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Polyketides represent an important class of secondary metabolites that interact with biological targets

connected to a variety of disease-associated pathways. Remarkably, nature’s assembly lines, polyketide
synthases, manufacture these privileged structures through a combinatorial mixture of just a few
structural units. This review highlights the role of these structural elements in shaping a polyketide’s
conformational preferences, the use of computer-based molecular modeling and solution NMR studies
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1. The role of conformational entropy in molecular
recognition

A small molecule’s biological activity is predicated on the
interactions it makes with a target receptor’s binding site.
Optimum binding requires a complementary spatial relationship
of structural features in order to achieve favorable ligand-
protein interactions. Synthetically-derived compounds within
the medicinal chemistry realm frequently employ rigid
structures, which limit the number of rotatable bonds and have
become associated with “drug-like” properties.' In contrast,
bioactive natural products often possess significant degrees of
conformational flexibility, which may impart potentially
beneficial properties for transport, solubility, selectivity, and
binding. Nevertheless, apparently flexible molecules of even
intermediate complexity will typically adopt preferred
conformational profiles. In the case of the polyketide class of
natural products, we can see many of the structural features that
evolution includes to impart conformation preferences. Some of
the hallmarks of this class include sp3-stereogenic centers
(methyl and hydroxyl substituents), sp2-hybridized carbons (£-
and Z-alkenes and carbonyl groups) and single bonds with
restricted rotation (s-sp2-sp2) such as amides, esters, and
polyenes. Even when uninvolved in binding, the steric and
electronic interactions these functionalities introduce limit the

number of potential low-energy conformations while
maintaining overall backbone flexibility. As such, these highly
substituted molecules preferentially adopt certain

conformations, giving us what Hoffmann aptly described as
“flexible molecules with a defined shape.’” As long as the
profile contains a conformer population complementary to the
active site, the resulting change in free energy upon binding
becomes more favorable.

The role of conformation in ligand-protein binding reaches
beyond the bound state. Binding affinity involves both
enthalpic and entropic contributions. While optimizing a drug

This journal is © The Royal Society of Chemistry 2013

in the identification of low-energy conformers, and the importance of conformational analogues in
probing the bound conformation. In particular, this review covers several examples wherein
analysis complements classic structure-activity relationships in the design of
biologically active natural product analogues.

candidate ideally involves the improvement of both terms, this
is rarely achievable in practice.’ Additionally, improving
enthalpic contributions (the direct non-covalent interactions
between the ligand and the binding site) can introduce
unforeseen complications. For instance, installing functional
groups that increase ligand affinity for a target protein through
enthalpic means will typically also affect water affinity. If the
new groups form suboptimal protein contacts, the resulting
effects on solvation and solubility can negatively influence both
enthalpic and entropic parameters. As classic structure-activity
relationships typically focus on the optimization of target-
ligand interactions, they often ignore the potential impact these
modifications have on ligand conformational preferences.
Therefore, it is critical for one to consider conformational
effects when applying a traditional medicinal chemistry
approach to polyketide analogue design, evaluating both the
structure-activity relationship and the conformation-activity
relationship. Recent efforts from several labs have
demonstrated the multipurpose nature of structural features
within polyketide natural products and several examples are
included below.

2. Conformational control elements in polyketides

As researchers discovered in the mid-20" century,
conformation plays an important role in a variety of chemical
transformations. The rate acceleration for anti-periplanar
elimination reactions is one such example. Therefore, it comes
as no surprise that many stereochemical control elements also
impact polyketide conformation. As the attenuation of
conformational freedom represents the ultimate goal in the
evolutionary design of these biologically active privileged
structures, the most powerful restrictions utilize steric
interactions between substituents or modifications of the carbon
skeleton itself in the form of unsaturation.

J. Name., 2013, 00, 1-3 | 1
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Figure 1. In addition to rings, structural features within polyketides control
conformational preferences about individual single bonds or pairs of adjacent
single bonds through minimization of steric, electronic, and electrostatic
interactions as well as through hydrogen-bonding.

One must take into account general steric minimization
when considering a molecule’s preferred conformation,
particularly when looking at cyclic molecules. The preference
of substituents in six-membered rings to adopt equatorial rather
than axial orientations to minimize gauche interactions is a
fundamental example of this principle. However, the picture
becomes more complicated as rings increase in size, flexibility,
and heteroatom substitution. In rings larger than six members,
strain arises as bond angles deviate from their idealized values
and additional transannular interactions are introduced, which
in concert with the appropriate substituents will force specific
conformations over others. In large macrocycles with
minimized ring strain, local acyclic structural features and
subtle interactions between remote substituents will ultimately
control the molecule’s conformational preferences (Figure 1).

3.1 Conformational mimics of polyketide natural
products

2| J. Name., 2012, 00, 1-3

Polyketide natural products contain a variety of diverse and
demanding functionalities, typically possessing extensive
carbon skeletons with multiple stereogenic centers. Since these
compounds usually exist in limited natural supply, investigators
often rely upon total synthesis to provide sufficient material for
therapeutic studies. Subsequently, the design of analogues that
simplify or eliminate moieties with no effect on biological
activity represents a worthwhile goal. Structural simplification
not only shortens a molecule’s synthetic step count but also
increases material throughput for clinical investigations. The
Wender laboratory has termed this approach function-oriented
synthesis,* wherein biologically-active lead structures are
simplified to incorporate only the activity-determining features.
From a conformational standpoint, this design strategy involves
identifying structural elements that minimally affect either the
conformation of regions responsible for protein interactions or
the overall ensemble, ultimately creating a simplified structural
analogue which retains the activity of the parent natural
product.

3.1 Bryostatin

Bryostatin’s recent preclinical success exemplifies the
therapeutic importance and potential impact of polyketide
research on human health.® Isolated by Pettit and co-workers
from the marine bryozoan Bugula neritina, this diverse
collection of polyketides contains over 20 complex natural
products.® The bryostatin family shares many important
structural features such as three fully-functionalized
tetrahydropyran rings, a unique methoxycarbonyl methylidene
group, and several sites of oxygenation (Figure 2). These small
molecules elicit a wide array of biological responses such as
restoring apoptotic function in cancer cells,” improving memory
in animal models,® and inducing latent HIV activation.’
Bryostatin’s impressive range of effects has been attributed to
its ability to activate protein kinase C (PKC) by binding to the
Cl-domain.' Interestingly, bryostatin shares many of these
properties with phorbol esters such as PMA 2 despite being
structurally dissimilar, even competing with it for binding.
However, bryostatin 1 (1) lacks several of PMA’s unwanted
biological responses, in particular its tumor-promoting
capabilities, and will even antagonize them when dosed
simultaneously.

n-Pr

Figure 2. The potent polyketide natural product bryostatin 1 (1) and 12-myristate
13-acetate (PMA) 2.

