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Abstract Purpose: Discodermolide, a natural product
from the marine sponge Discodermia dissoluta, has been
previously described as an antimitotic agent with mi-
crotubule hyperstabilizing properties similar to those of
paclitaxel (Taxol). The clinical success of paclitaxel has
led to a growing interest in novel antimitotic compounds
and the elucidation of their structure-activity character-
istics. Analogs of discodermolide were prepared by
acetylation of the hydroxyl groups at carbons 3, 7, 11
and/or 17 and tested for biological activity in human
tumor cells to determine the structural requirements for
tubulin interaction and cytotoxic effects. Methods: A549
human lung adenocarcinoma cells were incubated with
discodermolide, or its acetylated analogs, and examined
for their effects on microtubule architecture, cytotoxicity,
and perturbations of the cell cycle. To confirm their direct
interaction with tubulin, analogs were assayed for their
ability to induce the polymerization of purified bovine
brain tubulin. Results: Acetylation of discodermolide at
the C-7 hydroxyl group potentiated the cytotoxicity of
the molecule to A549 cells, whereas acetylation at the C-3
hydroxyl group had little effect on the cytotoxicity of the
parent or C-7-acetylated compounds. The acetylation of
the hydroxyl groups at the C-11 and C-17 positions se-
verely abrogated the cytotoxicity of the molecule. Cell
cycle analysis by flow cytometry revealed that the more
cytotoxic analogs caused the accumulation of cells in the
G,/M phase, a mechanism previously reported for dis-
codermolide. All discodermolide analogs with 1Cs, val-
ues below 1000 nM exhibited microtubule effects to
varying degrees in cultured A549 cells, yet only the most
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cytotoxic promoted the polymerization of purified tub-
ulin. Conclusions: Although the parent compound was
more effective at polymerizing purified tubulin, acetyla-
tion of the C-3 or C-3 and C-7 hydroxyl groups improved
its cytotoxicity in whole cells suggesting that acetylation
either enhances accumulation of the molecules within
cells or imparts a secondary cytotoxic quality not present
in the discodermolide molecule. The study reported here
is the first to provide information on the structure-ac-
tivity relationships of discodermolide using human tumor
cells and analogs produced by semisynthetic modification
of natural discodermolide.
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Introduction

Marine organisms are proving to be a novel and rich
source of bioactive compounds [7]. Sedentary marine
species, such as soft corals or sponges, have evolved
potent chemical defenses to act as antifouling agents and
to ward off competitors and predators. Investigations
into these marine natural products have proven that
many are not general cytotoxic agents but rather are
targeted towards specific cellular or biochemical events
and therefore hold a strong potential as antimicrobial,
anticancer or antiinflammatory agents. Recently, several
marine-derived compounds have been described to be
specific inhibitors [3, 5, 14, 27] or promoters [17, 22, 26]
of tubulin polymerization. Discodermolide, a poly-
hydroxylactone from the sponge Discodermia dissoluta,
was initially characterized as a potential immunosup-
pressive agent [9, 18, 19]. Later, the compound was re-
ported to be a potent antimitotic agent [20] which
promotes the hyperstabilization of the microtubule
complex [26] — both known mechanisms of the
anticancer agent paclitaxel [25].

The success of paclitaxel in clinical trials and in recent
oncological use has clearly demonstrated the viability of
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targeting microtubule function as a pharmaceutical
means of solid tumor cancer treatment. Despite its suc-
cess as an anticancer agent, the use of paclitaxel has been
limited by undesirable side effects, poor solubility, and
its ineffectiveness towards P-glycoprotein-expressing
multidrug resistance cancers [0, 24], thereby necessitat-
ing the need for more efficacious and novel microtubule
interactive agents.

Binding of discodermolide and paclitaxel to tubulin
dimers in vitro is mutually exclusive, with discodermo-
lide showing a greater affinity for tubulin and displacing
radiolabelled paclitaxel from tubulin [12, 15]. Although
these two compounds have similar cytotoxicities in some
human cancer cell lines [15, 26] and share mechanisms of
antimitotic activity, they do not share any readily rec-
ognizable chemical homology and diverge in some of
their biological effects. Initial studies have shown that
paclitaxel-resistant cells remain highly susceptible to the
actions of discodermolide [15], and, unlike paclitaxel
[21], discodermolide does not induce nitric oxide pro-
duction (Zhang and Longley, personal communication).
These early results suggest additional mechanisms of
action of paclitaxel that are not associated with disco-
dermolide.

