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Introduction

A major challenge of contemporary medicine is in cancer
chemotherapy. A cancerous cell is exquisitely well adapted
for survival and, although a wide range of drugs targeting
the different cell functions necessary for cell division are
now available, resistance to chemotherapy is frequently en-
countered in the clinic.

One of the most commonly used chemotherapeutic agents
is paclitaxel and its derivative docetaxel (a semisynthetic an-
alogue).[1,2] These compounds target microtubules, which are

essential components of the cytoskeleton, are involved in
cell motility, intracellular transport, and maintenance of cell
shape, and form part of the mitotic spindle that allows chro-
mosome separation during cell division.[3,4]

In this context, the development of the multidrug-resist-
ance (MDR) phenotype in paclitaxel-treated patients[5,6] has
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triggered the search for novel compounds that display the
same mechanism of action but are less prone to resistance
effects. Indeed, in the last 10 years, many new, structurally
unrelated compounds that stabilize microtubules and mimic
the activity of paclitaxel/docetaxel have been found from
various sources (including corals, marine sponges, bacteria,
and plants).[7–15] In a previous study,[16] these microtubule-
stabilizing agents (MSA) were classified according to their
binding site, either the paclitaxel-binding site or the alterna-
tive laulimalide-binding site.[14,15]

From a structural perspective, the paclitaxel-binding site,
located in the lumen of the microtubules,[17] is not easily ac-
cessible to the paclitaxel molecules in solution. However, it
was also shown that paclitaxel binds very quickly to micro-
tubules[18] and that a fluorescent tag attached to paclitaxel
bound to microtubules can be recognized by an antibody,[19]

which indicates an additional, and external, accessible bind-
ing site. This apparent paradox of a hidden but easily acces-
sible luminal binding site was elucidated by the discovery of
a new external binding site,[20] to which a covalently binding
MSA, cyclostreptin,[12,21] binds before being internalized to
the luminal site.

Although paclitaxel and epothilone are known to bind to
the luminal site,[17,22] detailed knowledge of where the other
paclitaxel mimics bind remains elusive. Since blocking of
the external site stops paclitaxel binding,[20] all the known
paclitaxel-binding-site ligands should be in competition.

Among the taxoid mimetics, discodermolide (DDM),[10]

originally isolated from the deep-sea sponge Discodermia
dissoluta, displays the highest binding constant to the pacli-
taxel site.[16] It shows potent antiproliferative activity against
a wide range of human cancer cell lines, including P-glyco-
protein-overexpressing cell lines.[10,23]

Another potent taxoid mimetic is dictyostatin (DCT),
originally isolated from a marine sponge of the Spongia
genus.[24] Its binding constant for the paclitaxel site is 20
times larger than that of paclitaxel itself.[16] From a structur-
al perspective, there are strong similarities between disco-
dermolide and dictyostatin,[25] which suggests that their bio-
active conformations may be similar. Indeed, a hybrid mole-
cule has recently been designed on these grounds.[26]

Despite apparently binding to the same site, the existence
of synergy in the effects of paclitaxel and discodermolide on
cells and microtubules has been reported.[27–30] These obser-
vations could indicate binding to an additional site, such as
the recently discovered pore site present in unassembled tu-
bulin, although this is merely speculative.

In elegant recent work by Carlomagno and co-workers,[31]

the unassembled-tubulin-bound conformation of discoder-
molide was reported. Because high-affinity taxane binding
does not take place in unassembled tubulin but in assembled
microtubules,[20,32] it is uncertain whether the tubulin-bound
conformation described therein[31] represents the conforma-
tion bound to the luminal taxane-binding site; thus, this re-
quires further exploration.

The knowledge of the bioactive conformation of these
molecules is of paramount interest for the rational design of

analogues with improved activity. Thus, in this context, we
herein report the NMR investigation of the bioactive con-
formations of both discodermolide and dictyostatin when
bound to microtubules. We compare the bound conforma-
tions with their geometries in the free state in different sol-
vents,[33,34] as well as with the conformation of discodermo-
lide in the presence of unassembled tubulin reported by Car-
lomagno and co-workers.[31]

Experimental Section

Protein and chemicals : Purified calf-brain tubulin and chemicals were
used as described previously.[35] Discodermolide and dictyostatin were
synthesized as reported by Paterson et al.[13,36, 37] The compounds were di-
luted in dimethylsulfoxide (DMSO) solution to give a final concentration
of 10 mm and stored at �20 8C.

Preparation of samples for the NMR experiments : The preparation of
the samples has been described already.[35] However, we repeat the basic
features of the protocol for the sake of clarity. A slowly hydrolyzable nu-
cleotide analogue, guanosine 5’-(a,b-methylenetriphosphate)
(GMPCPP),[38] was employed to assemble tubulin. Guanosine 5’-triphos-
phate (GTP)-bound tubulin in 10 mm sodium phosphate buffer with
6 mm MgCl2·H2O and 1 mm GTP at pH 6.7 was unable to assemble into
microtubules at concentrations up to 200 mm.[32] However, when the GTP
was substituted by GMPCPP and potassium in the buffer, the critical
concentration is very low (4.6 mm at 37 8C). Thus, the protein was equili-
brated in a buffer comprising 10 mm potassium phosphate, 6 mm magnesi-
um chloride, and 0.1 mm GMPCPP in D2O (99.9%, Merck) at pD 7.0 by
a two-step procedure. Sucrose and GTP were removed by a drained cen-
trifuge column of Sephadex G-25 (6N1 cm) equilibrated in a buffer con-
sisting of 10 mm potassium phosphate and 10 mm GTP in D2O (99.9%,
Merck) at pD 7.3. This was followed by a second chromatography process
in a cold Sephadex G-25 column equilibrated in 10 mm potassium phos-
phate in D2O (99.9%, Merck) at pD 7.3, and then 6 mm magnesium chlo-
ride and 0.1 mm GMPCPP were added to the solution to give a pD value
of 7.0. Immediately before the experiments were performed, the protein
concentration was adjusted to 20 mm, the desired amount of target ligand
was added to give a final 100–400 mm concentration, and the sample was
incubated for 30 minutes at 298 or 310 K (depending on the temperature
of the experiment). The sample was found to be completely stable for
overnight experiments and only started to slowly degrade after 20 h.
Under these conditions, the critical concentration of tubulin is 1.5 mm at
298 K and 0.9 mm at 310 K. This means that either 92.5 or 95.5% of the
sample (at 298 or 310 K, respectively) is assembled into microtubules. A
portion of the formed polymers was adsorbed onto formvar/carbon-
coated 300 mesh copper grids, negatively stained with 1% uranyl acetate,
observed with a Jeol 1230 transmission electron microscope (JEOL,
Tokyo, Japan), and found to consist of microtubules.

