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The solution conformation behavior of the macrolide core of microtubule-stabilizing agents (—)-zampanolide and (—)-dactylolide has been
determined through a combination of high-field NMR experiments and computational modeling. Taken together, the results demonstrate that in
solution both molecules exist as a mixture of three interconverting conformational families, one of which bears strong resemblance to

zampanolide’s tubulin-bound conformation.

Tubulin-binding agents that disrupt microtubule dyna-
mics represent an important class of chemotherapeutic
agents for the treatment of multiple cancers.'! However,
several key microtubule-stabilizing and -destabilizing agents
possess significant clinical limitations in the form of tubulin
resistance,” dose-dependent toxicities, and peripheral neuro-
pathy.® As a result, there has been widespread interest in
investigating the clinical potential of natural and synthetic
compounds with this mode of action. Recently, our laboratory
has become interested in the marine polyketide (—)-zampa-
nolide 1 (Figure 1), a potent microtubule-stabilizing agent
that exhibits low nanomolar cytotoxicity (1—5 nM) against
both normal and multidrug resistant cell lines. Field and co-
workers have shown via H/D-exchange mass spectrometry
that zampanolide binds tubulin irreversibly via a covalent
interaction with the amino acid H229 in the paclitaxel-
binding site.* Interestingly, a structurally related polyketide
natural product, (+)-dactylolide, was isolated in 2001 off the
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coast of the Vanatu islands and found to possess the same
macrolactone core as zampanolide, albeit in the opposite
absolute configuration.” Dactylolide displays modest cyto-
toxicity in the low uM range against numerous human cancer
cell lines and binds tubulin through the same covalent
binding mechanism as zampanolide.*

(-)-Zampanolide 1

(+)-Dactylolide 2

Figure 1. Zampanolide and dactylolide.

The potent biological activity of zampanolide and its
relatively few stereocenters has attracted significant atten-
tion from the synthetic and biological communities.
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Figure 2. Dactylolide dihedral angle distribution for Monte Carlo conformational search.

However, despite isolation from two marine organisms®
and several total syntheses,’ including our own,® zampa-
nolide remains in scarce supply and only a few analogues
have been reported to date. While previous studies with
these compounds have centered on determining their mode
of action and molecular interactions with tubulin* there
has been little focus on understanding their conforma-
tional behavior in solution, which we believe is crucial in
the process of designing bioactive analogues.” Herein, we
report the conformational analysis of the shared macrolide
core of zampanolide and dactylolide.

Structurally, the core of zampanolide consists of a
20-membered macrolactone containing a cis-2,6-tetra-
hydropyran, three (E)- and one (Z)-olefinic bonds, 11
rotatable o-bonds, and three stereocenters. Additionally,
zampanolide contains an unusual N-acyl hemiaminal side
chain at C19 while dactylolide possesses an aldehyde at the
same position. Though zampanolide is regarded as the
more attractive of the two from a clinical standpoint,
dactylolide was chosen for molecular modeling studies
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and NMR experiments because the side chain complicates
both spectral and computational analyses without offering
additional significant insight into the macrolactone’s con-
formational preferences.'”

To identify the major solution conformations, we first
conducted conformational searches using Macromodel
9.9. In order to completely explore the molecule’s confor-
mational space, 50000-step Monte Carlo searches were
performed using the MM3*, MMFF*, and OPLS2005*
force fields, which were run in conjunction with the GB/SA
solvation model for water to prevent hydrophilic collapse of
the ring.!" Structures that fell within 20 kJ/mol (4.8 kcal/mol)
of the global minimum were saved from each search, and
duplicate conformers across the three runs were eliminated to
yield a single library.

The flexible portions of the molecule were identified
employing the same methodology previously used by our
group in the conformational analysis of the epothilones,'!
extracting the backbone torsional angles from each con-
formation and plotting them onto polar coordinate graphs
(Figure 2). The resulting polar maps revealed a mixture of
flexible and rigid torsions throughout the macrolactone
core. Of particular note was the enone-containing eastern
fragment from C6—C11, which appears to be rotating on a
plane perpendicular to the pyran ring in either an s-cis or
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s-trans orientation. While the northern fragment possesses
a certain amount of rigidity in the form of the s-trans diene,
the O—C1—-C2—-C3 and 18—19—0O—Cl dihedrals indicate
that the exclusively s-trans lactone linkage readily flips
back and forth relative to the plane of the macrolide ring.
Additionally, the flexibility in the C5—C7 region suggests
that the northern fragment as a whole oscillates relative to
the rest of the macrolide. Finally, the western region
showed some preference at lower energies for a conforma-
tion that minimizes the A'~*- and A'~-strain involving the
C17Me, but otherwise the relative lack of stereogenic
centers prevents most of the molecule from adopting a
single conformational structure.

To evaluate the solution behavior of the shared macro-
lide core, we used NMR experiments in conjuction with
molecular modeling studies to determine its major con-
formational preferences. Our first task was the complete
assignment of dactylolide’s nonoverlapping protons with
the correlation spectroscopy (COSY)'? technique at 600
MHz, using DMSO as the solvent to simulate a biological
environment relative to the previously reported solvent,
chloroform. Serendipitously, use of DMSO also allowed
for the unambiguous identification of a nearly complete set
of 'H coupling constants, including ones in the C9—C11
region that were unresolved in chloroform. To complete
our NMR studies, rotating-frame Overhauser effect
(ROESY)'? experiments were undertaken next. In order
to avoid spin diffusion effects, buildup curves were gener-
ated at various mixing times to determine the optimum
mixing time (800 ms). In total, 39 cross-peaks were ob-
served from the spectra.