Unfortunately, bryostatin’s scarce supply has hindered its
continued advancement into clinical trials for the treatment of
cancer and Alzheimer’s disease. Although synthetic work over
the years by numerous laboratories significantly improved the

This journal is © The Royal Society of Chemistry 2012
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overall step count, these elegant syntheses have produced
limited quantities of material.”® Additionally, isolation from
Bugula neritina yielded bryostatin in extremely limited
amounts (approximately 18 g were isolated from 40,000 L of
wet bryozoan),'' making natural extraction methods
environmentally costly. Early computational and structure-
activity relationship studies revealed that alterations within the
C4-C16 region minimally affected bryostatin’s cytotoxicity
profile.'” In contrast, deletion or alteration of functionality
within the C15-C34 region produced analogues with reduced
PKC affinity. Based on these findings, the Wender group
hypothesized that exchanging the stereochemically complex
C4-C16 region with a tetrahydropyran spacer would yield a
simplified scaffold, enabling access to larger quantities of
material for further biological studies. To this end, the Wender
group designed and synthesized a variety of simplified
analogues based around an efficient macrocyclic acetalization
reaction (Scheme 1)."?

CO,Me

Scheme 1. Representative transacetalization macrocyclic ring closure.

From their new pool of analogues, the Wender laboratory
selected 3 for detailed NMR analysis as a means of gauging
how well its solution structure would match the predicted
conformation."  High-field 1D- and 2D-proton NMR
experiments in benzene-des yielded spectral data with coupling
constants that significantly deviated from rotationally-averaged
values, suggesting macrolide 3 exists predominantly as a single
conformation at room temperature. While the interproton
distances failed to match the computationally-derived
conformation calculated previously for bryostatin 10, a
subsequent constrained gas-phase molecular dynamics
simulation found several conformations within 2 kcal/mol of
the global minimum. These low-energy conformers satisfied the
distance constraints and matched nicely with both reported
crystal and solution structures of bryostatin despite the removal
of all A- and B-ring substituents and the conversion of the C14
carbon to oxygen. Wender and co-workers attributed this
conformation to a transannular hydrogen-bonding network
between the C3 and C19 hydroxyl groups and the B-ring acetal
oxygen (Figure 3).

Biological analysis revealed that pyran 3 and several other
structurally related analogues successfully bound PKC
isozymes in an established bryostatin assay, with the compound
exhibiting nanomolar affinity consistent with multiple
bryostatins. Furthermore, 3 displayed potent activity against
several human cancer cell lines. This data further supported

This journal is © The Royal Society of Chemistry 2012
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their hypothesis that bryostatin binding requires two functional
domains: a recognition domain that interacts with the receptor
and a spacing domain that properly orients and constrains the
former. The Wender group has since synthesized a multitude of
related compounds investigating further modifications to the
spacer domain, creating a library of bryostatin analogues which
display single-digit nanomolar PKC affinity.”®

Figure 3. Overlay of acetal 3 (blue) and bryostatin 1 (green) solution
conformations showing the internal hydrogen bonding network.

Recently, the Wender group began development of second-
generation analogues that replace the spacer domain with a
salicylate subunit, a commercially available motif that allows
the macrocycle to retain key portions of the internal hydrogen-
bonding network (Figure 4)."® Computational analysis
suggested that salicylate 4 maintained a proper spatial
orientation within the recognition domain wherein the C3-ether
could make a hydrogen bond with the C19-hemiketal and the
aromatic ring would associate with the membrane. Wender and

Figure 4. Major solution conformer of salicylate analogue 4.
co-workers synthesized 4 in only 23 total steps, employing a

highly convergent and step-economical strategy. Biological
evaluation showed that this compound bound PKC with low

J. Name., 2012, 00, 1-3 | 3
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nanomolar potency, approaching that of 1. Given that this
analogue required even fewer steps than 3 and reduced the
molecule’s structural complexity while retaining activity, the
simplified salicylate substructure could be a promising lead
scaffold for the development of future compounds.

In 2014, the Keck and Krische laboratories sought an
explanation for the interesting biological responses provoked
by bryostatin and related structural analogues with regard to the
phorbol esters.'” During the process of designing simplified
structures, the Keck group discovered that one of their newly-
synthesized bryostatin analogues exhibited PMA-like biological
responses.'® Subsequent analogues indicated that bryostatin-like
activity depended upon the A-ring substituents but not
substituents on the B-ring, suggesting that the B-ring could be
safely removed altogether. The Keck and Krische laboratories
independently synthesized two analogues lacking the B ring, 5
and 7 (Figure 5). Curiously, 5 was the minor product from the

Figure 5. Keck’s analogues 5 and 6 and Krische’s bryostatin analogue 7.

final deprotection step, with a ring-expanded analogue 6
representing the bulk of the material. Conformational and
computational analysis of 5 and 7 alleged that the compounds
retained both the hydrogen-bonding network and solution
conformation of bryostatin, although the Keck laboratory also
concluded that the ring strain arising from the C15-C17
unsaturated ester of 5 prompted the undesired ring expansion.
Interestingly, 5, 6, and 7 all exhibited PMA-like biological
responses in U937 histiocytic lymphoma cell assays, suggesting
that the B-ring plays a pivotal role in bryostatin-like behavior.
Recent work on neristatin 1, which binds to PKC and shares the
A/B ring system of 1, has indicated that it also displays
bryostatin-like activity.'” The bryostatins demonstrate how
structural units can act as both conformational control and
protein interaction elements, and how identifying the essential
structures for control through conformational analysis can help
efficiently design analogue scaffolds. The interesting reports

4| J. Name., 2012, 00, 1-3

from Keck and Krische suggest that bryostatin’s non-PMA
mode of action depends on more than its ability to merely bind
PKC, which may require more stringent evaluation of
simplified bryostatin analogues moving forward.

3.2 Laulimalide

Laulimalide 8, a polyketide isolated from the sponge
Cacospongia  mycofijiensis,  exhibits low  nanomolar
cytotoxicity against multiple cancers and retains significant
activity against paclitaxel-resistant cell lines.”* The potent
microtubule-stabilizing agent also binds tubulin at a non-taxane
binding site’' and acts synergistically with paclitaxel and other
taxane binders.”> In the interests of exploring laulimalide’s
therapeutic potential, the Eisai Research Institute synthesized
gram-scale quantities of 8 for in vivo biological testing.”*
Though laulimalide exhibited a favorable pharmacokinetic
profile compared to paclitaxel, it unfortunately displayed poor
tumor growth inhibition accompanied by severe toxicity and
mortality.* These severe side effects precluded dosing at
higher concentrations. As such, improving laulimalide’s
therapeutic usefulness requires analogue development.

R =Me: 8
R=H:10

Figure 6. Laulimalide 8, isolaulimalide 9 and 11-desmethyl laulimalide 10.

Synthetic efforts spurred by laulimalide’s impressive in
vitro activity revealed that 8 spontaneously degrades under
mildly acidic conditions to yield isolaulimalide 9, a side
product that displays significantly reduced cytotoxicity (Figure
6). Early analogue efforts circumvented this undesired
degradation pathway primarily through removal/modification
of the C16-C17 epoxide, the C2-C3 alkene, or capping the C20
alcohol.”> However, these relatively simple modifications
diminished laulimalide’s cytotoxicity profile.?® Recognizing the
importance of conformation to the analogue design process,
several researchers investigated laulimalide’s conformational
preferences to gain a better understanding of the molecule’s
pharmacophore.

