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The Discodermolide Hairpin Structure Flows from Conformationally Stable Modular Motifs
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(þ)-Discodermolide (DDM), a polyketidemacrolide frommarine sponge, is a potentmicrotubule assembly
promoter.Reported solid-state, solution, andprotein-boundDDMconformations reveal theunusual result
that a common hairpin conformational motif exists in all three microenvironments. No other flexible
microtubule binding agent exhibits such constancyof conformation. In thepresent study,we combine force-
field conformational searcheswithNMRdeconvolution in different solvents to compareDDMconformers
with those observed in other environments.While several conformational families are perceived, the hairpin
form dominates. The stability of this motif is dictated primarily by steric factors arising from repeated
modular segments in DDM composed of the C(Me)-CHX-C(Me) fragment. Furthermore, docking
protocols were utilized to probe the DDM binding mode in β-tubulin. A previously suggested pose is
substantiated (Pose-1), while an alternative (Pose-2) has been identified. SAR analysis forDDManalogues
differentiates the two poses and suggests that Pose-2 is better able to accommodate the biodata.

Introduction

(þ)-Discodermolide (DDM, 1a), a polyketide macrolide
isolated from the marine sponge Discodermia dissolute,1

inhibits the cellular actionofmicrotubules by stabilizing them.
The most potent promoter of microtubule assembly known,
DDM binds to the taxane binding site on the β-subunit of
tubulin.2 Recently, the compound was withdrawn from clin-
ical trials following indications of pulmonary toxicity.3 How-
ever, the quest for nontoxic discodermolide analogues that
preserve potency remains an active pursuit.4

Design of such analogues would benefit from knowledge of
the conformation of DDM residing in the binding pocket of
microtubules and associated stabilizing factors. Two groups
have investigated the binding conformation of the drug experi-
mentally, most notably by means of transferred NOE NMR
spectroscopy.5,6 The conformation derived from these experi-
ments is very similar to the solid-state conformation1,7 and to a
single structure proposed inCD3CNsolution.8 In this respect, in
spite of 15 easily rotated single bonds along its main chain,
discodermolideappears tobeuniqueamongprotein ligands in its
display of deceptive inflexibility. In the present work, the con-
formations of DDM have been investigated by performing
multiple molecular mechanics conformational searches and
taking advantage of theNMRAnalysis ofMolecular Flexibility
in Solution methodology9,10 (NAMFIS) to deconvolute the
averaged NMR spectrum of DDM in DMSO-d6 and D2O
and, thereby, obtain estimates of the Boltzmann populations
of rotational isomers in solution.We find that the conformations
determined in the solid-state and proposed in solution are

strongly represented in the computationallygenerated ensembles
and NAMFIS families. In a previous report, Smith and co-
workers performed an efficient triply convergent gram-scale
synthesis of (þ)-discodermolide by employing the common
polypropionate precursor 2, a synthoncarrying three contiguous
stereogenic carbons and appearing three times in 1.4c,7 The
strategy was subsequently employed by a Novartis team in a
60 g preparation of the same compound for clinical study.11

Smith et al. have likewisediscussed theNMRspectrumofDDM
in terms of A1,3 strain and syn-pentane interactions as they
contribute to shaping the dominant solution conformation of
DDMinacetonitrile-d3.

8Theoutcomewas foreshadowedby the
conformational principles laid down by Hoffmann and co-
workers.12,13 The present study reinforces as well as adds to
the previous discussions in four distinct ways by (1) highlighting
the dominance of steric interactions in the multiconformational
DDM solution ensemble, (2) applying quantum chemical den-
sity functional (DFT) calculations and comparative conformer
energetics to examine the surprising persistence of conforma-
tional integrity in solution, the solid-state and at the tubulin
binding site, (3) proposal of a new binding mode for (þ)-
discodermolide on β-tubulin, and (4) suggesting it to be favored
in terms of the drug’s bioactive conformation and SAR.

Results and Discussion

Conformational Searching. Conformational sampling and
refinement gave a total of 1282 unique conformations across
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four well-established force fields. Examination of the global
minima from the fourmethods shows them to be surprisingly
similar. This observation is striking in light of the disparate
parametrization criteria and charge models used by dif-
ferent molecular mechanics methods to determine energy
minima for flexible molecules.14 Figure 1 superposes the four
structureswith an average all heavy-atom rmsdof only 0.9 Å.
The main variability is in the disposition of the lactone side
chain. The four global minima are also very similar to the
DDM X-ray structure1 as displayed in the superposition of
Figure 2. The crystal structure (green) presents the lactone in
a different orientation compared to the force field structures.

Given that modern force fields are formulated with com-
monly employed equations and parameters designed to
mimic experimental structure and relative energies where
known, naı̈ve application to a new system can lead to two
expectations that frequently do not accord with experiment.
First, low energy conformations (e.g.,e 3 kcal/mol) may not
be experimentally viable but produced by a force field as a
result of overstabilizing electrostatic interactions.14 Second,
a calculated global minimum is frequently force field depen-
dent, different structures arising from the characteristics of
the specific equations and the accompanying parameters.
For example, the extensive conformational sampling of
Perola and Charifson17 led to the result that numerous
drug-like molecules are predicted to have substantially
different global minima when evaluated with the highly
regardedMMFFandOPLS-AAmolecularmechanicsmeth-
ods. As a result, the calculated global minima depicted by
Figures 1 and 2, while highly suggestive, cannot be taken at
face value.