Overall, the flexibility demonstrated in our computa-
tional studies indicated that the core of dactylolide and
zampanolide exists as an ensemble of conformations in
solution. While there are several different methods for
deconvoluting time-averaged NMR data into individual
structures, we decided to use the DISCON (Distribution of
Solution Conformations) software package developed by
the Smith laboratory,'* which is similar to the NAMFIS'?
methodology but uses clustering based on NMR variables
to avoid overfitting a given set of conformers. In order to
utilize DISCON, the ROESY cross-peaks obtained from
our dactylolide NMR experiments were normalized and
integrated using the C10 methylene protons as a reference
to yield quantitative peak volumes. Of the 39 cross-peaks
previously obtained, 11 were identified for use in decon-
volution, along with 6 of the 14 *J;;_y; coupling constants
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from the newly resolved '"H DMSO spectrum (see Sup-
porting Information).

Repeated evaluation of the conformational library using
DISCON’s clustering analysis revealed an ensemble con-
taining three conformational families that fit the observed
NMR data better than any individual structure (Figure 3).
Two of the families were identified as the majority with the
primary difference being the orientation of the mostly
inflexible northern fragment relative to the plane of the
macrolide ring, changing the overall profile from hooked
(conformer A, 33%) to flat (conformer B, 35%). The third
conformational family (conformer C, 20%) was largely
similar to the other two families, save for a 180° rotation
around the C6—C7 bond that contributes to a twisted
shape. The remaining conformers were insignificant with
respect to the NMR data, with the next most populated
family contributing less than 5%.

&

Solution conformer A

Solution conformer C

Overlay of solution conformers

Figure 3. DISCON-derived solution conformations.

One of the interesting features shared by the three
conformational families was a suprisingly rigid C15—C19
region, which was only vaguely suggested by the polar map
analysis of the computational results. The rigidity present
within this region was supported by strong C17Me-H15
and C17Me-H19 ROESY correlations along with a well-
defined anti HI8—H19 coupling constant (3JH18,H19 =
11.0 Hz). This conformational preference can be rationa-
lized by considering the destabilizing allylic strain interac-
tions between the C17Me and the C15 stereogenic center
within the pyran. In addition, the northern diene’s pre-
ference for an s-trans conjugated system was also repre-
sented in all three conformers and supported by a strong
H2—H4 NOE cross-peak and a large *Ji3_p4 coupling
constant of 11.2 Hz (Figure 4). Though the western and

Org. Lett,, Vol. 15, No. 20, 2013



Conformers A and B Conformer C
NOE NOE
. e
H2 s CH;
= NOE [ /Lr_]/ W,
3 = On = H
0= 3 H -~7 ““'Il M!I f&a NOE
o “H o
LY & 11‘/ W s

Conformer A
ot
1 \
—L -0 'I'I Hs :-‘HCH’
/ﬂ_r______ / : | A
v | H \E “H o
H:C H 108

Jo,10A jcatcey = 3.7 HZ Jo,164 jobay = 6.9 HZ

Jo,108 festca = 11.5 Hz Jg,108 oy = 7.5 HZ

Conformer B

0,
H H \\5
n, 10A \ )),;0 \1 104
o __“'./ = \H
——i—0| // \ W
Y —
/ | Hios \ H"k TTCH,
H;C H Hs H 108
b H
J =11.4Hz !
9,104 feated) = 114 H
9

Jo,108 (cateay = 3.9 HZ

Figure 4. Conformational averaging of enone and northern
diene region.

diene segments were confirmed to be conformationally
rigid, the macrolide exhibited a high degree of flexibility
within the C6—CI11 region of the molecule. A portion of
this flexibility arose from the ability of the C5—C6—
C7-C8 torsion to adopt 60° and 300° dihedral angles.
Support for this torsional rotation and thus the existence of
minor conformer C resulted from observed NOE correla-
tions between both H3—H6A and H3—H6B. Interestingly,
it appears that the conformational preferences of the
C6—Cl11 region are primarily controlled by rapid rotation
around the C9—C10 bond, which was observed in the
computational polar map (Figure 2; 8—9—10—11) and
is experimentally supported by time-averaged *Jio_m10a
and *Jio_Hiop coupling constant values of 6.9 and 7.5 Hz,
respectively. This particular preference for torsions at 0°,
120°, and —120° results from the minimization of A-strain
through exclusively low-energy eclipsed conformations and
nicely represents the conformational distribution displayed
by 1-butene (Figure 4).'¢
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Figure 5. Overlay of zampanolide cocrystal structure (orange)
bound to tubulin H229 (gray) with solution conformer A
(green).

During the course of this work, Prota and co-workers
reported a high resolution cocrystal structure of zampa-
nolide bound to a.f-tubulin.'” The structure not only
confirms the unique covalent binding exhibited by both
zampanolide and dactylolide but also provided the bio-
active conformation of zampanolide, which bears a strong
resemblance to major solution conformer A (Figure 5).
However, based on the stereochemistry of C9 in the bound
complex, the C7—C9 enone must adopt an s-cis orientation
that more closely resembles solution conformer C prior to
conjugate addition.

In summary, we have determined the solution confor-
mational preferences of the macrolactone core shared by
dactylolide and zampanolide. Through a combination of
high-field NMR experiments and molecular modeling, we
found that the macrolide displays a preference for three
interconverting conformational families while in solution.
Given its low nanomolar cytotoxicity and relatively few
observed hydrogen-bonding interactions with tubulin, we
believe that mimicking the bioactive conformation of
zampanolide is an important aspect to consider in the
design of potent analogues. Studies involving the synthesis
and evaluation of such conformationally designed analo-
gues are ongoing in our laboratory.
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