With the aim of further investigating the mechanism
of action of discodermolide in vitro, we conducted the
first study of the structure-activity relationships of dis-
codermolide and eight acetylated analogs using human
tumor cells. Discodermolide analogs were prepared by
the acetylation of the hydroxyl groups at carbons 3, 7,
11, and 17 in the parent compound (Fig. 1). This led to
the production of discodermolide-3,7,11,17-tetraacetate
(D-3,7,11,17-OAc), -3,7,17-triacetate (D-3,7,17-OAc),
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Fig. 1 Chemical structures of discodermolide and analogs

-3,7,11-triacetate (D-3,7,11-OAc), -3,7-diacetate (D-3,7-
OAc), -3,11-diacetate (D-3,11-OAc), -3,17-diacetate
(D-3,17-OAc), -3-acetate (D-3-OAc), and -7-acetate
(D-7-OAc). We compared the effects of these disco-
dermolide derivatives with those of paclitaxel in terms of
(1) their cytotoxicity to A549 cells, (2) their ability to
arrest the proliferation of A549 cells at the G,/M phase
of the cell cycle, (3) their effects on microtubule archi-
tecture in A549 cells, and (4) their hyperstabilization of
purified bovine brain tubulin.

Materials and methods

Isolation of discodermolide

The lithistid sponge Discodermia sp. was collected by a manned
submersible from a deep island slope of the tropical western
Atlantic Ocean and stored at —20°C until extraction. The wet
sponge was soaked in ethanol and the concentrated ethanol extract
partitioned between ethyl acetate and water. The ethyl acetate-
soluble fraction was chromatographed over silica gel with a
methanol/dichloromethane ~ (MeOH/CH,Cl,) gradient and
fractions monitored by thin layer chromatography (TLC) for
discodermolide. The fractions that showed the presence of disco-
dermolide were combined for further purification. These combined
fractions were further purified by HPLC (SiO;, 5 um, 250x10 mm)
with 5.5% MeOH/CH,Cl, and gave discodermolide as a white
solid. Crystallization of the white solid from 5% MeOH/CH,Cl,
produced colorless crystals of pure discodermolide (yield 0.001% of
wet weight). The structure was confirmed by TLC, HPLC, and
NMR comparison with that of an authentic discodermolide sam-
ple.

Preparation and purification of discodermolide acetates

Discodermolide (16.0 mg) was dissolved in dry pyridine (2.5 ml),
treated with acetic anhydride (20 pl) in a Reacti-vial and stirred
with the temperature maintained at 15-18°C. The reaction mixture
was monitored by TLC to yield the greatest number of analogs and
the reaction was halted by adding ice. The solvents were evaporated
under a stream of nitrogen and the residue was subjected to HPLC
on a SiO; gel (5 um, Phenomenex Semi-prep Lichrosorb) column
using a mixture of 6% MeOH in CH,Cl, to yield a mixture of less-
polar acetates, a mixture of polar acetates, and traces of unreacted
discodermolide. The less-polar acetate mixture was re-chromato-
graphed using the same HPLC system with 3% MeOH in CH,Cl,
to give pure D-3,7,11,17-OAc, D-3,7,17-OAc, D-3,7,11-OAc,
D-3,7-OAc, D-3,11-OAc, and D-3,17-OAc. Similarly, re-chromato-
graphy of the polar fraction under the same conditions with 5%
MeOH in CH,Cl, gave pure D-3-OAc and D-7-OAc. The acetates
were identified by mass spectral data and their structures were
confirmed by extensive one- and two-dimensional NMR studies.
These results have been presented elsewhere [10].

Cell culture

A549 cells were obtained from the American Type Culture Collec-
tion (Rockville, Md.) and maintained in RPMI-1640 tissue culture
medium (TCM) supplemented with 100 U/ml penicillin, 100 pg/ml
streptomycin, 60 pg/ml L-glutamine, 18 mM HEPES, 0.05 mg/ml
gentamicin, and 10% fetal bovine serum (Life Technologies, Ga-
ithersburg, Md.). The cell line was cultured in plastic tissue culture
flasks and kept in an incubator at 37°C in humidified air containing
5% CO,. A549 cells were subcultured 1:20 every 3rd or 4th day
using a 0.5% trypsin, 0.53 mM EDTA solution (Life Technologies)
and used within 20 passages of the initial stock culture.