Deconvolution of the DDM Time-Averaged NMR Spec-

trum in DMSO-d6. A previous DDM NAMFIS study in
DMSO-d6 from this laboratory identified several conforma-
tional families with the X-ray conformation as a minor
contributor to the solution ensemble.18 Because that work
employed only a single force field, and subsequent experi-
mental work has persistently favored the hairpin conforma-
tion for the drug, theNAMFIS evaluation has been repeated
here using the same NMR data but in the context of a more
comprehensivequadruple force field search (i.e.,withAMBER*,
MMFFs, MM3*, and OPLS 2005, each supplemented with
the GBSA/H2O continuum solvent model). The conceptors
of the NAMFIS methodology have pointed out that con-

formational deconvolution is ideally conducted in the con-
text of a complete set of conformations,9 a condition difficult
to achieve with a single method applied to a complex natural
product. As structural variables in the present reanalysis, 40
interatomic proton-proton distances from a 2D ROESY
treatment18 and 14 three-bond coupling constants (3JH-H)
were used for the study.

NAMFIS analysis combining the NMR data and the
1282 conformers gave 12 best-fit conformations (NAMFIS
1-NAMFIS 12, SSD10,19 = 49) with populations ranging
from 2 to 17%. The significance of this conformational
ensemble is highlighted by the fact that the single X-ray
conformer alone yields the considerably higher SSD19 of 246,
indicating it to be a rather poor fit to the data by comparison
with the 12 conformer pool. The top three NAMFIS con-
formations are illustrated in Figure 3.

Inspection of the 12 conformations indicates many defin-
ing characteristics. The conformers can be divided into four
classes; X-ray (58%), sickle (17%), dome (17%), and ex-
tended (9%). Seven out of 12 are internally hydrogen
bonded, with five sustaining a hydrogen bond between a
hydroxyl on themain chain or the lactone and the carbamate
side chain. Such intramolecular H-bonds in DMSO are well-
known20 and are believed to be able to compensate for a syn-
pentane interaction.21 Five conformations including NAM-
FIS-2 (14%) and NAMFIS-3 (12%) display the lactone in a
boat conformation with all substituents equatorial. Many of
the NAMFIS conformers also share similarity with each
other. For instance, NAMFIS-5 (10%), NAMFIS-9 (4%),
and NAMFIS-12 (2%) superpose very well (Figure 4),
as do NAMFIS-3 (12%) and NAMFIS-8 (5%). The prin-
cipal difference among these conformations is found
in the butenyl side chain and the orientation of the lactone,
whereas for most of them the C5-C18 sections overlap
closely.

Comparison ofmanyof theNAMFIS conformerswith the
X-ray conformation indicates a surprising similarity between
them, especially in the C5-C18 segment. For example the
X-ray conformer superposes very well with NAMFIS-12
(2%), NAMFIS-5 (10%), and NAMFIS-4 (12%), as illu-
strated in Figure 5.

Overall, 8 out of 12 NAMFIS structures superpose with
the X-ray conformation in the C5-C18 region with rmsd
values of less than 1 Å, and four of these overlap with values
of less than 0.5 Å. Themain conformational variability exists

Figure 1. Superposition of the global minima from the four force
fields: AMBER (blue), MMFFs (cyan), OPLS2005 (gold), and
MM3* (purple). The lactone is at lower left.

Figure 2. Superposition of the four force field global minima and
the crystal structure15,16 (green) of discodermolide.
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in the butenyl and lactone side chains. As noted above,
because the X-ray structure is very similar to the force field
global minima, the aforementioned NAMFIS conformers
also overlap closely with the global minima. In terms of
percentage, 58% of conformers in DMSO-d6 are part of the
X-ray family, while 42% fall into other structural clusters.
The dominance of the X-ray family contrasts with our
preliminary study18 in which no more than 1% of the
conformations resembled the X-ray conformation. Thus,
the current evaluation emphasizes that multiple force field
searching22maps the conformational surface forDDMmore
comprehensively and provides a substantially different result
froma single force field search. The largest change, of course,
is the emergence of the hairpin form as overriding consist-
ent with other experimental approaches. However, similar
families are also located in both the studies. The best fit
conformation in the present investigation, for instance,
belongs to the second-most dominant “sickle” family in the
previous single force field study.

Torsional Clustering and Coupling Constant Analysis in

DMSO-d6. While the NAMFIS procedure provides a com-
prehensive overview of a complex conformational equilibrium,
other more reductionist approaches likewise deliver valuable
conformational insights from an alternative perspective. For
example, in solution studies of epothilones, torsional cluster-
ing of computed conformer pools followed by comparison
with experimental data has permitted important structural
deductions.23,24 At a reviewer’s request, the two approaches

have been compared in the context of the NAMFIS con-
former pool.