Computational methods

Conformational searching and dynamics : Molecular mechanics calcula-
tions on DDM and DCT were performed by using the Maestro 7.5 pack-
age[39] and the MM3* force field.[40] Bulk-water solvation was simulated
by using the generalized Born/surface area (GB/SA) continuum solvent
model.[41] The conformational searches were carried out with 20000 steps
of the usage-directed Monte Carlo/energy minimization (MC/EM) proce-
dure. Extended nonbonded cutoff distances (a van der Waals cutoff of
8.0 O and an electrostatic cutoff of 20.0 O) were used.

For the Monte Carlo/stochastic dynamics (MC/SD) simulations, van der
Waals and electrostatic cutoffs of 25 O, together with a hydrogen-bond
cutoff of 15 O, were used. The dynamic simulations were run by using
the MM3* force field. Charges were taken from the force field. The same
degrees of freedom of the MC/EM searches were used in the MC/SD
runs. All simulations were performed at 300 K, with a dynamic time step
of 1 fs and a frictional coefficient of 0.1 ps�1. Two runs of 10 ns each were
performed by starting from the major conformations of the substrates, se-
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lected from the MC/EM outputs. The Monte Carlo acceptance ratio was
about 2%; each accepted MC step was followed by an SD step. Struc-
tures were sampled every 1 ps and saved for later evaluation. Monitoring
of both energetic and geometrical parameters checked the convergence.

Molecular dynamics simulations and docking calculations : Docking of
discodermolide and dictyostatin was performed by using the Auto-
Dock 3.0 program.[42] During an AutoDock 3.0 simulation, multiple La-
marckian genetic algorithm runs occurred, with each one providing a pre-
dicted binding mode, and cluster analysis was performed at the end of
the simulation. Atomic coordinates for the different conformers were ob-
tained from molecular mechanics calculations (see above). The a/b-tubu-
lin dimer coordinates (PDB code 1JFF)[43] were taken from the Protein
Data Bank[44] and used as described.[35]

Grids of probe-atom interaction energies and electrostatic potentials
were generated by the AutoGrid program present in the AutoDock 3.0
package. Grid spacings of 0.6 and 0.375 O were used for the global and
local searches, respectively. For each calculation, 1 job of 100 docking
runs was performed by using a population of 200 individuals and an
energy evaluation number of 3N106.

NMR experiments : NMR spectra were recorded at 298–313 K in D2O on
Bruker AVANCE 500 and 700 MHz spectrometers. For the experiments
with the free ligands, the compounds were dissolved in D2O and argon
was passed through to degas the solution. TOCSY[45] and HSQC[46] ex-
periments were performed by using the standard sequences. 2D trans-
verse-ROESY (T-ROESY) experiments[47] were performed with mixing
times of 300, 400, 500, and 600 ms. The 500 MHz NOESY[48] cross-peaks
were basically zero at room temperature and moderately positive at
313 K. The strength of the 1808 pulses during the T-ROESY spin-lock
period was attenuated four times with respect to that of the 908 hard
pulses (between 7.2 and 7.5 ms). To deduce the interproton distances, re-
laxation-matrix calculations were performed by using software written in
house, which is available from the authors upon request.[49]

For the bound ligands, TR-NOE experiments were performed as previ-
ously described with a freshly prepared ligand/microtubule solution.[35]

TR-NOESY experiments were then performed with mixing times of 50,
100, 200, 250, and 300 ms, for molar ratios of ligand/protein from 5:1 to
20:1. No purging spin-lock period to remove the NMR signals of the
macromolecule background was employed, since they were basically not
observable due to the huge size of the receptor. First, line broadening of
the ligand protons was monitored after addition of the ligand. Strong
negative NOE cross-peaks were observed, in contrast to the results for li-
gands in the free state; these cross-peaks indicated binding of both mole-
cules to the microtubule preparation. The theoretical analysis of the TR-
NOEs of the ligand protons was performed according to the CORCEMA
program[50,51] by using a relaxation matrix with exchange, as previously
described.[35] Different exchange-rate constants were employed to obtain
the optimal match between the experimental and theoretical results of
the intraresidue cross-peaks of the protons belonging to the Z double
bonds of discodermolide (H8, H9) and dictyostatin (H10, H11), which
have a relatively fixed geometry for any given protein/ligand ratio. The
overall correlation time, tc, for the free state was always set to 0.35 ns,
since NOESY cross-peaks for the free molecule were basically zero at
room temperature and 500 MHz. The tc value for the bound state was set
to 100 ns. To fit the experimental TR-NOE intensities, off-rate constants,
koff, between 50 and 500 s�1 were tested. Optimal agreement was achieved
for koff =150 s�1.

T-ROESY experiments were also carried out to exclude spin-diffusion ef-
fects. A continuous-wave spin-lock pulse was used during the 250 ms
mixing time. Key NOEs were shown to be direct cross-peaks, since they
showed different signs to the diagonal peaks.[52,53]

Results and Discussion

The conformation of free discodermolide in water solution :
The conformational behavior of free discodermolide in the

unbound state has been previously explored both in the
solid state and in two different solvents, DMSO and acetoni-
trile.[33,34] The conclusions are strikingly different. Discoder-
molide in DMSO seems to be a very flexible molecule with
over ten conformers contributing to the conformational
equilibrium.[34] Curiously, the form observed by X-ray crys-
tallography is claimed to represent less than 1% of the pop-
ulation in this solvent. By contrast, the major conformation
deduced in acetonitrile solution,[33] which arises from mini-
mization of A1,3 strain and syn-pentane nonbonded interac-
tions, was in good agreement with the solid-state conforma-
tion, except for the orientation of the d-lactone. Subtle dif-
ferences in the overall shape of the six-membered lactone
ring were also evident in the three studies. In principle, two
types of conformers were proposed: the chair conformer
with two axially and equatorially oriented substituents,
somewhat distorted towards a 3H4 half-chair form (in aceto-
nitrile, in the solid state, and partially in DMSO), or a 3S1

skew-boat form. The different possibilities, along with their
structural features, are given in Tables 1 and 2, and Table S3
and Figures S1, and S11 in the Supporting Information.