In 1996, Jefford and co-workers provided the first insights
into laulimalide’s conformational preferences using X-ray
crystallography.?” While this static picture afforded valuable
information on the molecule’s predominant conformation,
elucidating laulimalide’s bound conformation required a more
rigorous analysis of the macrolide’s solution behavior. Nearly a
decade after solving laulimalide’s crystal structure, the Paterson
and Snyder groups analyzed the molecule’s solution
conformation utilizing two different approaches. The Paterson
group used an NMR-constrained conformational search®® while
the Snyder group employed the NAMFIS (NMR Analysis of
Molecular Flexibility in Solution) method.?’

Specifically, Paterson and co-workers used experimental
coupling constant values for predicting dihedral angle
preferences and NOESY experiments for identifying critical

This journal is © The Royal Society of Chemistry 2012
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through-space interactions. The Paterson laboratory then
generated files containing restrained torsional angles and
performed a constrained Monte Carlo conformational search,
which provided several low energy conformers within 2
kcal/mol of the global minimum. While this analysis afforded
low energy conformers resembling laulimalide’s solid-state
conformation, the percent contribution of these solution
conformers remained ambiguous. Snyder’s NAMFIS analysis
complemented the above-mentioned methodology by changing
the mole fraction of each conformer until a sum of square
differences between the experimental NMR data and computed
variables gave a “best fit” dataset. Interestingly, both groups
found that the primary solution conformers bore a great deal of
similarity to laulimalide’s solid-state conformation. The solid-
state crystal structure and major solution conformation showed
that 8 preferred an open and gross-flattened conformation
wherein the side chain, the C2-C3/C21-C22 unsaturated
moieties, and the exocyclic epoxide all lie in the same plane.
The polyketide’s dihydropyran rings also adopted a half-chair
conformation and curved slightly under the macrocyclic ring.

and 10 (green)

Figure 7. Overlay of 8 (yellow)
conformers.

lowest-energy solution

Given the difficulty with accessing laulimalide from
isolation and total synthesis efforts, the Paterson and Wender
groups designed a simplified analogue lacking the C11-Me, 11-
desmethyllaulimalide 10 (Figure 6).*° Both laboratories
targeted this particular functional group since its inclusion
increased the step count in synthetic routes towards 8. High-
field NMR experiments and Monte Carlo conformational
searches also indicated a high degree of flexibility within the
C9-C12 region, which suggested that removing the C11-Me
would not significantly impact laulimalide’s overall shape or
biological activity (Figure 7). As a result, the Wender and
Paterson groups synthesized the simplified analogue 10
utilizing highly convergent strategies. Notably, removing the
C11-Me group reduced the Wender group’s synthetic step
count and decreased the starting material cost by 22-fold. High-
field ID-NMR experiments showed that 10 retained similar J;_
u coupling constants throughout the northern and southern
regions of the molecule. In particular, the 11-
desmethyllaulimalide H14a/b-H15 dipolar couplings nearly
matched identically with that of laulimalide 8. However, the
3 Tr0amia and 2T coupling constants deviated slightly from
laulimalide’s normal dipolar couplings indicating a minor
conformational bias within the C9-C12 region.

Biological evaluation revealed that 10 possessed nanomolar
cytotoxicity against multiple cancer cell lines including cell

This journal is © The Royal Society of Chemistry 2012
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lines overexpressing the P-glycoprotein pump, though to a
lesser degree than 8.%' 10 also promoted tubulin polymerization
at a critical concentration of only 1.1 + 0.1 uM. Recently, Prota
and co-workers published a co-crystal structure of laulimalide
bound to tubulin that conclusively defines the molecule’s
binding site on B-tubulin and fully elucidates the bioactive
conformation.*> Interestingly, laulimalide’s tubulin bound
conformation matches well with both the solid-state and major
solution conformations. As shown in Figure 8, a dihydropyran
ring flip accounts for the only main difference between the two
conformations. Given the activity demonstrated by 10 and the
success of molecular modeling in predicting laulimalide’s
conformational preferences, additional development in this area
should determine whether it is possible to further simplify the
structure and retain activity.

Figure 8. Overlay of laulimalide’s major solution conformation (yellow) with its
tubulin-bound conformation (purple).

3.3 Exiguolide

In 2008, the Cossy laboratory recognized the structural
similarity between the bryostatins and the natural product
exiguolide 11 (Figure 9).** Interestingly, both 20-membered
marine polyketides contain analogous structural motifs such as

1"

Figure 9. The marine polyketide, (—)-exiguolide.

a bis-tetrahydropyran unit and methoxycarbonyl methylidene
group. Ohta and co-workers isolated 11 in 2006 from the
sponge Geodia exigua off the coast of Japan and determined its

J. Name., 2012, 00, 1-3 | 5
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molecular structure via extensive NMR analysis.** The complex
macrolide inhibits the fertilization of sea urchin (Hemicentrotus
pulcherrimus) gametes while also displaying potent in vitro
anti-cancer activity against multiple human cancer cell lines.*?
A recent COMPARE analysis suggests exiguolide’s
antiproliferative activity may arise through a distinct
mechanism of action compared to other anti-cancer agents such
as paclitaxel, vincristine, and doxorubicin.*® Exiguolide’s
unknown mechanism of action along with its structural
similarity with the bryostatins has prompted the interest of
many synthetic chemists. However, the molecule’s extreme
scarcity has limited SAR studies, which in turn has hindered
further investigation of this promising anti-cancer agent.

R=Me, R'=H:12
R=H,R =H:13

14

Figure 10. Exiguolide analogues, 15-desmethyl 12, 15,18-bis-desmethyl 13, and
(16,17-2)-exiguolide 14.

Recently, the Sasaki laboratory complemented existing
SAR studies’” by focusing on the relationship between
exiguolide’s conformation and the molecule’s cytotoxicity.*®
Since previous studies established the importance of the triene
side chain and C5-Z-enoate, Sasaki and co-workers investigated
how functional groups on exiguolide’s macrocyclic backbone
impacted cytotoxicity. In particular, the Sasaki group focused
on removing the C15 and C18 allylic methyl groups since these
motifs complicated their overall synthetic strategy. Their
synthesis employed a stereoselective domino  cross-
metathesis/intramolecular oxa-conjugate addition for building
the methylene bis-tetrahydropyran core.*® Using this advanced
intermediate as a divergent starting point, the Sasaki laboratory
constructed the 15-desmethyl analogue 12 and 15,18-bis-
desmethyl exiguolide 13 using a synthetic strategy similar to
the one utilized in their exiguolide total synthesis. The Sasaki
group also prepared the corresponding (16,17-Z)-exiguolide 14,
as they anticipated this inverted olefin geometry would alter the

6 | J. Name., 2012, 00, 1-3

macrocycle conformation and serve as an excellent control for
gauging the relationship between exiguolide’s conformation
and its biological activity.

To evaluate the conformational effects of their structural
modifications, the Sasaki laboratory performed NMR-based
conformational analyses on 11 and each of their newly
synthesized analogues. Using 'H-NMR and 2D-NOESY
experiments in conjunction with energy-minimized structures
generated through MMFF94s calculations, the group concluded
that removing the C15 and C18 methyl groups minimally
affects the macrocyclic backbone, with 11, 12 and 13 adopting
almost identical conformations. Additionally, 14 possesses a
significantly altered conformation, affecting both the local C14-
C29 domain and bis-tetrahydropyran core (Figure 11).