Cytotoxicity assay

The mitochondrial metabolism of 3-[4,5-dimethylthiazol-2-yl]-2,
S-diphenyltetrazolium bromide (MTT) to its insoluble, blue, for-
mazan was used for enumerating A549 cells to assess the antipro-
liferative effects of discodermolide and its analogs [1]. Briefly, A549
cells were seeded into 96-well tissue culture plates (Nunc,
Denmark) at a density of 6x10° cells/well in TCM and allowed to
adhere overnight. Cells were incubated with serial dilutions of
discodermolide, or its analogs, diluted in TCM. Positive drug
controls were included to monitor drug sensitivity of each of the
cell lines. These included various dilutions of 5-fluorouracil and
doxorubicin (Sigma Chemical Co., St Louis, Mo.). After 72 h
exposure, 75 pl of warm phosphate-buffered saline (PBS) containing
5 mg/ml MTT was added to each well; cultures were returned to
the incubator, and left undisturbed for 3 h. To quantitate the
formation of the resulting reduced formazan spectrophotometri-
cally, culture fluids were removed by aspiration, and 200 pl of
acidified isopropanol (2 ml concentrated HCl/liter isopropanol)
added per well. The absorbance of the resulting solution was
measured at 570 nm with a plate reader (TECAN Spectra II Plate
Reader, TECAN U.S., Research Triangle Park, N.C.) and a
650 nm reference filter. A linear relationship between cell numbers
and formazan production has been routinely observed over the
range of cell densities used in these experiments. The concentration
of the agent causing 50% cytotoxicity (ICsg) and the 95% confi-
dence intervals were calculated by nonlinear regression of log-
transformed data (Prism, version 3.00; GraphPad Software, San
Diego, Calif.). Four to six wells of each of a minimum of seven
concentrations were used in the derivation of the I1Csy.

Flow cytometry

A549 cells were transferred into each well of a six-well culture plate
at a density of 5x10° cells/well and allowed to adhere overnight at
37°C in an atmosphere containing 5% CO,. The TCM was
removed from each well and replaced with fresh TCM containing
discodermolide or its analogs and incubated for an additional 24 h.
The TCM was transferred to a centrifuge tube, the cells trypsinized
and pooled with their TCM and centrifuged. All centrifugations for
this assay were at 800 g at 4°C for 5 min. The supernatant was
removed, the cells resuspended in cold 80% ethanol in PBS, and
fixed for 1 h at —20°C. The fixed cells were centrifuged and washed
twice in cold PBS, resuspended in 1 ml propidium iodide staining
solution (PBS containing 0.02 mg/ml propidium iodide, 0.1 mg/ml
ribonuclease A; Sigma) and incubated in a 37°C water bath for
30 min. The cell suspensions were strained through 70 um filters
(Becton Dickinson; Franklin Lakes, N.J.) and analyzed on a
Coulter EPICS ELITE flow cytometer (Beckman Coulter Corpo-
ration, Miami, Fl.) with excitation at 488 nm and emission at
690 nm. Approximately 1x10* cells were analyzed and used to
construct DNA histograms for each analog of discodermolide.

Microtubule staining in cultured cells

Sterile glass coverslips were placed in each well of a six-well tissue
culture plate and seeded with 7x10* A549 cells/well. The cells were
allowed to adhere overnight at 37°C in an atmosphere containing
5% CO,. The TCM was removed and replaced with fresh TCM
containing 10-1000 nM discodermolide or its analogs and incu-
bated for an additional 24 h. Coverslips containing the adhered cells
were fixed in 3.7% formalin in PBS for 10 min at room temperature
and then permeabilized in 2% Triton X-100 (Sigma) in PBS for
S min. The coverslips were rinsed twice in PBS and incubated with
murine monoclonal anti-a-tubulin (Sigma) (1 pg/ml in PBS) at
room temperature for 45 min with intermittent shaking. The pri-
mary antibody was removed and replaced with FITC-conjugated
goat anti-mouse IgG (F,y, specific; 1 pg/mlin PBS; Sigma). The cells
were incubated in the dark at room temperature for 45 min with
intermittent shaking. The coverslips were washed three times in
distilled water, air-dried and mounted on slides with SlowFade
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(Molecular Probes, Eugene, Ore.). Cells were observed under an
epifluorescence microscope (Olympus America, Melville, N.Y.).