In this work, the conformation of discodermolide in water
solution (D2O) was explored. The 500 MHz NOESY cross-
peaks were basically zero at room temperature and moder-
ately positive at 313 K. Thus, T-ROESY experiments were
used to access the key conformational information. A com-
plete assignment of the 1H NMR resonance signals of disco-
dermolide was achieved on the basis of TOCSY, HSQC, and
T-ROESY experiments. The difference in chemical shifts
and coupling constants (Figure S11 in the Supporting Infor-
mation) between the reported data in acetonitrile and those
measured in water are given in Table S1 in the Supporting
Information. Some noticeable differences are observed for
the chemical shifts, which are similar for the H12 to H16
region, including the corresponding methyl groups, and
rather different for the other parts of the molecule, especial-
ly for the lactone moiety and from C17 to the C24 tail.

The analysis of the vicinal proton–proton coupling con-
stants for the six-membered ring permitted its conformation
to be assessed. Generally speaking, no major changes were
deduced for the coupling constants between the available di-
methylsulfoxide and acetonitrile values and those recorded
in water. A clear difference is only observed for the 3JH4,H5

coupling between water and DMSO on the one hand and
acetonitrile on the other, but this is likely to be a typograph-
ic mistake in the latter publication.

To assess the conformational distribution in water, the J
data were complemented by NOE experiments. The rela-
tionship between NOE signals and proton–proton distances
is well established and can be worked out at least semiquan-
titatively by using a full relaxation-matrix approach.[54] The
NOE intensities reflect the conformer populations, and
therefore information on the population distributions in free
solution can be obtained by focusing on the key NOEs that
characterize the different possible conformations.

At 500 MHz and room temperature, all of the cross-peaks
observed in the NOE spectra of discodermolide in water so-
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lution were very weak, almost close to zero. The wtc value is
close to 1.1 and provides an almost zero longitudinal
NOE.[54] Thus, the basic information was derived from T-
ROESY experiments,[47] which provided the crucial cross-
peaks that are reported in Table 1. The spectrum is shown in

Figure S2 in the Supporting Information. By comparing
these NOE parameters, it could be deduced (see Table 1)
that the observed values in water are more similar to those
available in acetonitrile than to those reported in DMSO.

Table 1. Analysis of the estimated interproton distances for discodermolide in the free and tubulin-bound states. For the bound state, the experimental
distances, r [O], are estimated according to a full matrix-relaxation approach from a CORCEMA-based[46] analysis of the TR-NOESY data. The H8–H9
and H21–H22 distances (2.2 O) were taken as internal references. The estimated experimental errors are considered to be around �10%. The reported
data for the free state in acetonitrile[31] or dimethylsulfoxide[32] are also given. The best fits between our data in the free state and those reported in refer-
ences [31] or [32] are underlined. Key NOEs that further support this conclusion are in bold.

Proton pair Predicted for the
major conformer in
the skew form
ACHTUNGTRENNUNG(MM3*)

Predicted for the
major conformer in
the half-chair form
ACHTUNGTRENNUNG(MM3*)

Reported for
the free state
in CD3CN[a]

Reported for the
free state
in DMSO[b]

From the experiment:
T-ROESY build up curve
for the free state
(error: �10%)

From the experiment:
NOESY build up curve
for the bound state
(error: �10%)

H2–H3 2.9 2.6 2.6 – 2.8 2.6
H2–H5 2.8 4.1 4.1 2.6 3.4 >3.7
H3–H4 2.4 2.4 2.5 2.3 2.5 2.5
H3–CH325 2.5 2.4 3.0 3.1 2.4 2.4
H3–CH326 2.7 2.0 3.1 3.1 2.5 2.2
H4–H18 2.8 2.8 – – 2.8 2.8
H4–CH325 3.7 2.4 2.8 – 2.8 2.5
H5–H7 3.1 3.1 3.2 3.4 overlap overlap
H5–CH326 2.7 2.5 3.1 3.1 2.6 2.5
H6R–H8 3.0 3.0 3.1 – 2.7 3.1
H6R–H15 2.1 2.3 – – 2.3 2.3
H6S–CH326 2.3 2.2 2.7 -- 2.2 2.2
H7–H9 3.7 3.6 3.8 2.4 not observed not observed
H7–H10 2.1 2.2 2.1 2.2 2.0 2.3
H7–CH327 3.0 2.8 3.2 3.4 2.8 2.9
H8–H12 4.0 3.6 4.2 2.9 not observed not observed
H8–H22 2.9 2.7 – – 2.7 2.8
H9–H11 3.7 3.6 3.8 2.7 not observed not observed
H9–H12 2.8 2.8 2.9 2.8 2.6 2.9
H10–H11 2.5 2.3 2.5 – 2.3 2.4
H10–H13 2.8 2.9 3.0 2.8 2.8 2.9
H10–CH327 2.5 2.4 2.9 – 2.4 2.4
H11–H12 3.1 2.9 3.1 3.0 3.1 3.0
H11–H13 2.5 2.4 2.4 2.4 2.3 2.5
H11–CH327 2.5 2.4 3.0 3.0 2.4 2.4
H11–CH328 2.6 2.6 3.2 3.1 2.5 2.5
H12–H15R 2.0 2.1 2.0 2.2 2.0 2.1
H12–CH330 3.4 3.3 3.7 4.3 3.2 3.2
H13–CH328 2.8 2.7 3.2 3.1 2.6 2.6
H15B–CH331 2.7 2.7 3.2 – 2.6 2.6
H16–CH329 2.4 2.3 – – 2.2 2.4
H16–CH331 2.2 2.2 – – 2.0 2.3
H17–H18 2.5 2.3 2.5 2.3 2.4 2.4
H17–H19 3.1 2.9 3.1 2.9 3.0 3.0
H17–H20 2.1 2.1 2.1 – 2.1 2.3
H17–H23 2.4 2.5 2.5 2.5 2.5 2.6
H17–CH330 2.5 2.5 3.0 2.6 2.5 2.5
H18–H21 2.9 2.9 2.7 2.6 2.8 3.0
H18–H20 3.1 3.1 – – 3.0 3.1
H18–H19 3.1 2.9 3.1 – 2.9 2.8
H18–H21 2.9 2.9 – – 2.9 2.9
H19–H20 2.5 2.4 2.4 – 2.4 2.4
H19–H21 3.8 3.7 – 3.0 not observed not observed
H19–CH331 2.6 2.6 2.6 3.1 2.6 2.6
H19–CH332 2.5 2.5 2.5 2.9 2.5 2.5
H20–H21 3.1 3.1 – – 3.1 3.1
H20–H23 2.1 2.1 2.1 2.2 2.1 2.2
H21–CH332 2.6 2.6 3.3 3.0 2.6 2.5
H22–H24 2.5 2.5 2.5 2.2 2.4 2.5

[a] See reference [31]. [b] See reference [32].
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The conformation of the six-membered lactone ring was
first addressed. The coupling constants (Table 2a) are in be-
tween those expected for the half chair and the skew boat.