Accordingly, theNAMFISconformerswere clusteredaround
the H10-C10-C11-H11 and H11-C11-C12-H12 dihe-
dral angles with Schrodinger’s Maestro (see Methods) by
choosing one conformer and aligning other rotamers to it by
heavy-atom superposition as monitored by rms deviation.25

The choice of these angles arises from their centrality within the
DDMstructure and the resulting influence on the overall shape
of the molecule, particularly the hairpin geometry. Clustering
reveals four distinct molecular shapes. Of 12 NAMFIS con-
formers, eight belong to the first cluster and present the
monitored dihedrals in the hairpin g-/a conformation com-
prising 58% of the conformational ensemble as described
above. Two minima belong to the second cluster with g-/gþ
geometry (dome). The remaining two structures represent the
final clusters with a/a and gþ/a conformations (sickle and
extended, respectively). Overall, torsional angle clustering is in
excellent agreementwith the interpretation depicted inFigure 3
and Table 1. From this analysis, however, one might conclude
that there are only four distinct conformations instead of 12 as
deduced from the NAMFIS approach. However, this exercise
has treatedonly twokey torsional angles at the bend junctionof
the molecule. When viewed in terms of the remaining torsions,
particularly at the DDM lactone and diene termini (Figure 4),
the richness of the conformational variation becomes apparent.
This illustrates that a full analysis of the torsional surface of a
molecule of DDM’s complexity requires a method such as
NAMFIS that simultaneously processes all of the NMR data
against a large set of conformations.

Figure 3. Top threeNAMFIS conformational families ofDDM inDMSO-d6. From left: sickle 17%; dome 17%, andX-ray 58%, respectively.
The top two clusters sustain a hydrogen bond between the carbamate NH2 and the C-7 hydroxyl.

Figure 4. Overlap of NAMFIS-5 (blue), NAMFIS-9 (pink), and
NAMFIS-12 (green). The average heavy-atom rmsd is 0.5 A.

Figure 5. Overlap of the X-ray conformation (green) with NAM-
FIS-5 (blue) and NAMFIS 12 (pink); rmsd=0.4 Å.
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The second related approach is the evaluation of con-
formation-activity relationships as developed by Taylor et
al. in the context of epothilone conformation.26 A combi-
nation of NMR-derived vicinal coupling constants (3JH-H)
and molecular modeling led to identification of two inter-
converting conformational families in solution. With
regard to DDM, 3J(H10-H11) and 3J(H11-H12) were
measured as 2.2 and 8.8 Hz, respectively.27 The first value
implies a gauche relationship, while the latter predicts a
torsion somewhat below that of the ideal anticonformation
(i.e., 165-170�). Why is this value found to be 8.8 and not
9-10 Hz, diagnostic of a torsion angle closer to 180�? It can
be understood by examining the 3JH-H values calculated
from theH10-H11 andH11-H12 dihedral angles of the 12
NAMFIS conformations. Eleven H10-H11 values lie be-
tween 0.6 and 2.0Hz, while one falls at 9.7Hz. Similarly, for
H11-H12, 10 of the couplings reside in the 9.0-9.8 Hz
range, corresponding to pure anticonformers (X-ray,
sickle), while two are present at 0.6 and 0.5 Hz (dome).
The Supporting Information provides the explicit values.
The population-weighted averages of the two sets of cou-
pling constants are 2.2 and 8.5 Hz, respectively. The domi-
nant conformation with respect to the fulcrum angles is the
hairpin shape with g-/a geometry (Figure 4). A similar
treatment applies to H16-H17 and H17-H18 torsion
angles with 3JH-H values observed at 7.8 and 2.3 Hz,
respectively.27 This analysis illustrates that a few deviant
conformers in a rapidly equilibrating set can lead to the
impression that nonideal geometries are permitted based on
averaged J values. Deconvolution, however, reveals that
significantly different low energy local minimum geometries
are present in the equilibrium. The geometric mix delivers
composite observables that characterize no one conformation
completely. Seen from this viewpoint, the measured coupling
constants are fully consistent with the preponderance of
hairpin g-/a structures depicted in Figures 1-5.

Conformational Distribution in D2O. The percentage of
conformers belonging to the X-ray family increases sub-
stantially in water. Using the distance and coupling
constant data from Canales et al.,6 we analyzed DDM
conformations in D2O using NAMFIS (SSD 194) and
found that 80% of the conformers belong to the X-ray
family. However, the number of distinct rotational isomers

located in water (16) is greater than that in DMSO (12).
Examination of the structures from both solvents reveals
similarities. For instance, an identical conformer from the
X-ray family is found in DMSO-d6 (9%) and D2O (2%).
Similarly, sickle (17% and 4%, respectively) and dome (17%
and 13%, respectively) families are found in both solvents.
The extended family is present only in DMSO-d6. However
the X-ray family clearly dominates in both solvents as it does
in CD3CN.8 Table 1 reports the percentages of conformers in
both data sets and classifies them into X-ray and non-X-ray
ensembles. The criterion used to classify a conformer as
belonging to the X-ray family is a C5-C19 heavy atom rmsd
of 0.5 Å or less. These observations indicate that solvent
changes, in this case from polar aprotic to protic, result in a
redistribution of major conformer families without altering
the essential nature of the individual conformations.28

Clearly, there is a dominant and energetically stable hair-
pin conformation for the C5-C18 segment of discodermo-
lide that emerges in solution, as a global minimum in
multiple force field conformational searches and in the solid
state. As discussed below, this motif is also similar to the
proposed bioactive conformation.