Tubulin polymerization

The polymerization of purified bovine brain tubulin (Cytoskeleton,
Denver, Colo.) was measured using a modification of the condi-
tions established by Asnes and Wilson [2]. The polymerization was
monitored by changes in the optical density of tubulin solutions at
350 nm in a Hitachi U-3010 spectrophotometer equipped with an
electronic thermostatted cell holder. Stock solutions of tubulin
were diluted on ice in cold G-PEM buffer (1 mM GTP, 80 mM
PIPES, 1 mM EGTA, 0.5 mM magnesium chloride; pH 6.8) to a
final concentration of 1 mg/ml. The instrument was zeroed with
this solution at 4°C. Test compounds, or an equivalent volume of
ethanol, were then quickly mixed into the tubulin solution to a final
concentration of 10 pM and the absorbance continually monitored
over a 61-min period. Within this time the temperature of the
thermoelectric cell holder was increased at a rate of 1°C/min to
35°C, reduced back to 4°C at a rate of 2°C/min, and held at 4°C for
an additional 15 min. Purified tubulin in the absence of microtu-
bule-associated proteins (MAPs) or drugs did not assemble under
these test conditions.

Results
Cytotoxicity of discodermolide analogs

Cytotoxicity studies of discodermolide and its analogs
were conducted using the A549 human lung adenocar-
cinoma cell line to elucidate initial structure-activity
relationships of the pharmacophore (Table 1). Analogs
acetylated only at the hydroxyls of C-3 or C-3 and C-7
showed equal or greater cytotoxicity towards A549 cells
compared to the parent compound. The inclusion of
acetoxy groups at either C-11 or C-17 greatly decreased
the cytotoxicity of the molecule despite the presence of
acetoxy moieties at positions C-3 and/or C-7. The rela-
tive order of cytotoxicities of the compounds towards
A549 human lung cancer cells was D-7-OAc=D-3,7-
OAc > D-3-OAc = paclitaxel = discodermolide > D-3,11-
OAc>D-3,7,11-OAc=D-3,17-OAc> > D-3,7,17-OAc
=D-3,7,11,17-OAc.

Table 1 Cytotoxicity of paclitaxel, discodermolide and disco-
dermolide analogs in A549 human lung adenocarcinoma cells as
determined by MTT metabolism following 72 h exposure to the
test agent. Values are the ICsy (nM) and the 95% confidence
interval derived from six to eight concentrations. Each value is
representative of a single experiment which was repeated a mini-
mum of two times

Test agent 1Csg
Paclitaxel 4.1 (3.4-4.9)
Discodermolide 3.5(1.6-7.2)
D-3-OAc 3.8 (1.2-12.6)
D-7-OAc 0.8 (0.3-1.9)
D-3,7-OAc 0.8 (0.4-1.5)
D-3,11-OAc 164 (80-334)
D-3,17-OAc 524 (410-640)
D-3,7,11-OAc 545 (410-726)
D-3,7,17-OAc > 1000
D-3,7,11,17-OAc > 1000
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Perturbation of cell cycle by discodermolide analogs

Previous results have shown that discodermolide blocks
the proliferation of cultured cells at the G,/M phase
of the cell cycle [20]. Discodermolide completely blocked
the proliferation of A549 cells at 100 nM (Fig. 2). When
discodermolide analogs were tested for this effect only
those compounds acetylated at C-3 and/or C-7 arrested
cells at the G,/M phase at this same concentration
(Fig. 2). The remaining analogs had no effect on the
distribution of cells in the cell cycle at 100 nM (results
not shown), but it is important to note that these analogs
all had ICs, values towards A549 cells that were greater
than 100 nM (Table 1).

Effects on microtubule morphology in A549 cells

The effects of discodermolide analogs on microtubule
architecture in A549 cells were investigated in order to
determine if this was a mechanism of their activity.
Figure 3 shows the morphological changes induced by
100 nM paclitaxel, discodermolide, or the discodermolide
analogs on the microtubule matrix of A549 cells. Paclit-
axel, discodermolide, D-3-OAc, D-7-OAc and D-3,7-
OAc induced microtubule bundling in A549 cells at
100 nM, and these effects were easily detected at con-
centrations aslow as 10 nM (not shown). Discodermolide
and D-3-OAc induced comparable morphological
changes when tested at equivalent concentrations whereas
D-7-OAc and D-3,7-OAc induced a more pronounced
bundling morphology in cells when tested at 10 or
100 nM. D-3,11-OAc, D-3,17-OAc, and D-3,7,11-OAc
did not induce bundling at 100 nM although some evi-
dence of altered cytoskeletal arrangement was observed,
such as the presence of cells with multiple aster formations
(Fig. 3G, H, I). Also, the nuclear degradation character-
istic of apoptosis was observed in these three cultures.
Cells exposed to 1000 nM D-3,17-OAc showed a clear
indication of microtubule bundling, although this was not
extensive (not shown). D-3,7,17-OAc and D-3,7,11,17-
OAc had no observable effect on the microtubule matrix