With regard to the NOE values (Table 1), the key H2–H3
NOE (corresponding distance 2.8 O) is always (at all mixing
times) significantly weaker than the H3–H4 NOE (2.5 O).
This fact, together with the observation of a weak H2–H5
cross-peak, is in agreement with the presence of a certain
population of the skew-boat form (Table 1). The stronger
H3–CH325 NOE (medium, 2.4 O) with respect to that of
H3–CH326 (medium, 2.5 O) also supports the existence of
an equilibrium between the 3S1 skew-boat form and the half-
chair conformer. The energy difference between both forms
is indeed small (less than 2 kcalmol�1) according to MM3*
calculations, and this supports the existence of both geome-
tries in solution.

For the rest of the molecule, close inspection of the J
values indicates the presence of conformational averaging,
especially around C16–C17 (JH16,H17=7.3 Hz). No J informa-
tion is available for the C14–C15 fragment. For most of the
C–C linkages, the vicinal H–H couplings are either equal or
larger than 9 Hz or smaller than 3.5 Hz, thereby indicating
the presence of a major geometry around the different link-
ages (>85%), especially around C9–C10, C12–C13, C20–
C21, and C22–C23 (J=10 Hz or larger, with more than 90%
for a given geometry). Values of around 9.0–9.8 Hz are ob-
served for the C5–C6, C6–C7, C7–C8, C11–C12, and C18–
C19 bonds. Therefore, a major conformation is also present

for these linkages (80–90%),
although minor contributions
from alternative orientations
are possibly taking place. Dif-
ferent geometries for rotation
around these linkages are
given in the Supporting Infor-
mation.

Nevertheless, the global min-
imum found in the MM3* cal-
culations provides the best fit
between the expected and ob-
served NMR spectroscopic
data. This conformation, with
skew-boat geometry for the
lactone ring, is depicted in
Figure 1. Additional possible
conformations found around
the C11–C12, C16–C17, and
C18–C19 linkages are depicted
in Figure S3 in the Supporting
Information.

There are several NOEs that
define the topology of the
chain. As mentioned before,
no couplings are available for
the C14–C15 linkage. Howev-
er, the H12–H15R and the
CH328–CH330 NOEs are sensi-

tive to the corresponding C12–C13, C14–C15, and C15–C16

Table 2. Comparison between the experimental values of J couplings in water solution (this work) and those
reported for discodermolide in dimethylsulfoxide and acetonitrile solutions.[31, 32] The two values between
brackets in the J exp water column correspond to the expected values for the skew-boat and chair conformers,
respectively. The couplings for the six-membered ring are in agreement with a percentage of skew boat of
around 60–75%. The couplings for the lateral chains are in agreement with a major conformation for most of
the linkages (see percentages). For each linkage, the major conformer is given.

Torsion angle J exp DMSO[a] J exp MeCN[b] J exp H2O
(this work)

Estimated
chair/skewboat
equilibrium

Estimated% of a
major conformer
around the
corresponding
linkage

H2–H3 not reported 4.2 3.6 (1.2, 5.2) 40:60
H3–H4 not reported 4.2 3.5 (1.2, 4.2) 25:75
H4–H5 10 2* (typographic

mistake)
10.1 (10.7, 10.2)

H5–H6S <1 <1 1.8 >90
H5–H6R 10 10.0 9.5 >80 (anti type)
H6S–H7 9.5 10.8 9.9 >85 (anti type)
H6R–H7 <1 2.4 1.8 >90
H7–H8 9.5 9.1 9.0 >80 (anti type)
H9–H10 10 10.1 10.5 >95 (anti type)
H10–H11 2.2 not given 2.4 >85 (syn type)
H11–H12 8.8 6.6 9.8 >90 (anti type)
H12–H13 10 10.0 10.1 >95 (anti type)
H16–H17 7.8 6.2 7.3 >60 (equilibrium)
H17–H18 2.3 3.5 2.8 >80 (syn type)
H18–H19 9.1 8.0 9.5 >90 (anti type)
H19–H20 2.8 4.1 3.4 >80 (syn type)
H20–H21 10 10.6 10.7 >95 (anti type)
H22–H23 not reported 10.7 11.3 >95 (anti type)

[a] See reference [32]. [b] See reference [31].

Figure 1. Conformation analysis of discodermolide. A) Stereoscopic view
of the global minimum of DDM in water solution. B) Superimposition of
the half-chair and skew-boat conformers of discodermolide showing the
major conformer around the C5–C24 chain. C) Superimposition of these
two forms with that deduced by Carlomagno and co-workers for DDM
bound to soluble tubulin.[31] Some differences in the orientation and
shape of the six-membered ring can be appreciated. D) The bound con-
former to assembled microtubules, as deduced by TR-NOESY experi-
ments (see text).
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torsions. The average experimental H12–H15R distance is
2.1 O, whereas the CH328–CH330 distance is around 2.6 O;
these results indicate a very major conformation (close to
the MM3* global minimum) in this region. Moreover, the
H4–CH331 (2.8 O) and H8–H22 NOEs (2.7 O) indicate a
major orientation between the six-membered ring and the
C13–C19 side chain and between the C5–C13 and C19–C22
side chains, respectively, in agreement with the predicted
MM3* global minimum (Figure S9 in the Supporting Infor-
mation). Nevertheless, some of the expected NOEs for short
to moderate distances are missing, thereby indicating the
presence of conformational averaging. With all of these J
and NOE data simultaneously observed, it can be safely as-
sumed that, although there is a major global conformation
in water solution, there is conformational heterogeneity es-
pecially at the lactone moiety and at the C16–C17 linkage.
The fact that there is conformational mobility is evident by
the lack of the H21–CH326 NOE, which is at a relatively
short distance for both the skew (2.6 O) and the chair
(2.9 O) forms, and of the H12–H24 NOE (at a moderate dis-
tance of 3.1–3.2 O). Nevertheless, the conformational rigidi-
ty of discodermolide in water is significantly higher than in
the organic solvents previously studied.[33,34] The hairpinlike
shape of the molecule in its major conformation (Figure S9
in the Supporting Information) makes possible the presenta-
tion of all of its polar groups at the periphery, thus favoring
their interaction with the solvent molecules and minimizing
the lipophilic surface for interaction with water.