The Origin of the Hairpin DDM Conformation. To pin-
point the energetic source of the persistent torsional char-
acteristics of the hairpin geometry, we focus on the C5-C18
region with the reasonable assumption that the conforma-
tional mobility of the more flexible carbamate and lactone
side chains (Figures 4 and 5) has little influence on it. At the
same time, we draw inspiration from the pioneering work
of Hoffmann and co-workers who have investigated syn-
pentane interactions in substituted pentane and related
systems.12,13

To suppress the influence of electrostatic effects that
frequently dominate conformational preferences in force
field conformational searches,14 the carbamate side chain
was excised subsequent to evaluating steric aspects of the
resulting molecule. In a first calculation, we replaced the
hydroxyls at positions 7, 11, and 17 with methyl groups.
Multiple force-field conformational searches (MM3,MMFFs,
OPLS 2005, AMBER) with this structure demonstrated the
global minima to be very similar to those for the parent
DDM molecule. A similar outcome was achieved by repla-
cing the three hydroxyls with hydrogens. Superpositions of
these minima with the X-ray conformation are provided in
Figure 6.

To further explore the conformational preferences in
individual sectors of the molecule, we simplified the con-
formational profiles and performed OPLS2005 conforma-
tional searches with short nonpolar fragments of the
discodermolide backbone consisting of the C6-C24,
C7-C17, and C12-C24 regions. As before, the global
minima for these structural fragments match closely the
corresponding sectors of DDM as shown in Figure 7.

The composite results indicate that the energetic pre-
ferences for discodermolide arise mainly from steric fac-
tors and are preserved in individual segments of the
molecule. It is noteworthy that DDM incorporates three
methyl-hydroxy-methyl units, which have been exploited
as symmetrical synthons in the many convergent syntheses
of discodermolide reported.4c While they are convenient
synthetic elements, this triplet of synthons likewise clearly
determines the conformation of the molecular backbone
of DDM. These results are in complete accord with
the deductions of Hoffman,12,13 while emphasizing that

Table 1. Percentages of NAMFIS-Derived DDM Populations in
DMSO-d6 and D2O and Their Classification into X-Ray and Non-
X-ray Families

conformer

no. % DMSO-d6 % D2O

family in

D2O

family in

DMSO-d6

1 17 12 X-ray sickle

2 14 11 X-ray dome

3 12 10 X-ray X-ray

4 12 10 dome X-ray

5 10 9 X-ray X-ray

6 9 8 X-ray X-ray

7 9 7 X-ray extended

8 5 4 sickle X-ray

9 4 4 X-ray X-ray

10 4 4 X-ray X-ray

11 3 3 dome dome

12 2 3 X-ray X-ray

13 2 X-ray

14 2 dome

15 2 X-ray

16 2 X-ray
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sequential appearances of substituted pentanes in a mo-
lecular architecture can result in an overwhelming prefer-
ence for a given conformation in spite of the presence of
numerous easily rotated single bonds. Further support for
this assertion is provided in the Supporting Information.

The Tubulin-Bound Conformation of DDM. Two groups
have applied Tr-ROESY and related NMR techniques to
determine a tubulin-bound conformation for DDM. San-
chez-Pedregal et al.5 proposed a model for the latter employ-
ing a soluble form of tubulin and first suggested the bound
geometry to be similar to the solid-state and solution con-
formations of the same ligand.More recently, Canales et al.6

confirmed the hairpin conformer as the protein-bound entity
in the presence of guanosine 50-(R,β-methylenetriphosph-
ate)-enriched tubulin present as 92-95% solubilized micro-
tubules, concluding that only minor differences obtain
between conformers derived from the two tubulin pre-
parations, most notably in the disposition of the butenyl
group. As described above, the same study also derived the
hairpin conformer as the primary conformation in water.
Thus, both studies suggest a common 3-D geometry shared
by solid-state, solution, and protein-bound environments.
By contrast, our investigation indicates a distribution of
DDM conformations in solution with the proposed bound
conformation represented as a dominant geometry among
them. Figure 8 exhibits the overlap between the solid-state,
NAMFIS-10, and protein-bound6 conformations (aveC5-C18
rmsd 0.5 A).

Interestingly, in the Canales et al. study,6 the conformer
providing the fit to the NMR variables is a global minimum
on the MM3* potential energy surface. In the present work,
the global minima from the AMBER*,MMFFs, andOPLS-
2005 searches were also similar to theMM3* globalminimum.

However, in solution, because a nontrivial fraction of the
NAMFIS conformations (e.g., NAMFIS-1, 2 and 3) are
dissimilar to the proposed bound conformation, there would
appear to be a much greater degree of conformational
selection during the binding event than suggested by the
previous two reports.