Fig. 2A-E Cell cycle analysis by flow cytometry of A549 cells
exposed to 100 nM discodermolide, its analogs, or paclitaxel, for
24 h. Histograms represent samples of approximately 1x10* cells
per compound tested and are plotted as cell number (y-axis) vs
fluorescence intensity (x-axis). A 0.05% ethanol (vehicle control);
B discodermolide; C D-3-OAc; D D-7-OAc; E D-3,7-OAc

at 100 nM, but at 1000 nM the D-3,7,17-OAc did induce
multiple aster formations in some cells, whereas
D-3,7,11,17-OAc had no observable effect.

Induction of purified bovine brain tubulin
polymerization

Monitoring the polymerization characteristics of puri-
fied bovine brain tubulin in the presence of paclitaxel,
discodermolide or discodermolide analogs allowed the
effect of these compounds on microtubules to be deter-
mined in the absence of cellular barriers or microtubule
control mechanisms. All compounds were tested at
10 uM with 1 mg/ml purified bovine brain tubulin. This
high concentration of test agent was based on the
observation that the maximum assembly of tubulin by
paclitaxel occurs at approximately equimolar concen-
trations of drug and tubulin [16]. Under these test
conditions only discodermolide, D-3-OAc, D-7-OAc,
D-3,7-OAc, and paclitaxel were able to induce tubulin
assembly (Fig. 4). The remaining analogs did not induce
the polymerization of tubulin. The subsequent addition
of discodermolide to these otherwise negative solutions
resulted in the rapid assembly of tubulin thereby en-
suring that the assay conditions remained viable (not
shown).

Discodermolide-induced polymerization of tubulin
in vitro has previously been shown to occur rapidly at
temperatures as low as 4°C [26]. We confirmed this
finding and demonstrated that a rapidly induced poly-
merization could occur in the absence of microtubule-
associated proteins or glycerol (Fig. 4). On the other
hand, temperature-controlled experiments show that
paclitaxel-induced polymerization of tubulin does not
readily occur below 17°C. D-3-OAc, D-7-OAc, and
D-3,7-OAc induced little or no tubulin polymerization
at 4°C but exhibited strong turbidity effects at temper-
atures above 6°C. As a group, these three analogs ap-
peared to have similar, or greater, activity in this assay
than did paclitaxel. Although all samples were tested at
equimolar concentrations and volume of tubulin, dis-
codermolide-induced polymerization consistently yield-
ed a greater change in absorbance than did paclitaxel or
discodermolide analog.

To study the stabilizing activity of these compounds,
the cuvette temperature was returned to 4°C as the
turbidity was continually monitored (Fig. 4). The sub-
sequent stability of the tubulin complexes appeared to

Laddd



Fig. 3A-K Immunofluorescence images of A549 cells stained with
anti-a-tubulin. Cells were exposed to 100 nM compounds for 24 h
prior to fixing and staining. A 0.05% ethanol (vehicle control);
B paclitaxel; C discodermolide; D D-3-OAc; E D-7-OAc; F D-3,
7-OAc; G D-3,11-OAc; H D-3,17-OAc; I D-3,7,11-OAc; J D-3,7,
17-OAc; K D-3,7,11,17-OAc

coincide with the temperature at which polymerization
was induced. Paclitaxel and D-3,7-OAc-stabilized mi-
crotubules showed a rapid decrease in turbidity at 4°C,
whereas complexes formed in the presence of D-3-OAc
or D-7-OAc were more stable. Discodermolide-stabi-
lized structures were not affected by changes in
temperature.