NMR TR-NOESY studies of discodermolide and dictyosta-
tin in the presence of microtubules

Discodermolide : The key point in trying to understand the
properties of DDM is to deduce the bioactive conformation
bound to microtubules.[55] As previously shown, for ligands
that are not bound tightly and that exchange between the
free and bound states at a reasonably fast rate, the trans-
ferred nuclear Overhauser enhancement spectroscopy ex-
periment (TR-NOESY) provides an adequate means to de-
termine the conformation of the bound ligand.[35,56] As pre-
viously described,[35] and to work with biochemical condi-
tions in which microtubules are stable, native tubulin was as-
sembled with GMPCPP (see reference [35] and also the
Experimental Section).

The addition of the microtubule solution to an NMR tube
containing discodermolide induced broadening of the reso-
nance signals in the 1H NMR spectrum, which indicates that
binding occurs (Figure 2).

TR-NOESY experiments (Figure 3 and Figures S4 and S7
in the Supporting Information) were then performed on the
ligand/microtubule sample at different mixing times. Nega-
tive cross-peaks were clearly observed at 303 K, as expected
for ligand binding and in contrast with the observations for
the free ligand, for which no NOEs were observed (zero
crossing in the NOE curve).

For the 10:1 to 20:1 ligand/protein molar ratios employed,
obviously the coupling constants are basically defined by the

couplings in the free state, thus the bound geometry has to
be defined by the TR-NOE data. The observed NOE data
for the bound state are very similar to those described
above for discodermolide in water. Now, however, the NOE
data are in agreement with a half-chair conformation for the

Figure 2. 1H NMR spectra (500 MHz) of DDM in water solution with dif-
ferent experimental conditions at 298 K. Bottom trace: DDM in the free
state. Middle trace: DDM in the presence of microtubules (D2O, 298 K),
with a DDM/tubulin molar ratio of 20:1. The large signals of the nucleo-
tide employed to stabilize the microtubules are evident. Top trace: STD
spectrum (saturation time: 2 s) of DDM in the presence of microtubules,
with a DDM/tubulin molar ratio of 20:1. Apart from the methyl groups,
which show clear intensities, the most significant STD signals are marked
with the number of the corresponding proton resonances. The signals of
the nucleotide do not appear in the STD spectrum (huge nucleotide/tu-
bulin ratio).

Figure 3. TR-NOESY spectrum (mixing time: 100 ms) of discodermolide
(DDM) in the presence of microtubules (D2O, 298 K), with a tubulin/
DDM molar ratio of 20:1. Negative cross-peaks are observed, which indi-
cates that the bioactive conformation can be extracted from the quantita-
tive analysis of these peaks.
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six-membered ring orientation, due to the weakness of the
H2–H5 cross-peak, as well as the relative changes in the in-
tensities of the key NOEs from the CH325 and CH326 sig-
nals. Thus, there is a conformational selection process re-
garding the shape of the six-membered ring. Nevertheless,
despite this conformational selection for the lactone ring,
the orientation of the six-membered ring moiety relative to
the backbone is almost identical to that observed in the free
state, as shown by the key short contacts mentioned above
(Table 1). Also, the analysis of the TR-NOESY cross-peaks,
by using a full relaxation-matrix approach, with the help of
the CORCEMA program, permitted us to deduce that the
relative orientation of the C5–C24 hydrocarbon chain re-
mains basically unaltered upon binding.

T-ROESY experiments allowed the exclusion of spin-dif-
fusion effects for the key cross-peaks. Thus, the observed
pattern is that expected for a conformer with no significant
distortion by the microtubules in the area of C5–C24 from
the global shape of the major conformer deduced in water.
On the other hand, the observed cross-peaks are in agree-
ment with the existence of a conformational selection pro-
cess for the lactone. Therefore, while distinct flexibility ap-
pears for the different torsional degrees of freedom of disco-
dermolide in acetonitrile or dimethylsulfoxide,[33,34] the ori-
entation of the C5–C24 chain is highly preorganized in
water solution with respect to that bound by tubulin, proba-
bly to minimize entropic penalties. A preorganized confor-
mation of discodermolide in water solution is supported by
a favorable entropy change upon its binding to microtubules
of 80 Jmol�1K�1, which is reduced to 10 Jmol�1K�1 in DCT
(see below) and which changes sign for other MSAs (tax-
anes and epothilones).[18] Views of the polar and nonpolar
surfaces of the major conformer are shown in Figure 4.

There are some slight changes in the deduced bound con-
formation with respect to that described by Carlomagno and
co-workers with unassembled tubulin.[31] A superimposition
is shown in Figure 1. Although the structure provided by
Carlomagno and co-workers[31] shows a chair for the six-
membered ring and its orientation is somewhat different
with respect to the rest of the chain, the presentation of the
molecule is remarkably similar, despite the change in the
mode of preparation of tubulin in both cases.

Further insights into the mode of binding of DDM were
deduced from saturation transfer difference (STD) experi-

ments.[57] First, the interaction was demonstrated to be spe-
cific by using competitive STD experiments.[58] Thus, bacca-
tin, the core skeleton of paclitaxel and docetaxel, was em-
ployed as a model ligand. Baccatin binds to microtubules
and competes with paclitaxel, although with 100-times-lower
affinity (1.5N105

m
�1 for Baccatin III as compared with 3.7N

107
m
�1 for paclitaxel). Clear STD (Figure 5) and TR-NOE

signals were obtained for baccatin when it was added to a
solution containing microtubules. The STD (Figure 5) and
TR-NOE signals (data not shown) were completely re-
moved from the corresponding spectra when discodermolide
or dictyostatin were added to the same NMR tube, thus in-
dicating that these compounds compete for the taxane-bind-
ing site in microtubules, as already described, and both have
a much higher affinity than baccatin III.

Moreover, when the amount of DDM or DCT was in-
creased, the TR-NOE spectra depicted in Figure 3 and in
Figure S4 in the Supporting Information were again ob-
tained, as well as the corresponding STD spectra for these
molecules (Figure 5).

STD experiments were performed on the same TR-
NOESY samples mentioned above. Although the beneficial
accumulation effect of STD experiments in terms of the
signal/noise ratio makes preferable the use of high ligand/re-
ceptor ratios, the limited solubility of both DDM and DCT

Figure 4. Different perspectives of the representation of the polar and
nonpolar areas of the conformer of discodermolide bound by microtu-
bules. This conformer seems to have a well-defined patch of polar and
nonpolar areas.