Biological testing of 14 showed no growth inhibition
against A549 and NCI-H460 cancer cell lines, establishing the
importance of maintaining exiguolide’s natural conformational
profile. While 12 demonstrated comparable activity to the
parent natural product (A549 ICsy = 3.14 uM vs. 1.66 uM for
11) 13 exhibited no activity at >100 puM, leading them to
suggest that the C18 methyl group plays some role in activity
unrelated to conformation. However, as the removal of either
the C15 or C18 methyl should significantly alter local
conformational preferences through the loss of A'~-strain, it is
possible that the overall conformational preferences of 13 were
changed to a greater degree than their preliminary analysis
anticipates. More detailed conformational analysis employing
some of the techniques outlined in this review and the
additional synthesis of an 18-desmethylexiguolide analogue
should hopefully clarify the effects of the C15 and C18 methyl
groups’ effects on biological activity.

Figure 11. Conformational overlay of 11 (gray), 12 (orange), 13 (green), and 14
(blue).

3.4 Discodermolide

In 1990, Gunasekera and Longley isolated discodermolide
15, a linear polyketide natural product, from the marine sponge
Discodermia dissoluta (Figure 12).*° While initially reported as
an immunosuppressive agent, follow up studies later
established 15 as a potent microtubule-stabilizing agent that
retains low nanomolar cytotoxicity against paclitaxel-resistant
cell lines.*' As expected, this anti-tumor activity spurred
numerous synthetic efforts over the years, with a sizeable

This journal is © The Royal Society of Chemistry 2012
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15

Figure 12. The microtubule-stabilizing agent, discodermolide 15.

number of total syntheses reported to date.*” One noteworthy
undertaking by Novartis utilized a mixture of the Paterson and
Smith routes, eventually producing more than 60 grams of
material for use in clinical studies. However, phase I trials were
ultimately halted as a result of severe lung toxicities.*

Since certain discodermolide structural features may serve a
non-essential role for human chemotherapy, removing these
extraneous features would create a more accessible synthetic
target and aid the development of more therapeutically benign
discodermolide analogues. Several independent

Figure 13. Discodermolide’s major solution conformation and conformational
control elements.

This journal is © The Royal Society of Chemistry 2012
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laboratories have focused primarily on determining
discodermolide’s bioactive conformation for assisting with this
analogue design. In 2001, the Smith* and Snyder®® groups
independently conducted extensive conformational studies with
15 using molecular modeling and high-field NMR experiments.
Interestingly, these studies showed that discodermolide’s
acyclic  structure  possesses a  surprisingly  limited
conformational profile, with the most favored conformation
exhibiting a “hairpin” motif as a result of several key features.

First, the Z-olefins within the polyketide backbone
introduce A'3-strain, stabilizing the C7-C10, C12-C15, and
C20-C23 regions of the molecule. The multiple polypropionate
substitutions also force discodermolide in conformations that
minimize syn-pentane interactions, creating two major turns in
the C10-C12 and C16-C20 backbone. Finally, the six-
membered lactone ring interconverts between chair, half-chair,
and skew-boat conformations, with a hydrogen-bonding
interaction between the C7-hydroxyl and the lactone ring
oxygen having some moderate influence over the C5-C7
torsional angles (Figure 13). Later transfer-NOE spectroscopy
performed in the presence of both unassembled tubulin and
assembled microtubules determined that the bound
conformation of discodermolide closely matches that of the
solution structure, save for some subtle differences in the
orientation and shape of the ring.*®

(o]

16 17

Figure 14. Conformationally-simplified analogues of discodermolide.

The formation of this stereochemically-rich lactone ring
requires numerous synthetic steps, reducing the practical
efficiency of many discodermolide syntheses. Investigations
into the necessity of this structurally complex functionality
showed that inversion of the C4 and C5 stereocenters did not
lead to a loss in potency.’’ In addition, structure-activity
relationship studies revealed that the 2,3-anhydro derivative
also retains nanomolar cytotoxicity.*® As a result, the Smith
laboratory hypothesized that the substituents on the ring orient
the lactone in a conformation that maximizes binding
interactions rather than serve any binding purpose of their own.
Thus, they proposed a more conformationally rigid five-
membered scaffold as a simplified substitute for the complex
six-membered lactone ring. The synthesis of this simplified
analogue required only three steps from one of their advanced
intermediates and used cheap and commercially available
levulinic acid, giving furan 16 in 45% overall yield. The
resulting unsubstituted butyrolactone displayed a near 10-fold
improvement over 15 against the MCF-7 cancer cell line. The
subsequent discovery that the C7-hydroxyl played a non-
essential role in promoting cytotoxicity suggested that the entire
C1-C7 region could be simplified without penalty.** Smith and

J. Name., 2012, 00, 1-3 | 7
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co-workers tested this hypothesis by synthesizing an analogue
that replaced the C1-C7 region with a coumarin moiety.
Excitingly, the resulting analogue 17 also displayed low
nanomolar cytotoxicity against multiple cell lines, despite
possessing only 8 of discodermolide’s 13 stereocenters (Figure
14).%° Given this in vitro success, in vivo testing and further
development of simplified discodermolide analogues could still
yield a promising drug candidate despite the earlier clinical
failure of the natural product.

3.5 Dictyostatin

In 1994, Pettit and co-workers isolated dictyostatin 18, a
polyketide structurally resembling a cyclic version of
discodermolide 15, from a marine sponge collected off the
Republic of Maldives (Figure 15).>' Like discodermolide, 18
exhibits potent microtubule-stabilizing activity, retains
cytotoxicity against multidrug-resistant cell lines, and binds the
taxoid site.”? Given the failure of discodermolide in clinical
trials, attention has turned towards dictyostatin as a potential
alternative. To date there have been eight published total
syntheses of 18, with the Paterson®® and Curran® groups
additionally providing a wealth of analogues for testing.
Although most of these analogues have exhibited diminished
activity, their cumulative biological results have provided a
comprehensive picture of dictyostatin’s structure-activity

relationships.’® Recent pharmacological studies in mice have
shown that dictyostatin crosses the blood-brain barrier to effect
prolonged microtubule stabilization in the brain, hinting at its
neurodegenerative

potential to treat disorders such as

Alzheimer’s.”’

Figure 15. Comparison of dictyostatin and discodermolide structures.