The Binding Mode of DDM in Tubulin. A binding model
for DDM based on the shape and structure of the taxane
binding pocket in β-tubulin (PDB code 1JFF) has been
reported recently by Canales et al. using AUTODOCK
(Pose-1).6 Considering the lack of direct structural informa-
tion and the importance of the drug, we elected to reexamine
potential DDM poses with Glide,29 RosettaLigand,30 and
AUTODOCK (v 4.0).31 Both of the latter examine the
flexibility of the side chains within the binding site. Because
the binding form of DDM has been determined to be in the
hairpin conformation by elegant NMR studies of the tubu-
lin-DDM complex,5,6 all dockings were performed with
DDM constrained to the coordinates derived by the Canales
group (Figure 8).6 In each of the docking experiments, initial
docking poses were rescored with MM-GBSA energies.32

The top 20 Glide and RosettaLigand poses included Pose-1
(Figure 9) and a number of others that score better depen-
dent on the docking method used. However, rescoring with
MM-GBSA asserts that Pose-1 is the lowest energy among
them and, therefore, favored. On the other hand, AUTO-
DOCK generated 100 poses for DDM, which were clustered
into three categories. MM-GBSA rescoring of the lowest
energy member of each cluster gave relative ΔG values
of-14,-22 (Pose-1), and-28 (Pose-2) kcal/mol. The latter
best scoring bindingmode, like Pose-1, locatesDDMclose to
the crucial M-loop implicated in the interactions between
tubulin protofilaments in microtubules. Both poses are also

Figure 6. Overlap of the DDM X-ray conformation (green) with carbamate excised fragment global minima. Left: C-7, C-11, and C-17
hydroxyls replaced by methyl groups; right: C-7, C-11, and C-17 hydroxyls removed.

Figure 7. Superpositions of the global minima for the C6-C24, C7-C17, and C12-C24 fragment structures (from left to right) of DDMwith
the X-ray conformation (green).
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situated at a distance fromPhe272, an observation consistent
with the noninvolvement of this residue in ligand binding as
deduced from the activity of DDM against paclitaxel resis-
tant cell lines33 and SAR data on dictyostatin analogues.34

Relative orientations of the two poses resulting from super-
position of the corresponding β-tubulin-DDM complexes
are depicted in Figure 9.

Differences in the two favored poses illustrate alternative
anchoring in the binding cleft while maintaining intimate
contact with the M-loop. In Pose-1, the C12-C17 sector
constituting the hairpin turn faces the M-loop. The O17
hydroxyl oxygen of DDM makes a hydrogen bond with
Thr274 of the M-loop, while the C12 and C16 methyl
groups form a hydrophobic cluster with Leu273. At the
ligand’s lactone terminus, the O7-Gly360 hydrogen bond
is complemented with a C4-Leu361 nonpolar contact
(Figure 10).

By contrast, the MM-GBSA favored Pose-2 directs the
termini of the hairpin DDM conformer toward the M-loop
(Figure 11). It makes three widely spaced hydrogen bonds
from O3, N19, and O17 toM-loop residues Pro272, Thr274,

and Arg276, respectively. In addition, topologically, C4 and
C20 methyl groups and the C21-C22 double bond form a
productive hydrophobic cluster with Leu361 of the loop
connecting B9 and B10 (Figure 11).

It would be remiss to leave this issue without mentioning
the previous work of Martello et al.,16 which took a ligand-
based rather than a receptor-based approach to suggesting
two DDM-tubulin binding models, one of which was fav-
ored (model I). These were derived from the lower resolution
PTX/β-tubulin complex (pdb code 1TUB) augmented with
the crystal structure of the polar conformation of PTX.35 In
particular, the C-19 and δ-lactone moieties of the hairpin
discodermolide structure were superposed in two separate
orientations on the C-2 and C-13 side chains of PTX/1TUB
within a pocket defined by Asp224, His227, Thr274, and
Gly368. Not surprisingly, because these models drew
inspiration from an early supposition proposing the
polar conformation of PTX36 to be tubulin-bound rather
than the now well-established T-Taxol form,37 they bear
little relationship to the receptor-based poses depicted in
Figures 10 and 11.

Poses 1 and 2 and DDMStructure-Activity Relationships.

There are three aspects to the SAR of (þ)-discodermolide

Figure 8. Overlap of DDM tubulin-bound (golden), X-ray (green),
and NAMFIS-10 (blue) conformations.

Figure 9. Canales et al.6 Pose-1 (blue) and the best MM-GBSA
scored AUTODOCK Pose-2 (green). The relative positions arise
from superposing the β-tubulin-DDM complexes. The M-loop is
depicted in yellow.

Figure 10. Canales et al. Pose-1 illustrating the major contacts
(H-bonds black dotted lines; hydrophobic contacts magenta dotted
lines) with the M-loop (yellow) and the adjacent loop (orange)
linking β-strands B9 and B10.

Figure 11. MM-GBSA favored AUTODOCK Pose-2 illustrating
the major polar (black dotted lines) and nonpolar (magenta dotted
lines) contacts with the M-loop (yellow) and the adjacent loop
(orange) linking β-strands B9 and B10.
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as it relates to binding its primary tubulin/microtubule
cellular target: (1) cell lines resistant to paclitaxel and other
taxane site ligands by virtue of mutations in β-tubulin; (2)
modifications of DDM that disrupt the hairpin conforma-
tion or leave it intact, and (3) substituent variations that
sustain the bioactive conformation but either enhance or
diminish compound potency by virtue of ligand-side chain
interactions within the binding pocket. We present selected
aspects of DDM SAR from categories (1-3) to illustrate
that, while a number of DDM modifications can be ratio-
nalized by both Pose-1 and Pose-2 (Figure 9), certain
structural variations are only accommodated by Pose-2
(i.e. category 3).