Discussion

The cytotoxicity study reported here has confirmed and
extended the previous work indicating the sensitivity of
cultured mammalian cells to discodermolide [4, 20, 26].
From the order of potency of discodermolide analogs in
A549 cells it is apparent that the addition of acetyl
moieties at either C-11 or C-17 severely abrogates the
cytotoxicity of the pharmacophore, whereas alterations
closer to the lactone ring augment this activity. ICsy data
of these same discodermolide analogs towards the mu-
rine P388 macrophage cell line produced a relative order
of potency comparable to that in A549 human tumor
cells [10]. Also, our results coincide with the T-cell
proliferation-inhibiting effects of synthetic discodermo-
lide analogs as reported by Hung et al. [13]. These
authors reported that D-17-OAc is approximately ten
times less active than discodermolide and that 17-
epi-discodermolide was completely inactive in their assay.

However, the results presented here also indicate that
the cytotoxic potential of discodermolide and its analogs
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Fig. 4 Polymerization of 1 mg/ml purified bovine brain tubulin in
G-PEM buffer induced by 10 uM of paclitaxel (B), discodermolide
(C), D-3-OAc (D), D-7-OAc (E), or D-3,7-OAc (F). Vehicle control
(4) and the remaining discodermolide analogs all had similar
baseline results. The arrows above the graph indicate the
temperature of the cuvette holder throughout the assay. Each
curve represents a single assay, which was repeated at least twice
for verification
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do not necessarily reflect their tubulin-polymerizing
characteristics. Although D-3-OAc, D-7-OAc and D-
3,7-OAc are equally or more cytotoxic to A549 cells
than discodermolide, none of these analogs is able to
induce the polymerization of purified tubulin at low
temperatures (4°C) and the maximal polymer absor-
bance value at 35°C was consistently less than that
routinely observed with discodermolide. This latter ob-
servation could indicate either the incomplete associa-
tion of tubulin monomers into the microtubule
structures, or that the optical characteristics of mi-
crotubules formed is different between discodermolide
and its acetylated analogs. These possibilities are cur-
rently being investigated. Once the microtubule struc-
tures were assembled in the presence of the test agents,
they showed a dissociation upon a reduction of tem-
perature to 4°C. Even at temperatures below those re-
quired for paclitaxel- or analog-induced assembly, the
microtubule dissociation rate was consistently slower
than the rate of assembly. As previously reported [26],
the assembly of the microtubule structure from purified
bovine brain tubulin in the presence of discodermolide
appears to be independent of temperature within the
temperature range tested. This observation of disco-
dermolide-induced tubulin polymerization at low tem-
peratures suggests the hypothesis that discodermolide
may act as an antimitotic agent in its colder, indigenous,
marine environment.

Discodermolide has been previously demonstrated to
arrest cells in the G,/M phase of the cell cycle [20].
Analysis of cell cycle effects of the discodermolide ana-
logs on A549 cells revealed antimitotic effects similar to
those of discodermolide and of analogs acetylated at
positions C-3 and/or C-7, but not of any bearing C-11 or
C-17 acetylations. It should be noted that these samples
were tested only at a concentration of 100 nM, and that
all analogs containing the C-11 or C-17 acetoxy groups
had ICsq values greater than this concentration.

Morphological changes to the microtubule matrix
observed in A549 cells exposed to the analogs acetylated
at positions C-3 and/or C-7 demonstrate the ability of
these analogs to induce similar, or more extensive, in situ
bundling of microtubules than does the parent com-
pound, even at concentrations as low as 10 nM. A
hallmark feature of altered microtubule function is the
development of aberrant, or multiple, aster body for-
mations in cells entering the early stages of mitosis [15].
We have found that these structures provide a highly
sensitive indicator for the presence of microtubule-
altering compounds as they occur at concentrations
below which microtubule bundling is difficult to observe
by epifluorescence microscopy. Using this visual indi-
cator of activity it became apparent that the analogs
acetylated at positions C-11 and/or C-17 retained some
low, but measurable, tubulin-interacting properties
despite their low cytotoxicity or apparent lack of effect
on the distribution of cells within the cell cycle at the
concentrations tested. Only the tetra-acetylated analog
was inactive in all assays conducted here, even in cells

exposed to concentrations as high as 1000 nM. From
these results it is apparent that the primary mechanism
of cytotoxic action of D-3-OAc, D-7-OAc and D-3,7-
OAc is through the hyperstabilization of the microtu-
bule complex and the subsequent inhibition of normal
mitotic spindle function.

The differences in the analog-induced polymerizing
characteristics in whole cell microtubules versus those
formed by purified tubulin suggest that the analogs in-
teract with the tubulin proteins in a fashion different
from that of discodermolide. D-3-OAc, D-7-OAc and
D-3,7-OAc may require the presence of other factors,
or non-tubulin proteins, in order to function fully as
microtubule-hyperstabilizing agents in whole cells.