Figure 5. A) 1H NMR (500 MHz) spectrum of baccatin in the presence of
microtubules (D2O, 298 K), with a baccatin/tubulin molar ratio of 15:1.
B) STD spectrum of this sample. The signals of baccatin are evident.
C) 1H NMR spectrum of DDM and baccatin in the presence of microtu-
bules (D2O, 298 K), with a baccatin/DDM/tubulin molar ratio of 10:10:1.
D) STD spectrum (saturation time: 2 s) of this last sample. The STD
spectrum corresponds to that observed for DDM (Figure 2). Thus, the
signals of baccatin are removed, which indicates competitive binding.
Similar effects were observed when dictyostatin was added to the NMR
tube containing baccatin.

Chem. Eur. J. 2008, 00, 0 – 0 I 2008 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim www.chemeurj.org

These are not the final page numbers! ��
&7&

FULL PAPERStructures of Microtubule-Stabilizing Agents

www.chemeurj.org


in water solution only permitted the use of the 10:1 or 20:1
molar ratio samples described above. The corresponding
STD spectrum for DDM is shown in Figure 2. For discoder-
molide, the STD spectrum provided clear enhancements for
the methyl groups at the periphery of the backbone, and for
certain signals, especially those belonging to the lactone ring
(H2–H4), H12, and the C18–C24 portion of the chain. Nota-
bly, H2 and H22 gave the most significant STD enhance-
ments. The STD pattern was semiquantitatively explained
by means of the CORCEMA-STD[50,51] program by using
the docked structure of DDM in the tubulin-binding site
(see below). A fair agreement was obtained between the ex-
perimental and modeled STD data, with an R factor of 0.14,
more than reasonable for this molecular system.

Dictyostatin : As mentioned in the introduction, dictyostatin
is a microtubule-stabilizing macrolide that is structurally re-
lated to discodermolide. Indeed, the configurations of the
stereocenters of both molecules are remarkably homologous
and consistent with a common biogenesis.[25] The conforma-
tional behavior of this molecule has been elucidated in
methanol solution by using NMR spectroscopy and molecu-
lar mechanics calculations.[25] This analysis indicated the
presence of an equilibrium between two major forms
(Figure 6), the s-trans (major) and the s-cis (minor) forms,
which basically differ in the conformation around C1–C2.
The characteristic torsion angles for both forms are given in
Table S3 in the Supporting Information, whereas the corre-
sponding short distances, which can be correlated with ex-
perimental NOEs, are gathered in Table 3. The observed J
couplings in methanol[25] were basically identical to those de-
duced in water solution (see Figure S5 in the Supporting In-
formation) and, thus, indicate a similar conformational be-

havior in both polar solvents (see Table S2 and Figure S10
in the Supporting Information).

The bioactive conformation of DCT bound to microtu-
bules was deduced by using TR-NOESY experiments and
by following the protocol described above for DDM (see
Figures S6 and S8 in the Supporting Information). Also in
this case, strong negative cross-peaks were observed at
303 K, as expected for ligand binding (Figure 7). For DCT,

Figure 6. Conformation analysis of dictyostatin. A) Stereoscopic view of
the s-trans global minimum. B) Stereoscopic view of the bound confor-
mer. C) Stereoscopic view of the s-cis local minimum.

Table 3. Analysis of the estimated interproton distances for dictyostatin
in the microtubule-bound state. The experimental distances, r [O] (�
10%), are estimated according to a full matrix-relaxation approach from
a CORCEMA-based analysis of the TR-NOESY data. The H10–H11
and H21–H22 distances were taken as internal references. The reported
data for the free-state conformations (regular s-trans and s-cis conform-
ers) are also given. The best-fit conformer is a secondary minimum (ap-
proximately 4.5 Kcalmol�1) deduced from the MM3* calculations for dic-
tyostatin. This minimum displays an s-trans geometry. Also, it is necessa-
ry to consider different rotamers around C20–C21 to quantitatively ex-
plain all of the NOEs involving the lateral chain. The data supporting
these conclusions are in bold.

Proton pair Global
minimum
of s-trans [O]

Local
minimum
of s-cis [O]
C22�C26

Bound
conformer [O]
of C22�C26[a]

Distance from
experiment [O]
(error: �10%)

H2–H3 2.4 2.4 2.3 2.3
H2–H4 3.9 3.9 3.9 >3.5
H3–H4 3.1 3.1 3.1 3.1
H3–H5 2.6 2.5 2.5 2.5
H4–H5 3.1 3.1 3.1 3.1
H4–H6 2.3 2.3 2.4 2.4
H4–H8b 3.4 2.8 3.1 3.2
H4–H23 2.4 8.4, 3.0, 6.6 2.6, 4.2, 7.8 >3.5
H4–Me20 3.1 3.5 3.6 2.9
H4–Me22 2.8 6.7, 6.1, 3.2 3.8, 2.6, 7.0 3.4
H5–H6 3.1 3.1 3.1 3.1
H5–H7 3.7 3.9 3.8 3.5
H5–H8a 2.9 3.2 3.7 3.4
H6–H7 2.4 2.4 2.6 2.5
H6–H8b 2.5 2.5 2.8 2.7
H7–H10 2.3 4.6 4.4 >3.5
H8b–H10 2.5 2.7 2.7 2.7
H8b–H24 2.7 8.0, 4.5, 8.7 3.1, 6.0, 7.0 3.5
H10–H11 2.3 2.3 2.3 2.3
H10–H24 2.6 8.9, 5.1, 8.0 2.3, 4.7, 7.0 >3.5
H11–H13 3.8 3.8 3.8 3.5
H11–H14 3.1 2.5 2.5 2.6
H12–H13 2.5 2.4 2.4 2.5
H12–H15a 2.1 2.3 2.1 2.3
H17b–H20 2.3 4.7 3.1 3.4
H19–H20 2.5 2.3 2.4 2.4
H19–H21 3.3 3.6 3.2 3.3
H19–H22 2.1 5.0, 4.9, 5.6 2.2, 3.9, 3.0 2.4
H19–H25 2.4 7.1, 6.6, 7.5 2.5, 5.0, 5.0 2.8
H20–H21 3.0 2.3 3.1 2.6
H20–H23 3.1 4.6, 4.0, 5.4 3.0, 5.3, 4.8 3.2
H21–H22 2.4 3.1, 2.5, 2.5 3.1, 2.5, 2.5 2.7
H21–H23 2.9 2.5, 3.7, 2.9 3.8, 4.4, 2.6 2.8
H22–H24 3.8 3.8 3.8 >3.5
H22–H25 2.1 2.1 2.1 2.1
H24–H25 3.2 3.2 3.2 3.2
H24–H26a 3.8 3.8 3.8 >3.5
H24–H26b 2.5 2.5 2.5 2.4

[a] Rotamers: H21/H22 171, �60, 60.
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no NOEs were observed in the free state (zero crossing in
the NOE curve).