(þ)-Discodermolide is cytotoxic at nanomolar concentra-
tions when exposed to paclitaxel resistant ovarian carcinoma
cell lines (1A9PTX10 and 1A9PTX22)33 and epothilone B
resistant human lung carcinoma cells (A549-t12).4g,38 Tubu-
lin in these cell lines harbors mutations at Phe270Val,
Ala364Thr, and Gln292Glu, respectively, near the taxane
binding site. However, the atomic separations between
these residues and the DDM ligand in Poses 1 and 2
(Figures 9-11) range from 3.8 (Phe270) to 7 Å (Gln292)
accounting for the lack of cross-resistance and the ineffec-
tiveness of these mutations to ablate DDM action.

In the analyses for (2) and (3) to follow, we do not consider
biological effects mediated by P-glycoprotein efflux pumps.
However, wemake the simplifying assumption that, to a first
approximation, cellular potency can be rationalized by con-
sidering the hairpin structure as the biologically active form,
which undergoes only modest conformational deformation
in response to chemical manipulation when bound to micro-
tubular tubulin. While membrane permeability effects
and differential solubilities may strongly influence the SAR
correlation in some cases, key biostructural trends as
mirrored by the poses of Figure 9 can nonetheless be
identified.

First, we examine structural variants of DDM (1) that
compromise the hairpin conformer, taking the comprehen-
sive SAR reviews of Smith and Freeze4c and Shaw4g as the
source of summaries of the experimental data. Most of the
described conformational disruptions have been substan-
tiated by explicit modification of Pose-1 followed by geo-
metry optimization with the MMFF force field. In one
striking observation, configurational interconversion of the
Z-olefin at C8-C916 to the E-geometry leads to significant
loss of potency. A trans-C8-C9 isomer simply cannot
sustain the U-shaped organization shown in Figure 1 be-
cause its locus is nearly a third of theway down themolecular
backbone. The same can be predicted for the trans-C13-C14
olefin at the halfway point along the backbone, although this
variant does not appear to have been prepared. Synthesis of
an approximate surrogate for the latter at Novartis involved
moving the rigid and planar “olefinic” unit one carbon
further along the backbone by replacing the C14-C15
single bond with an N-methyl amide.4c This change alters
the C13dC14-C15-C16 torsion angle from ∼120� to a
value of either 0 or 180� (i.e., C13-N(Me)-C(dO)-C16).
Because the 119� angle assists in maintaining spatial separa-
tion between the C1-C9 and C16-C24 legs of the hairpin
conformer, amide flattening occasions cross-leg contacts,
and conformational reorganization. Not surprisingly, the
amide exhibits micromolar activity in four of five cell lines
tested as comparedwithDDM’s 6-10 nMaction in the same
cells.

A third example concerns the complete loss of cell
growth inhibition upon epimerization of the C17-OH
center.39 In the hairpin conformer, the C17-H to
H-C22 distance is at the lower van der Waals limit for a
pair of nonbonded protons (2.2 Å). Inversion at C17 leads
to severe O17---H-C22 crowding and the unfolding of the
hairpin. Acetylation of either C11 or C17 likewise causes a
striking reduction in activity4c,40 that can be attributed to
a steric clash between the acetyl moiety and the C12 and
C18 methyl groups, respectively, with concomitant defor-
mation of the hairpin geometry. Epimerization at C7
likewise leads to 1-2 orders of magnitude activity loss
for several cell lines.4c,40 Short contacts within the hairpin
structure between C7-OHandC10-Hare consistent with
consequent affinity-ablating conformational reorganiza-
tions.

Finally, an important modification of DDM that sim-
plifies the synthesis of several series of analogues is the
elimination of the methyl group at C14.16 In many cases,
cell growth inhibition is unaffected by the latter excision
when compared with 1.41 The hairpin conformer exhibits
no close intramolecular contacts with this CH3, suggesting
it contributes little to conformational stability. In both
Pose-1 and Pose-2, the C14-CH3 shows minimal hydro-
phobic contacts with protons of single residues: His227
(ring CH, 2.4 Å) and Arg276 (side chain δ-CH, 2.3 Å)
respectively. Thus, C14 methyl depletion is compatible
with the biostructural environments of both ligand and the
surrounding protein. The same can be said for discarding
the C16 methyl group to give the 16-normethyl analogue,
which retains low nanomolar potency.40 In the two bind-
ing models of Figure 9, only single hydrophobic contacts
are observed from the protein to C16-Me, the loss of which
would not appear to influence binding affinity signifi-
cantly. On the other hand, epimerization at C16 causes a
50-fold reduction in potency.40 This can be attributed to
conformational scrambling, because the C16-CH3---O-C17
separation in the hairpin architecture would fall well
below the sum of van der Waals radii, while a classic syn-
pentane clash would arise between C14 and C16 methyl
groups.