It is also plausible that these analogs are deacetylated
in cultured cells to produce discodermolide and that
acetyl groups at positions C-11 or C-17 may not be
susceptible to the actions of the deacetylases. Therefore,
the inability to correlate cytotoxicity with tubulin-
hyperstabilizing qualities must be due to the complex
regulatory mechanisms of microtubule polymerization
processes within a cell and its high sensitivity to en-
dogenous or exogenous factors which were not reflected
in our purified tubulin-polymerizing assay. The in-
creased cytotoxic potency of D-7-OAc and D-3,7-OAc
could also indicate that these compounds are either
more cell-membrane permeable, or that the acetylation
at the C-7 hydroxyl group imparts additional cytotoxic
qualities to the compounds — factors that are important
in determining the potential effectiveness of novel
compounds as anticancer agents.

The inability of the remaining five analogs to induce
the polymerization of purified tubulin at a concentration
of 10 uM clearly demonstrates that acetylation of the
hydroxyl groups at the C-11 and/or C-17 positions of
the discodermolide molecule dramatically reduces the
affinity of the compound for tubulin and that their de-
creased effectiveness against whole cells is not necessarily
due to the presence of any cellular barriers. In contrast
to this, acetylation of the hydroxyl groups at the C-3 and
C-7 positions, which lie closer to the substituted lactone
functionality, confers greater cytotoxicity to the mole-
cule but through a process which may not be directly
related to its ability to induce the polymerization of
tubulin. Nonetheless, our study shows that chemical
modifications (protection by acetylation reactions)
involving the central region (C-11, C-17) of the disco-
dermolide molecule serve to impair its biological activ-
ities, indicating the potential importance of these
hydroxyl moieties in the overall antimitotic activity of
the compound. These results, coupled with the potenti-
ation of biological activities of the modified C-3 and C-7
sites, serve to provide us with important information
regarding the structure-activity relationship of the dis-
codermolide molecule and a particular insight into the
determination of the active pharmacophore of the
compound.

Three models of a common tubulin-interacting
pharmacophore have recently been proposed based,



primarily, on structure-activity relationship studies of
taxane and epothilone variants [8, 11, 23]. In contrast to
the relatively rigid ring structures of paclitaxel and
epothilone with few low-energy conformations, the lin-
earity of the discodermolide molecule, with only two
isolated double bonds in the middle of the molecule to
contribute to its relative rigidity, makes the molecule
relatively flexible and readily adaptable to these pro-
posed low-energy conformations. Since acetylation of
hydroxyl groups would have only a small impact on the
final flexibility of the discodermolide analogs, the data
presented here provide support particularly to the
identification of functional groups involved in the active
pharmacophore. Further studies examining disco-
dermolide analogs of varied structural flexibility are
currently being conducted.

Our results provide no indication as to the role of the
terminal diene structure in the activity of discodermo-
lide, although other authors have reported a significant
decrease in potency with the addition of an extended
pivaloyl group at C-24 [13]. Alteration of functional
groups associated with, or close to, the lactone structure
does not appear to greatly reduce discodermolide
activity. Thiophenylation at C-1 has no effect on the
potency of the pharmacophore [13], thereby eliminating
a direct role for that carbonyl oxygen in either the
bonding activity or stereochemistry of discodermolide.
Although acetylation at the C-3 or C-7 position changes
the potential reactivity of these functional groups, their
stereo placement is not affected during synthesis and
their overall influence on the conformation of the dis-
codermolide pharmacophore is unlikely to be strong.

The results presented here clearly illustrate the in-
volvement of the C-11 and C-17 hydroxyl groups in the
biological activity of discodermolide, in agreement with
the previous findings of Hung et al. [13]. Interestingly,
these authors reported that acetylation at C-17 reduces
the cytotoxic effects of discodermolide tenfold, whereas
epimerization of the C-17 hydroxyl group renders the
final molecule inactive. Together, these results indicate
the role of the C-17 hydroxyl group in maintaining the
favorable stereochemistry of the pharmacophore, pos-
sibly through a hydrogen bonding with the neighboring
carbamate group.

These results will, hopefully, allow us to design simple
analogs with potent biological activities similar to that
of discodermolide, and have provided important clues
into the structure-activity relationship between the dis-
codermolide molecule and its interaction with tubulin.
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