While a crystal structure of dictyostatin has yet to be
reported, extensive NMR experiments have provided ample
data for conformational studies. The low isolation yield of Pettit
and co-workers initially led to an incomplete stereochemical
assignment, leaving the structure of dictyostatin unclear until its
re-isolation in 2003°% and subsequent work by Paterson and co-
workers in 2004.°® By utilizing both homonuclear (3JH,H) and
heteronuclear (2’3JC,H) coupling constants in combination with
NOESY experiments they were able to determine the complete
relative stereochemistry, which was later confirmed as the
absolute configuration through the concurrent synthetic efforts
of the Paterson™® and Curran®*® groups. The Paterson group
further combined this NMR data with Monte Carlo
conformational searches to propose a pair of interconverting
atropisomers, wherein the lactone adopts either a C1-C2 s-trans
or s-cis orientation. Of the two, the lower-energy s-trans
structure bears a strong resemblance to the solid state
conformation of discodermolide. Later work by Canales et al

8 | J. Name., 2012, 00, 1-3

led to a proposed bioactive conformation of dictyostatin based
on TR-NOESY data, which overlays well with the s-trans
solution structure save for a major torsional change around the
C8-C9 linkage (Figure 16).%°

Figure 16. Overlay of s-trans structure (blue) with proposed bioactive
conformation (green) and solid state structure of discodermolide (yellow).

Given the similarities between discodermolide and
dictyostatin there has been substantial interest in developing
hybrid analogues to explore any shared pharmacophoric
elements. Early work by Curran and co-workers pre-dated the
elucidation of the true structure of dictyostatin, but still
established that simplified macrocyclic analogues could retain
modest biological activity.”® Following the stereochemical
reassignment of dictyostatin the Paterson group revisited the
issue by designing and synthesizing their own hybrid molecule
19, which computationally matched well with the solid-state
conformation of discodermolide.® Initial biological testing
revealed that this compound was approximately 10-fold less
active than discodermolide, and follow-up studies revealed a
further loss in potency against Taxol-resistant cell lines.’*
After examination of the NMR-derived bioactive conformations
of discodermolide and dictyostatin, Paterson and co-workers
further refined their hybrid model to include the C1-C5
dienoate region proposed to be necessary for dictyostatin’s
binding affinity.® The improved hybrid 20 demonstrated
nanomolar inhibition against several human cancer cell lines,
including Taxol-resistant ones. Interestingly, thermodynamic
experiments have found that the acyclic discodermolide’s
binding to tubulin is entropically more favorable than the cyclic
dictyostatin, suggesting that the latter’s activity may be
unrelated to any relative lack of conformational freedom.®'

HO,,

OH OH OH OH OH

19 20

Figure 17. Dictyostatin-discodermolide hybrid molecules.
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Recently, Snyder and co-workers disputed the
conformational picture of dictyostatin as incomplete, arguing
that its structure is not rigid enough to support only two
conformational families.*” Using NAMFIS to re-evaluate the
methanol-d, NMR data set, they identified sixteen
conformations ranging in population from 11.4% to 2.5%;
although the previously proposed major solution conformation
was not substantially populated, they did find a roughly equal
distribution of C1-C2 s-trans and s-cis orientations amongst the
set. They also acquired NMR data in DMSO-dg in order to
investigate solvent effects with more quantitative data,
ultimately finding fifteen conformations with the s-cis being
primarily represented. Among the conformations from the two
solvents they found that one of their DMSO structures was a
good fit for the TR-NOESY data reported by Canales et al.
Subsequent docking of this compound to tubulin uncovered a
competitive binding pose that is radically different from the
previously reported one, yet compatible with several aspects of
known dictyostatin SAR.

While this latest work significantly expands on the
conformational profile of dictyostatin, energy calculations on
the newly-obtained conformations would have been beneficial
in gauging their feasibility. The authors are correct in asserting
that force field energies aren’t necessarily accurate but
neglected to explore higher ab initio methods to assess relative
strain energy, particularly given the prevalence of the higher-
energy s-cis form amongst their conformations. Additionally,
their binding pose suffers from both the low resolution of the
crystal structure used and the inherent inaccuracies of rigid
docking to a binding pocket that originally contained a different
ligand. Given the significant discrepancies between reported
binding poses, additional experimental or crystallographic work
is necessary to resolve the issue of dictyostatin’s bound
conformation.

3.6 Trienomycin A

The ansamycin natural products are a broad class of
polyketides that exhibit potent antibiotic and anti-neoplastic
activity, including the well-known rifamycins. In 1985,
Umezawa and co-workers isolated the structurally related
natural products, trienomycins A-F, from a culture broth of
Streptomyces sp. No. 83-16.° Subsequent biological testing
revealed that the trienomycin class displays potent in vitro
cytotoxicity against multiple cancer cell lines.”* Of the six
known ansamycins, trienomycin A 21 demonstrated the
strongest cytotoxicity with an ICs, value of 0.01 ng/mL against
L-5178Y murine leukemia and human PLC hepatoma cell lines.
The trienomycins primarily consist of a 21-membered
macrolactam ring adorned with a non-redox active phenol, an
(E.E,E)-triene, four stereocenters, and an N-acylated D-alanine
side chain, varying only in the composition of the terminal side
chain functionality (Figure 18).
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Trienomycin A: R = cyclohexyl (21)  Trienomycin D: R = cyclohexenyl
Trienomycin B: R = j-butyl

Trienomycin C: R = (S)-s-butyl

Trienomycin E: R = j-pentyl
Trienomycin F: R = (E)-2-butenyl

Figure 18. The ansamycin natural products, trienomycins A-F.

Unfortunately, the clinical potential of the trienomycins
represents an underexplored avenue as a result of supply issues
and minimal structure-activity relationship studies. Funayama
and co-workers prepared four semi-synthetic trienomycin A
analogues and concluded that the C13-OH, the triene subunit,
and the N-acylated side chain remained essential for potent
cytotoxicity.®> However, methylation of the free phenol
produced an analogue equally active to the parent natural
product. These classical SAR studies reveal the difficulty in
correlating molecular functionality to biological activity within
a polyketide macrocyclic framework.

The Blagg laboratory addressed these difficult issues by
employing a rational, conformational approach for designing
simplified analogues of trienomycin A.%® After generating low-
energy conformations of the semi-synthetic analogues with
SYBYL,”” Blagg and co-workers showed that while
Funayama’s inactive derivatives exhibited significant
conformational differences from trienomycin A, the active
methyl ether analogue retained the parent geometry. The Blagg
group hypothesized that mimicking the conformational
preferences of 21 properly orients the critical phenol unit and
N-acylated side chain within trienomycin’s binding pocket,
thereby promoting tight binding. Interestingly, modeling
suggested that removing the C13-OH, C12-Me, and C3-OMe
functional groups minimally perturbed the macrolide’s overall
conformational preferences. Moreover, additional removal of
the C4/C6 alkenes and inversion of the Cl14-(Z)-alkene
geometry produced monoene A 22, which SYBYL calculated
would adopt a conformation strongly resembling that of 21
(Figure 19).
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Figure 19. Overlay of trienomycin 21 (green) and monoene A 22 (yellow)
structures generated through SYBYL molecular modeling.