With respect to other DDM-protein interactions, an
unusual series of experimental observations reveals that
the lactone ring can be deprived of substituents or replaced
by ring surrogates such as valerolactone, butyrolactone,
phenol and coumarin without a serious impact on biolo-
gical activity.16,41-43 In some cases, substituent-depleted
analogues gave a 3-7 fold activity improvement. Both
binding models (Figures 9-11) accommodate these results.
Pose-1 places the lactone in a region of the β-tubulin
pocket bounded largely by hydrophobic residues (Val23,
His227, Ala231, Phe270, Pro358, alkyl chain of Arg359,
Gly360, Leu361), as does Pose-2 (Leu215, His227, Phe270,
Pro272, Leu273). Accordingly, a flat and somewhat char-
acterless hydrophobic ring is viewed as capable of anchor-
ing the DDM architecture into the binding pocket in the
context of both models. Smith and Freeze4c have argued
that the placement and orientation of the C-1 lactone
carbonyl is critical for driving potency. While neither
model provides a direct hydrogen bond to this center,
both place the His227 NH within 3-4 Å of the carbonyl
oxygen. A water-bridge between the centers (N-H---O-
(H)-H---OdC1) readily accommodates a structural role
for the carbonyl moiety.
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A revealing trio of lactone replacements is captured in
structures 3 and 4. The 7-substituted coumarin 3 and the
corresponding C23-C24 saturated analogue deliver anti-
proliferation profiles virtually identical to parent DDM.43c

However, the 6-substituted analogue 4 exhibits a 60-70-fold
reduction in activity.

Glide docking of 3 and its C23-C24 saturated analogue
constrained as the hairpin conformation into the tubulin
binding pocket delivers Pose-2, while Pose-1 is predicted to
be much less favored. Isomer 4 also docks as Pose-2, but
locates the lactone CdO away from His227 in a hydro-
phobic patch bounded by Leu217, Phe272, Leu230. The
lack of electrostatic complementarity rationalizes the basis
for its low activity.

The epimers of the C1 thiophenyl acetals 5 and the
corresponding nor-C16 analogue all show tumor cell
growth suppression equivalent to DDM (∼5 nM). These
highly active analogues provide another diagnostic for
distinguishing the two poses. Each of the acetals were
Glide-docked into the protein, but only Pose-2 accommo-
dates the bulky substituents of both C1 stereoisomers. No
satisfying variation of Pose-1 could be identified because
the SPh groups in this binding mode would penetrate the
protein framework.

Turning to the lactone C3-OH, each of the two DDM
poses (1 and 2) portrays a well-defined hydrogen bond
from the alcohol center. Pose-1 predicts the OH to be a
proton acceptor (C3-O---HN H-bond with Gly360 at
2.2 Å), while Pose-2 depicts a proton donor (C3-OH---
OdC Pro272 at 1.73 Å). The finding that the C3-OH
group on the lactone ring is not required for acti-
vity (2,3-anhyrodiscodermolide,16,44 3-methoxy, and
3-deoxy45 discodermolides are active at single digit
nanomolar concentrations) reinforces the idea that a
hydrophobic environment surrounding the ring offers a
significant affinity contribution willing to sacrifice di-
rected hydrogen bonding. Thus, a hydrogen bond to
C3-OH appears to add little to the orientation of the
ligand in the binding site, while remaining energetically
neutral as a result of a compensating H-bond in solu-
tion.

Two other substituent trends provide insights into the
bindingmodels forDDM.First the addition of bulky groups
to the C23-C24 terminal olefin is tolerated without a
deleterious effect on bioactivity. Both the photoaffinity tag
646 and the linker in 740 provide DDM analogues with low
nM potency. The C24 extension of 7 is tolerated only by
Pose-2, which locates the pivaloyl-terminated moiety at the
entrance to the ligand pocket (Figure 9). Pose-1, on the other
hand, positions the diene in the vicinity of Leu217 and
Leu219. Elongation directs the alkOPiv group into conflict

with the protein, preventing effective binding in this ligand
orientation.

Second, large polar and apolar alkyl and aryl groups can
be installed at theNH2 of the C-19 carbamate with little drop
in potency for many analogues in sensitive cell lines (e.g.,
8-10).47 The compounds either rival (þ)-discodermolide or
improve its activity in several cell lines. The present DDM-
tubulin models rationalize the potency by presenting proton
donors suitable for H-bonding or π-stacking in the M-loop
region occupied by the terminal groups (Pose-1: Arg282 and
Lys362; Pose-2: Ala283 NH and Tyr281).

Conclusions and Outlook

In summary, a multiple force field and NAMFIS solution
analysis of discodermolide has been performed to provide a
realistic and high quality fit of the NMR data obtained in
DMSO-d6 to an ambient solution ensemble of conformations.
The molecule adopts a strongly preferred conformation with
respect to the central sector of the molecule. Conformational
analysis aided by force field and quantum chemical calcula-
tions underscores the notion that steric factors stabilize the
latter in three separate environments: solution, the solid-state,
and in the tubulin binding site. However, studies on other
flexible, bioactive molecules suggest that the ligand-only
X-ray structure is commonly influenced by crystal packing
factors. Likewise, a protein-bound conformer is anchored by
still another set of noncovalent forces. As a result, both ligand
crystal structures and bioactive conformers are often minor,
but identifiable components of the conformational ensemble
in solution where such effects are absent.21 In general, NAM-
FIS solution studies on tubulin ligands such as PTX37a and
epothilone-A48 have identified the bioactive conformation as
a minor solution ensemble component.

