.0 molide. This indicates that the affinity of dictyostatin and
uM). Epothilone A and docetaxel had negligible inhibitory discodermolide for the taxoid site is at least 5-fold greater
effects on the binding offH]discodermolide, intermediate  than that of epothilone B, assuming they have an identical
effects on the binding of{Clepothilone B, and their greatest  or highly coincident binding site. Thus, it can be predicted,
inhibitory effects on the binding ofiH]paclitaxel to tubulin based on the work of Buey et ai4), that theK, value for
polymer. dictyostatin and discodermolide will be greater thar 30°

Dictyostatin and discodermolide were nearly indistinguish- M~
able as inhibitors of paclitaxel and epothilone B binding. At
first glance, it appears that the two agents are more effective
as inhibitors of the binding of epothilone B (880% The results of experiments using synthetic dictyostatin
inhibition at equimolar concentrations) than of paclitaxel reported here show that, despite biochemical behavior almost
(76—77% inhibition at equimolar concentrations). However indistinguishable from that of discodermolide and signifi-
and for unknown reasons, the maximum inhibitory effect cantly greater than that of paclitaxel, the antiproliferative
observed with the tritiated ligands (paclitaxel and discoder- properties of the three drugs are not substantially different,
molide) was 76-80%, while over 90% inhibition offC]- confirming the observations of Isbrucker et al. with dicty-
epothilone B binding was observed. The effects of lower ostatin isolated from one of its natural sourc9)( In
concentrations of dictyostatin and discodermolide on pacli- addition, the present work extends their observation of
taxel and epothilone B binding were also examined, and retained antiproliferative activity in multidrug-resistant cells

DISCUSSION
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to cells with mutations in the taxoid binding site that confer ~ The strikingly similar qualitative and quantitative results
resistance to paclitaxel. Western blot and multiparameter cell-found in biochemical assays with dictyostatin and discoder-
based fluorescence analyses showed that dictyostatin causedholide strongly suggest that the bioactive conformation of
mitotic arrest and massive polymerization of cellular tubulin. discodermolide is mapped by that of dictyostatin, which
Although implied by the earlier immunofluorescence work matches the compact, tilde-shaped conformation present in
(20) and the characteristics of the interaction of dictyostatin the discodermolide X-ray crystal structure as well as the
with tubulin, these are important observations for adequate NMR structure determined in deuterated acetonitiletQ)
characterization of a tubulin interactive agent. Notably, in versus the more open, extended structures suggested by the
cells containing native tubulin (e.g., HeLa and 1A9), dicty- NMR analyses done with discodermolide dissolved in
ostatin and paclitaxel were more active than were equimolar deuterated DMSO5(). Interestingly, dictyostatin was the
concentrations of discodermolide in inhibiting cell growth. more potent antiproliferative agent of the two, especially in
In HeLa cells, the microtubule stabilizing activity as well as HelLa cells. This could be due to several reasons, including
the ability to modulate cell cycle regulation and nuclear the fact that the carbamate moiety on discodermolide, lacking
morphology, functions that likely contribute to growth from dictyostatin, is known to be labile but also necessary
inhibition and cytotoxicity, were consistently greater for for biological activity 61), pointing to a potential cellular
paclitaxel and dictyostatin relative to the same concentration (or culture medium) solvolytic or metabolic instability of
of discodermolide. In cells, dictyostatin had activity and discodermolide. Alternatively, dictyostatin could simply enter
potency similar to those of paclitaxel in modulating multiple cells more readily than discodermolide. All of these pos-
cellular functions, despite being more structurally related to sibilities can be addressed in future studies. The results show
discodermolide. that dictyostatin, although similar to discodermolide in
The initial studies presented here of the inhibitory effects several aspects, shows advantages in others and represents
of dictyostatin and other agents on the binding of radiolabeled a good hit for drug discovery and lead for development. This
paclitaxel, epothilone B, and discodermolide to tubulin is of consequence as the clinical development of discoder-
polymer confirm the conclusion from the assembly studies molide was recently halte®b?).

that dictyostatin binds avidly to tubulin polymer with an
affinity little different from that of discodermolide. The

current observations with the three radiolabeled ligands agree

with earlier indications that discodermolide has particularly
high affinity for the taxoid siteZ1, 43). The present findings,
when combined with the elegant quantitative analysis by
Buey et al. 44) of taxoid and epothilone binding, indicate
that the K, values for the binding of dictyostatin and
discodermolide to tubulin polymer will be greater thax3
10° M1, This conclusion is based on the reportegdvalue

for epothilone B of 6.1x 10° M~ (44) and the observation
here that 2QuM epothilone B is less effective than /M
dictyostatin in inhibiting the binding of 4M dictyostatin

to polymer.

While the inhibitory effects of dictyostatin have not yet
been definitively evaluated, all studies to date with inhibitors
of [3H]paclitaxel binding to tubulin polymer have yielded
competitive patterns: for epothilones A and B),(for
eleutherobin36), and for discodermolide2(l). Even though
such a finding with discodermolide implies that it and
paclitaxel bind at essentially the same site on tubulin
polymer, cytotoxicity studies4f) have demonstrated syn-
ergism between the two agents that has not yet been
demonstrated with other combinations of agents that bind at

the taxoid site. Such synergism also appears to occur between

discodermolide and paclitaxel when intracellular microtubule
dynamics are examined), but no such synergy occurs in
tubulin assembly reactions between paclitaxel, discoder-
molide, and dictyostatin (unpublished data). In contrast,
assembly synergy can be readily demonstrated when lauli-
malide, which binds at a site on tubulin polymer distinct from
the taxoid site47), is combined with paclitaxel@), or with
discodermolide or dictyostatin (unpublished data). Perhaps
a potential explanation for this puzzling discrepancy between
the cytological and biochemical findings with discodermolide
may lie in the recent report that discodermolide, but not

paclitaxel, induces accelerated senescence in cells in culture

(48).
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