The synthesis of 22 required only 13 steps from readily
available starting materials. This concise route allowed the
multi-gram preparation of not only monoene A but also
monoene E 23, which SYBYL calculations indicated would act
as a negative control due to its low similarity score. As their
model predicted, the conformationally similar 22 displayed
potent anti-proliferative activity (0.47 nM, MCF-7 cell line)
while the lowest similarity structure 23 displayed no significant
activity. Buoyed by these results, the Blagg laboratory
embarked on an SAR investigation of the side chain using the
new simplified macrocycle as a framework, specifically the
effects of altering the amino acid side chain. The resulting
analogue work revealed that altering the steric bulk of the a-
methyl on the side chain is detrimental to activity, as is
lowering the steric bulk of the alkyl amide. Blagg’s approach

OMe

22
OMe

23

Figure 20. Monoene A 22 and E 23 analogues.
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shows that a simplified analogue of the synthetically-complex
trienomycin A could be used for faster determination of SAR
and could potentially be used for elucidation of the biological
target. However, given the near-certainty that 22 is significantly
more flexible than the parent natural product, it is possible that
trienomycin’s mode of cytotoxicity may be more dependent on
recognition of the side chain rather than the macrocycle.

3.7 Spongistatin

The spongistatin class of natural products was first reported
in the early 1990s by three separate groups.®® Isolated from an
Eastern Indian Ocean sponge of the genus Spongia, members of
this family possess potent antineoplastic properties, with
spongistatin 1 24 in particular displaying an average 1Cs, value
of 0.12 nM against the NCI panel of 60 human cancer cell lines.
The activity observed during cell growth inhibition assays led
Hamel to propose that the spongistatins’ mode of action
involves tubulin binding, and hypothesized a “polyether”
binding site on B-tubulin near the vinca domain to account for
its competitive inhibition of maytansine and rhizoxin.®’

(+)-Spongistatin 1: R = CI, R' = R? = Ac (24)
(+)-Spongistatin 2: R = H, R' = R? = Ac (25)

13 154
X= - Spongistatin 3: R = Cl, R' =H, R? = Ac
OR2 Spongistatin 4: R = Cl, R' = Ac, R =H
Spongistatin 6: R = R?=H, R' = Ac
H Spongistatin 5: R = Cl, R" = H

e % XA Spongistatin 7: R=R'=H
E' Spongistatin 8: R = H, R' = Ac
o Spongistatin 9: R = Cl, R' = Ac

Figure 21. The spongistatin class of natural products.

The complex structure and potent activity of the
spongistatins attracted considerable attention from laboratories
interested in exploring its potential as a chemotherapeutic
agent. Given their scarcity and difficulty to obtain from nature,
significant resources have been devoted towards their creation
in the laboratory, with several total syntheses of 24’° and 257"
reported to date. Among these, the Smith laboratory took
possibly the most ambitious approach in their fourth-generation
synthesis of spongistatin 1. Utilizing a multi-component
dithiane wunion tactic, Smith and co-workers assembled
multiple, key fragments in a scalable fashion to yield a
remarkable 1.009 g of material.”

This journal is © The Royal Society of Chemistry 2012
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Having obtained enough material for preclinical
development, the Smith group turned towards the task of
identifying the moieties necessary for cytotoxicity through SAR
studies.”® Given the difficulty in constructing analogues even
through their optimized route, the Smith group investigated
whether the entire structure of the flexible spongistatin skeleton
was necessary for biological activity. Based on the structural
features common amongst the natural spongistatins and results
from several early analogues,”* the Smith group hypothesized
that the spongistatin’s western perimeter represented the main
pharmacophoric motif. Furthermore, the Smith laboratory
believed that as long as the C37-C39 dihedral angles between
the E and F rings maintained a proper orientation, replacing the
remainder of the complex molecule with a simplified linker
would still produce a molecule with potent activity.

26

27

Figure 22. Simplified spongistatin analogues designed by the Smith lab.

To facilitate the design of such a linker, the Smith group
used molecular modeling as a means of determining
spongistatin’s  conformational preferences.”” Despite a
previously reported solution conformation,’® their calculations
and resulting analysis of the macrocyclic torsional angles using
an expansion of the Taylor laboratory’s polar map
methodology”’ indicated a fairly rigid western perimeter. The
remainder of the molecule exhibited high flexibility and
adopted multiple conformations. To combat the problems they
perceived with NMR-constrained molecular dynamics (high-
energy conformations) and molecular mechanics (inaccurate
energy ordering), Smith and co-workers developed a hybrid
software method called Distribution of Solution Conformers
(DISCON).”®* DISCON uses NMR-derived interproton
distances and torsional angles for determining the most
populated families from a computationally generated library of

This journal is © The Royal Society of Chemistry 2012
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conformers, utilizing hierarchical clustering and a genetic
algorithm to avoid the overfitting problems that can arise from
NMR-based structural optimization in methods like NAMFIS.

From this DISCON analysis, the Smith laboratory found
that 24 existed as an ensemble of four major solution
conformations, which when overlaid showed that the western
perimeter of the macrocycle maintained a common
conformation reflecting an internal hydrogen bonding network
in support of their earlier modeling work (Figure 23). To test
their linker hypothesis, the Smith group designed an analogue
that would possess only the E and F ring systems, ultimately
deciding on a biaryl ether tether that would maintain the
conformational twist observed during conformational analysis.
Synthesis of this molecule (26) ultimately revealed that the
strain energy imparted during macrocyclization opened the E
ring system during a global deprotection. To combat this issue,
the Smith group redesigned their analogue to instead contain a
more flexible polymethylene tether. Since previous attempts at
replacing the eastern perimeter with a simple tether failed, they
also incorporated an internal hydrogen bond acceptor within the
molecule as a means of lowering the overall flexibility.
Following synthesis of this second-generation analogue (27),
DISCON studies found that its major conformations retained
the rigidity earlier observed in the ABEF ring system and even
imparted a certain degree of restraint on the side chain.
Incredibly, biological testing found that 27 displayed
nanomolar cytotoxicity against several cancer cell lines and a
subsequent cell cycle analysis concluded that the molecule also
shared the same microtubule-destabilizing activity as 24.”° This
work demonstrates how the pharmacophoric elements of a
complex natural product are likely to reside on a
conformationally-rigid area, and that replacing flexible regions
with simplified tethers is a viable design strategy.

Figure 23. Retained ABEF conformational structure of spongistatin 1 (green).

4. Conformationally-restricted analogues of
polyketide natural products

Although flexible polyketides adopt  preferred
conformational profiles, typically only one of these structures
will resemble the ideal bound conformation. As each member
of a conformational ensemble has an opportunity for protein
binding equivalent to its population in solution, altering their
relative populations in solution is likely to affect biological
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activity. Therefore, analogues that alter a molecule’s
conformational preferences to favor either a single conformer
or family of conformers could be used as a method for
identifying the bioactive conformation in the absence of bound
crystallographic ~ or  spectroscopic  data.  Additionally,
modifications that preferentially favor the bound structure may
lead to various improvements over the unrestricted natural
product.