The observed TR-NOE cross-peaks (Figure 7 and Table 3,
and Figure S8 in the Supporting Information) were translat-
ed into distances with the assistance of the CORCEMA pro-
gram[50] by using the two more stable s-cis and s-trans geo-
metries. Upon comparison of the experimental and expected
values for both conformers, in this case, and contrary to the
observations for DDM, no simultaneous fitting of all the
NOE data could be obtained by using either individual con-
former. For instance, the estimated experimental long dis-
tances for the H7–H10 and H17–H20 proton pairs (lack of
these key NOEs, bold in Table 3), which are at very short
distances in the regular s-trans geometry, together with the
observation of relatively short distances for the H11–H14
and H4–CH320 pairs, clearly indicate that the global mini-
mum, the s-trans form, is not bound to the microtubules
(Table 3).

On the other hand, the s-cis geometry also fails to de-
scribe some of the observed NOEs, especially those involv-
ing the C22–C26 tail. A rotation around the C21–C22 bond,
maintaining the s-cis form, still does not permit an explana-
tion of the above-mentioned experimental NOEs, which are
underlined in Table 3.

Thus, there is a significant conformational change in the
DCT conformation upon binding to microtubules. By using
the MM3*-based calculated secondary minima for DCT, the
best agreement was found when a third local minimum was
considered (see Table 3). This conformer displays similar
torsion angles to the s-trans form but shows a major torsion-
al change around the C8–C9 linkage, and minor adjustments
around the entire skeleton (Figure 8). According to the
MM3* calculations, the energy difference between the s-

trans conformer and this conformer amounts to
4.7 kcalmol�1. In addition, to fit the NOEs for the lateral
diene chain, consideration of an equilibrium between at
least two (probably three) rotamers around C21–C22 should
be considered (Figure 8). Thus, now, it is possible to fit
almost quantitatively all of the observed NOEs. Hence,
there is a conformational variation process regarding the
shape of the macrolide ring. Therefore, whereas DDM
seems to show a preorganized conformation in water solu-
tion to interact with microtubules, this is not the case for
DCT. Views of the polar and nonpolar surfaces of the
bound DCT conformer are also shown in Figure 8.

The bound conformer of DCT resembles that of bound
DDM (Figure 9). In fact, they display similar polar and non-
polar surfaces that allow them to interact with the corre-
sponding receptor. Modification of the orientation of the
lateral diene chain of DCT does not substantially modify
the good match between both molecules.

Figure 7. TR-NOESY spectrum (mixing time: 100 ms) of dictyostatin in
the presence of microtubules (D2O, 298 K), from which the bioactive
conformation of the macrocycle is deduced. Other experiments were re-
corded with mixing times of 50, 150, and 200 ms.

Figure 8. Conformation analysis of dictyostatin when bound to microtu-
bules. A) Stereoscopic view of the superimposition of the major confor-
mer found in free solution (light print) with that bound (dark print) to
microtubules. The major changes affect the C8–C9 torsion angle and the
corresponding adjustments. B) Superimposition of the three possible ro-
tamers around the lateral C21–C22 linkage. C) Different perspectives of
the polar and nonpolar patches of the bound conformer of dictyostatin.

Figure 9. Superimposition of the bound conformer of discodermolide
(light print) with the three possible rotamers around the lateral C21–C22
linkage of the bound conformer of dictyostatin (dark print). The degree
of adjustment is more than satisfactory.
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STD experiments were also performed on the sample of
DCT in the presence of assembled microtubules (Figure 10).
The experiment indicated the existence of ligand binding to

the microtubules, with most of the 1H NMR spectroscopic
signals providing clear STD enhancements, although with
different intensities. The obtained enhancements and the
bound conformation docked into tubulin (see below) were
considered for the simulation of the STD data with the
CORCEMA-STD program. A satisfactory match between
the experimental and observed data was obtained, thus pro-
viding further evidence for the goodness of the TR-
NOESY/STD-docking approach employed herein (see
below).

The interactions of DDM and DCT with tubulin as revealed
by the docking procedure : As mentioned above, the experi-
mentally derived NMR conformation of DDM was docked
onto b-tubulin[43] (PDB code: 1JFF) as already described[35]

and as explained in the Experimental Section, by using the
AUTODOCK program.[42]

However, it has to be noted that two binding sites have
been described for taxanes, the final luminal binding site,
which has been experimentally proved for paclitaxel and
epothilone, and an external transient binding site of un-
known structure, that has been experimentally proved for
cyclostreptin. Since it is not proved that dictyostatin and dis-
codermolide reach the final internal luminal site, they might
compete with paclitaxel by just binding to the free external
site. Thus, the docking results have to be taken with caution.
Indeed, the determined bound conformation is very similar
to that described by Carlomagno and co-workers[31] with tu-

bulin in a nonmicrotubule form, for which the luminal site
might not be fully present or structured.

First, a global search for binding sites in the a/b-tubulin
dimer was carried out, with a grid spacing of 0.6 O. Because
all of the binding modes obtained in this calculation were lo-
cated at the region of b-tubulin that faces inside the micro-
tubule, the second step involved a local search for the b-tu-
bulin monomer, with a grid spacing of 0.375 O.

The local docking for b-tubulin suggested that there is a
preferred DDM-binding region within this monomer, since
most of the 100 structures could be gathered in the lowest
energy cluster. In fact, this binding site corresponds to the
taxane-binding site[59] involving the a helices 6 and 7 and the
b strands 8–10 with their corresponding loops (Figure 11).
This model predicts no evident contacts with either helix 1
or 5.

There are a variety of nonpolar intermolecular contacts
between DDM and tubulin. According to this binding mode,
there are polar contacts of the ligand with His229 (helix 7),
several residues at the M loop (Pro274, Thr276, Ser277, and
Gln282), and Gly370. His229 is a key residue in the middle
of helix 7. Stabilizing van der Waals interactions (within 5 O
of DDM) are also found, especially with Leu217, Leu275,
Pro360, and Leu371 (the coordinates of the modeled DDM–
tubulin complex are available from the authors upon re-
quest). It has been reported[31,60] that, in contrast to paclitax-
el, DDM conserves full activity on cell lines presenting the
F270V and A364T mutations. Indeed, no major contacts are
found between DDM and these residues in our complex.