Discodermolide would appear to be a significant excep-
tion to the latter generalization due to the presence of the
three rigidifying fragments containing tandem vicinal Me,
OH, and Me functionality. Relatively straightforward ster-
ic factors seem to influence the existence of a common
dominant conformer in different surroundings. This is
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rarely the case, because differential energetic requirements
ordinarily lead to conformational diversity among the
microenvironments.21 In the present instance, however,
the overriding conformational preference induced largely
by steric factors (i.e., A1,3 strain and syn-pentane interac-
tions8,12,13) leads to a dominant 3D form under all three
circumstances. Insofar as the conformational preferences of
DDM dictate the latter under very different physical con-
ditions, the methyl-hydroxy-methyl triad and related moi-
eties suggest themselves as modular, Lego-like elements
that permit straightforward application of molecular me-
chanics-guided conformational principles to prediction
of the bioactive conformations of related natural and
synthetic products. Such approaches may also suggest
synthetic design strategies incorporating multiple appear-
ances of the modular component to impose conformational
preferences in addition to offering synthetic advantage
as in the Smith group convergent synthesis of (þ)-disco-
dermolide.4c,7

The combined conformational andNAMFIS analyses also
indicate that simplified versions of discodermolide, for exam-
ple ones in which the hydroxyls are removed or replaced by
methyls or ones in which certain portions of the chain are
excised or substituted by other groupings, may sustain the
DDM conformational preferences. Such truncated con-
structs, by preserving binding interactions driven by the
adoption of a favorablemolecular shape, canpossibly provide
improved drug-like properties, thereby enhancing therapeutic
utility.

Finally, docking of DDM in the tubulin binding site
complemented by MM-GBSA calculations has identified a
second binding pose (Pose-2). Comparative analysis of the
latter and the previously reported Pose-1 illustrates that both
models accommodate a range of the data. However, a subset
of the SAR, in particular lactone and diene substitution, is
compatible onlywith Pose-2. Further studies will be needed to
substantiate this proposal definitively. Nonetheless, the pre-
sent models may well offer inspiration in the pursuit of active,
bioavailable and side-effect free DDM analogues.49

Methods

Conformational Searches.Conformational searches were per-
formed in Macromodel50 (Schrodinger, v7.2)51 with four force
fields; AMBER*,MMFFs,MM3*, andOPLS 2005 using 40000
structure generation steps, an energetic cutoff of 7 kcal/mol, and
the GBSA/H2O continuum solvent model.52 The mixed low
mode/MCMM method53 was used for searching and the trun-
cated Newton conjugate gradient procedure for structure opti-
mization. In each case, the global minimum was found at least
15 times, indicating that the conformational surface had been
exhaustively sampled.54 The resulting structures from each
individual force field search were brought to full convergence
with a final Newton-Raphson optimization step, after which
the structures from each search were combined and duplicates
were eliminated. The resulting structure pool was submitted to
NAMFIS analysis as input.

NAMFIS. The NAMFIS methodology has been described in
detail elsewhere.9,10,22 In its optimal application, NAMFIS
takes as its input a set of optimized structures from a “complete”
conformational search and a set of averaged three bond 3JH-H

coupling constants and interatomic proton distances from 1D
and 2D NOESY NMR spectra, respectively. The NMR data
used in this work was previously gathered in DMSO-d6.

18 In
sum, NAMFIS performs a least-squares fitting of the averaged
NMR variables and the corresponding calculated parameters

for the conformation pool and thereby derives a Boltzmann
population of conformations that together comprehensively fit
the NMR data. Goodness of fit is expressed as the sum of
squares differences (SSD)10,19 with a lower SSD indicating a
better fit.55

Docking. As a preliminary to docking, the Rβ-tubulin dimer
(pdb code 1JFF) was “prepared” in Maestro 8.5.207 by adding
hydrogens, assigning bond orders, and subjecting the structure
to optimization applied to nonbonded interactions with OPLS-
2005. Subsequently, a standard precision (SP) rigid Glide
(v 3.5)29 docking was performed using the DDM structure as
derived by Canales et al.6 All settings for grid generation and SP
docking were default. The grid was centered on the native
paclitaxel ligand in 1JFF. A PrimeMM-GBSA32 energy evalua-
tion was then performed on the 20 Glide poses using default
settings. In the structure activity analysis, additional atom-
freezing was performed for common atoms in DDM and
DDM derivatives prior to optimization with OPLS2005 fol-
lowed by Glide docking.

For RosettaLigand30 docking, theMaestro-prepared tubulin
was reduced to β-tubulin, the paclitaxel ligand was removed,
and the ligand coordinates were used to define six different
starting points using standard default values. DDMwas docked
as a rigid body into the protein, and 1000 docking poses were
analyzed to select the 20 top poses as scored by RosettaLigand.
These ligand-protein poses were subjected to Prime MM-
GBSA energy scoring.

For AutoDock31 treatment, the Maestro-prepared tubulin
was reduced to β-tubulin and the Taxol and GTP ligands were
removed. The DDM ligand and protein were imported into
AutoDockTools (ADT v 1.4.5), and ADT was employed for
ligand and protein preparation for compatibility with Auto-
dock. A grid was constructed to encompass the empty paclitaxel
binding site and parametrized using Autogrid4. A total of 100
docking poses were generated using Autodock4 using default
settings for both Autogrid and Autodock. The 100 poses were
clustered using ADT, and the lowest energy docking pose from
each cluster was rescored using Prime MM-GBSA.

Density Functional Theory (DFT) Calculations. Single-point
quantum chemical DFT energy evaluations of conformers of
force-field optimized 2,3,4-trisubstituted-pentane analogues
were performed at the B3LYP/6-31G* level with Schrodinger’s
Jaguar quantum chemical package. See the Supporting Infor-
mation for the relative energies of low energy conformations.
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