4.1 Epothilone

In 1987, Reichenbach and Hofle isolated the epothilone
class of natural products from the soil-dwelling myxobacterium
Sorangium cellulosum.®® Nearly a decade later, a group at
Merck Research Laboratories discovered that the family not
only possessed microtubule-stabilizing properties, but also
exhibited similar biological properties as the well-known drug,
paclitaxel.®' The epothilones also possessed improved water
solubility and retained activity against P-glycoprotein-
expressing multiple drug resistant cell lines, including those
resistant to paclitaxel.’” The intriguing biological activity,
pharmacological properties, and accessibility through
fermentation spurred significant interest towards developing the
epothilones as an anticancer agent, with several semi-synthetic
epothilone-type compounds entering clinical trials and one, an
epothilone B lactam analogue, being approved for use in
humans as the drug Ixempra (ixabepilone) in 2007.% In
addition to clinical development the epothilones received a
staggering amount of attention from the synthetic community,
which has been thoroughly covered in reviews elsewhere.®

EpoA: X=0, R=H (28)
Epo B: X =0, R = Me (29)
Ixempra: X = NH, R = Me

Epothilone C, R=H
Epothilone D, R = Me

Figure 24. The epothilone class of natural products.

Early displacement experiments revealed that the
epothilones compete for the same tubulin-binding site as
paclitaxel, which prompted interest in their three-dimensional
structure and potential homology between the two agents.
However, epothilone’s unknown relative stereochemistry
plagued early efforts to elucidate the molecule’s solution
conformational preferences.®> In 1996, Hofle and co-workers
used X-ray crystallography as a way of assigning the relative
and absolute stereochemistry of epothilone A 28.*° Using a
combination of vicinal coupling constants and observed NOEs,
they concluded that the solution conformation of 28 was highly
similar compared to its solid-state conformation. However,
more detailed NMR studies in multiple solvents showed that
several conformational families existed in solution. Solution
studies conducted by our laboratory showed that the epothilone
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macrolide core possessed two separate solution conformations
in the C1-C8 region, with the major conformation resembling
the previously reported solid-state structure.”” A similar
analysis of the C11-C15 region demonstrated that flexibility in
this region provided additional conformational families, which
further complicated the overall picture in solution (Figure 25).%

Figure 25. Conformational analysis of the C1-C8 and C11-C15 regions within 29.

In an effort to distinguish between several conformational
families in solution, our group investigated multiple structural
analogues of the epothilones. We hypothesized that the
incorporation of additional A'“-strain or syn-pentane
interactions would alter the relative population of solution
conformers, anticipating that the biological activity of the
resulting analogues would indicate the bound conformation. To
test this theory, we synthesized two diastereoisomeric C14-
methyl substituted epothilone analogues, (S)-14-methyl 30 and
(R)-14-methyl 31 (Figure 26). We postulated that the
introduction of a methyl substituent would alter the relative
population of the two observed C11-C15 solution
conformational families via A'*-strain. Interestingly, biological
testing of both compounds revealed that 30, which resembled
the solid-state conformation, retained activity while its C14
epimer 31 lost all cytotoxicity. In a subsequent study,
installation of a C14-methoxy group in the same stereochemical
orientation resulted in an epothilone D analogue with
significantly improved activity over the unmodified
compound.®®

The conformational preferences of the C11-C14 region also
explained the puzzling results observed by the Danishefsky
laboratory in their synthesis of (£)-9,10-dehydro epothilone B
32.% In the last step of the synthesis, Danishefsky and co-
workers found that epoxidation of the (£)-9,10-dehydro
epothilone D alkene precursor proceeded with an unusual
preference for the a-face, which they rationalized on the change
in conformational preferences induced by the 9,10-unsaturation.
The Danishefsky group also attributed the molecule’s
significant increase in potency to conformation as well, since
the unsaturation rigidifies the C9-C10 torsional angle and

This journal is © The Royal Society of Chemistry 2012
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Figure 26. Conformational analysis of the C11-C15 region within the C14-Me
epothilone analogues.

stabilizes the C25 methyl through minimization of A'?-strain.
The resulting conformation resembles the solid-state and major
solution conformations (Figure 27). In addition, analogues
probing the conformational families within the C5-C10 region
supported a bound conformation mimicking the Hofle solid-
state conformation.”® Intriguingly, transfer-NOE and cross-
correlated relaxation NMR studies with monomeric tubulin also
supported this conclusion.”!

Figure 27. (E)-9,10-dehydroepothilone B 32 and its major solution conformation.
In 2004, Nettles and co-workers published an electron

crystallographic structure of epothilone A bound to a,B-tubulin
in zinc-stabilized sheets, which reported a ligand conformation

This journal is © The Royal Society of Chemistry 2012
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that diverged significantly from conformations derived via
NMR spectroscopy and the previously mentioned analogue
studies.”? One potential reason for this may be that the crystal
structure had insufficient resolution to define epothilone’s
conformation, forcing the investigators to supplement their
work with a NAMFIS-derived structure. Given these
contradicting results, Erdélyi and co-workers embarked on a
study of epothilone’s conformational preferences in aqueous
solution as a way of rectifying the dissimilarity between the
reported bound and free structures.”® They also addressed the
conformational role of the 3-hydroxy functional group, as two
analogues lacking this moiety, C3-deoxy 33 and 2,3-dehydro
34, remained active despite its proposed H-bonding interaction
within the tubulin-binding site.”* Their analysis revealed that
the previous NMR-derived conformation of unbound
epothilone A was a probable component of their aqueous
conformational ensemble, and found that the EC-derived
conformation was not significantly populated in water.
Moreover, Erdélyi et al observed that the C3-deoxy analogues
possessed similar conformational preferences and that removal
of the C3-hydroxy both with and without the incorporation of a
trans double bond between C2 and C3 does not alter the
preferred overall macrolide conformation.

34

Figure 28. C3-deoxyepothilone 33 and 2,3-dehydroepothilone 34.

Recently, Prota and co-workers resolved the issue of
epothilone’s bioactive conformation by obtaining a high-
resolution X-ray co-crystal structure of epothilone A bound to
o,p-tubulin.”® They accomplished this extraordinary feat
through the incorporation of stathmin-like protein RB3 and
tubulin tyrosine ligase to the complex. This resulted in a
protein-ligand complex with high enough resolution to directly
define the conformation of bound epothilone A, which matched
well with both the bound and solution structures reported in
earlier NMR and analogue studies (Figure 29). The complicated
history of the epothilones shows how accurate prediction of a
polyketide’s conformational preferences can lead to the
prediction of its bioactive structure, which is of critical
importance when a well-defined protein co-crystal structure
cannot be easily obtained.
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Figure 29. Overlay of the major solution conformation (green) and tubulin-bound
conformation (orange) of 28.

4.2 Geldanamycin

As mentioned previously, the ansamycin natural products
have received considerable attention as  potential
chemotherapeutic agents for the treatment of several diseases.
In particular, the benzoquinone ansamycin, geldanamycin 385,
exhibits potent anti-cancer activity by binding the ATP site on
heat shock protein 90, a molecular chaperone involved in the
folding and maturation of proteins upregulated in tumors. In
1970, DeBoer and co-workers isolated 35 from Streptomyces
hygroscopicus var. geldanus,’® with its molecular structure
being elucidated soon thereafter by the Rinehart laboratory.®’
The 21-membered polyketide contains a trisubstituted
benzoquinone ring, six stereocenters, and an o,f-unsaturated
dienamide. As expected, this structurally daunting macrocyclic
framework has challenged numerous synthetic chemists.

35

Figure 30. The ansamycin natural product, geldanamycin.