It is possible to speculate how this MSA exerts its func-
tion. Interestingly, in our model, DDM (and DCT, see
below) directly contacts with the M loop. This M loop has
been shown to be a key element of the lateral interactions

Figure 10. A) 1H NMR (500 MHz) spectrum of free dictyostatin (D2O,
298 K), with a baccatin/tubulin molar ratio of 15:1. B) 1H NMR spectrum
of dictyostatin in the presence of microtubules (D2O, 298 K), with a
molar ratio of 20:1. C) STD spectrum (saturation time: 2 s) of this last
sample. Clear enhancements are observed for most of the dictyostatin
signals, whereas those of the nucleotide employed for stabilizing the mi-
crotubules are not observed (huge nucleotide/tubulin molar ratio).

Figure 11. The interaction of DDM with b-tubulin, as deduced by AU-
TODOCK. The NMR-derived bound conformation of DDM was used
with the refined coordinates of tubulin from PDB file 1JFF. The binding
site perfectly correlates with the taxane-binding site. The charges at the
protein surface were estimated by using Poisson–Boltzmann electrostatic
calculations with the PDB2PQR program.[62, 63]
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between microtubule protofilaments.[59,60] This evidence sug-
gests the possibility that DDM stabilizes microtubules by
stabilizing lateral contacts between protofilaments, as has
been previously proposed for taxol.

The docking analysis was also performed for DCT by fol-
lowing the same methodology described for DDM. Indeed,
an identical binding site was also deduced, which can fit the
deduced NMR-bound conformer of DCT and that of DDM
(Figure 12). DCT interacts with polar contacts again with

His229, Pro274 (at the M loop), Thr276, Arg278, Gln282,
and Gly370. For this macrocyclic molecule, which has a
larger hydrophobic chain than DDM, a higher number of
van der Waals interactions take place, namely with Leu217,
Leu219, Leu230, Ala233 at helix 7, Leu275, and Leu371,
with those residues providing the more important nonpolar
contacts (within 5 O of DCT). Thus, for both DDM and
DCT, the two independently NMR-derived conformations
for the assembled microtubule-bound state perfectly fit
within the same binding site, as can be observed in Fig-
ure S12 in the Supporting Information. The intermolecular
contacts observed for DCT with tubulin were indeed very
similar to those described above for DDM, as can be ob-
served from the superimposition of both molecules at the
binding site.

Nevertheless, despite the fact that according to the combi-
nation of experimental and AUTODOCK data, both mole-
cules target the taxane-binding site, the paclitaxel-binding
pocket is not completely occupied by DDM or DCT. Super-
positions of the three bound ligands are presented in
Figure 13 and in the graphical abstract; these show that
DDM and DCT roughly overlap the taxane skeleton but do
not make the additional contacts provided by the docetaxel
side chain, specifically with helix 1 and the other side of

His229. It may be speculated that, if this model were cor-
rect, addition of a proper paclitaxel or docetaxel side chain
to DCM or DCT might further stabilize their binding by
about �3 kcalmol�1 (from a comparison of the affinities of
baccatin and paclitaxel, see reference [61]).

Conclusion

A variety of NMR spectroscopic data, including TR-
NOESY/STD, qualitative line-broadening analysis, and
NMR competition experiments, assisted by molecular me-
chanics calculations, has been employed to deduce the mi-
crotubule-bound conformation of two MSAs, DDM, and
DCT. The data indicate that tubulin in assembled microtu-
bules recognizes DDM through a conformational selection
process, in which the half-chair conformer (and not the
skew-boat form that is predominant in solution) of the lac-
tone moiety is bound by the receptor. There are very minor
changes in the rest of the molecular skeleton between the
major conformer in water solution and that bound to assem-
bled microtubules. Indeed, despite the many torsional de-
grees of freedom of DDM, intramolecular interactions
within the molecule and hydration strongly affect its confor-
mational features, and it only shows conformational mobility
around a fairly narrow part of the molecule. This evidence
strongly contrasts with the observations in other solvents.
Yet, this feature serves to modulate the presentation of
polar and nonpolar surfaces to interact with the binding site
of tubulin. With regard to DCT, its microtubule-bound con-
formation has also been derived by using the same com-
bined protocol of NMR spectroscopy and molecular dock-
ing. The deduced bound geometry presents some key con-
formational differences, with respect to the major one exist-
ing in solution, around certain torsion angles and additional-
ly displays mobility (even when bound) along the lateral
C22–C26 diene chain. In any case, the bound conformer of
DCT resembles that of DDM and provides very similar con-
tacts with the receptor. Competition experiments have indi-
cated that both molecules compete with the taxane-binding
site, thereby providing further support to previously de-
scribed biochemical data.

Figure 12. The interaction of DCT with b-tubulin, as deduced by AUTO-
DOCK. The NMR-derived bound conformation of DCT was used with
the refined coordinates of tubulin from PDB file 1JFF. The binding site
perfectly correlates with the taxane-binding site. The charges at the pro-
tein surface were estimated by using Poisson–Boltzmann electrostatic cal-
culations with the PDB2PQR program.[62,63]

Figure 13. Superimposition of the NMR-derived bound conformers of
DDM and DCT, as deduced by AUTODOCK, with paclitaxel, as de-
scribed in the coordinates of the PDB file 1JFF for the b-tubulin com-
plex. In this case, the protein has been removed for the sake of clarity.
There are still possibilities for the extension of DDM and DCT to pro-
vide additional contacts with the target receptor.
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A model of the binding mode of both MSAs to tubulin,
involving the taxane-binding site of tubulin, has been postu-
lated. A hypothesis for both the major polar and nonpolar
interactions between both MSA compounds (DDM and
DCT) and the receptor has also been proposed.

The employed approach should be of general use within
this field. Moreover, this experimental determination of the
conformation of a microtubule-stabilizing agent when bound
to microtubules in solution should be helpful for the design
of analogues with improved activity.
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The Bound Conformation of Microtu-
bule-Stabilizing Agents: NMR Insights
into the Bioactive 3D Structure of
Discodermolide and Dictyostatin

Conformation analysis : NMR experi-
ments followed by a docking proce-
dure have allowed the microtubule-
bound conformations of discodermo-
lide (DDM) and dictyostatin (DCT),
two microtubule-stabilizing agents, to
be deduced. Superimpositions of the
NMR-derived bound conformers of
DDM (yellow) and DCT (violet) on
paclitaxel (green) are shown. Accord-
ing to these models, paclitaxel provides
additional contacts with tubulin by
using the extended side chain.
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