In 2002, Andrus and co-workers accomplished the first total
synthesis of 35 utilizing glycolate aldol chemistry and a late
stage oxidation for construction of the challenging quinone
unit.”® Six years later, the Panek laboratory also completed its
total synthesis in only 20 linear steps and 2% overall yield.”
Biosynthetic production would later provide large quantities of
geldanamycin and expedite the synthesis of multiple semi-
synthetic analogues, with most modifications occurring at the
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C17 quinone position. Structural alterations at this position
included  addition-elimination  reactions  with  several
nucleophiles such as alkoxides, hydroxide, phenoxide, and
amines. The C17 position was targeted as a means of improving
the solubility of geldanamycin, however, even the most
promising allyl amine derivative 36 still retained significant
toxicity. Literature reports suggest the hepatoxicity of
geldanamycin arises via the reaction of biological nucleophiles
such as glutathione with the C19 quinone.'” Curiously,
geldanamycin possesses two condition-dependent
conformations; an extended trans-amide solution/solid-state
conformation supported by X-ray crystallography'®' and NOE
experiments,'”” and a closed ‘C-clamp’ cis-amide bound
conformation arising from protein co-crystallography.'® This
discontinuity sparked a number of different studies, which
disagreed on either the energetic barrier of the isomerization or
its overall necessity for binding and inhibition.'® Moody and
co-workers hypothesized that substitution at geldanamycin’s
C19 position could potentially kill two birds with one stone,
blocking glutathione’s nucleophilic addition while also forcing
the unbound macrocycle into a cis-amide conformation. In
doing so, they believed they could attenuate geldanamycin’s
toxicity issues while also investigating the conformational
requirements of its binding.'%’

NH,

cis-amide

trans-amide

39 R=1, X = OMe

40 R = Me, X = OMe

#1 R=Ph, X = NHCH,CH=CH,
42 R = 2-furyl, X = OMe

36 R=H, X=NHCH,CH=CH,
37 R =H, X=NHCH,CH,;NMe,
38 R =H, X = azetidinyl

Figure 31. Geldanamycin analogues and trans- to cis-amide equilibrium.

Starting from commercially available geldanamycin, Moody
and co-workers prepared a wide variety of C19-substituted
analogues. As modification of this site through nucleophilic
addition possessed limited scope, the Moody group maximized
analogue diversity by employing Stille coupling reactions with
19-iodogeldanamycin 39, which was readily obtained in a
single step from 35. After successfully synthesizing 19-
methylgeldanamycin 40 in 86% yield, the Moody laboratory
attached several electron-rich and electron-deficient aromatic
groups to the C19 position in good to excellent yields. Since
17-substituted derivatives such as 36 and 37 showed earlier
clinical promise,'® the Moody group also synthesized multiple
analogues of their 19-substituted geldanamycin derivatives.

Interestingly, the 19-substituted analogues displayed higher
polarity than geldanamycin. Moody and co-workers undertook
conformational NMR studies as a means of examining whether
observed polarity resulted from the hypothesized trans- to cis-

This journal is © The Royal Society of Chemistry 2012
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amide isomerization. While 2D NMR work on geldanamycin
and the 17-amino derivative 38 suggested a preference for the
trans-amide conformation, the 19-substituted compounds
revealed substantial "H and '*C chemical shift differences that
implied a major change in the chemical environment
throughout the macrocycle. Quantitative NOE studies
performed on 19-phenyl-AAG 41 strongly suggested that the
cis-amide conformation formed predominantly in solution. The
resulting ‘C-clamp’ form seen in protein crystallography
studies moves the hydrophobic surface area into the heart of the
structure while exposing hydrophilic moieties to the solvent
resulting in the observed increase in polarity. X-ray
crystallography studies on 19-substituted analogue 42
confirmed these results, with the resulting crystal structure
overlaying well with that of protein-bound geldanamycin
(Figure 32).

Figure 32. Overlay of solid-state 42 (orange) with protein-bound 35 (gray).

Using N-acetylcysteine methyl ester as a model for
glutathione attack, Moody and co-workers determined that
while geldanamycin and 17-amino derivatives will react under
basic conditions, 19-methyl and 19-phenyl analogues do not.
To determine the biological implications of blocking
nucleophilic attack at C19, the Moody group tested several 19-
substituted derivatives using normal endothelial and epithelial
cells. The resulting data showed that these analogues exhibit
less toxicity than their parent compounds (35-37) in all tested
cases. Protein crystallography studies confirmed that the 19-
substituted compounds bind in the ATP site on Hsp90, although
the added steric bulk alters the quinone ring’s bound position
thus penalizing the molecule’s binding affinity. This work
reiterates how simple alterations to a polyketide’s structure can
have profound implications to its conformational preferences.

5. Polyketide Candidates for Conformation-Activity
Relationship Studies

In addition to the studies outlined above, several
biologically-active polyketides have received considerable
attention with regards to conformational analysis. However,
analogues designed to take advantage of their conformational
preferences have yet to be reported, making them prime
candidates for additional research in this area.

This journal is © The Royal Society of Chemistry 2012
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5.1. Peloruside A

In 2000, West and co-workers isolated the polyketide,
peloruside A 43, from the marine sponge Mycale hentscheli off
the coast of New Zealand.'” This unique polyketide exhibited
potent cytotoxicity with a mode of action similar to that of
paclitaxel.'® Additionally, 43 possessed comparable activity to
paclitaxel in both normal and P-glycoprotein multi-drug
resistant cell lines.'” Interestingly, incubation studies found
that unlike paclitaxel, excess laulimalide displaced peloruside,
indicating that 43 shares a non-taxol binding site with the
former. A subsequent study revealed that it also acts
synergistically with paclitaxel and epothilone, which enhances
overall antimitotic action.''® As the initial isolation yielded only
3 mg from 170 g of wet sponge, the Page laboratory attempted
culturing the parent sponge on a large scale. Although
successful in growing specimens, low yields and reproducibility
proved that aquaculture was an unreliable source.'"!

(o] OMe

Figure 33. Peloruside A.

Because of peloruside’s activity profile, complex structure,
and limited availability, it has been an attractive target for
synthetic groups. As the NMR solution studies in the isolation
paper provided only the relative stereochemistry, peloruside’s
initial total synthesis by De Brabander and co-workers in 2003
established the molecule’s absolute stereochemistry.''? In 2005,
our laboratory completed the first total synthesis of natural (+)-
peloruside A,''"* with an additional four total syntheses reported
to date.'' Although a number of analogues have been
synthesized and evaluated for biological activity, the severe
loss of activity demonstrated by peloruside congeners and
analogues thus far has shed little light on the overall SAR
picture.'"®

In 2006, Jiménez-Barbero and co-workers contributed to the
puzzle by investigating peloruside’s tubulin binding site along
with both the free and bound conformations.''® For the solution
conformation, they utilized conformational searches and
molecular dynamics simulations to generate a conformational
library, which they compared with data generated through
extensive NMR experiments in D,0. Their calculations
indicated that peloruside A exists in two conformational
families in solution, which differ mainly in the relative
orientation of the C9-C15 region (Figure 34). To determine the
bioactive conformation, Jiménez-Barbero and co-workers
employed similar transfer-NOE experiments used by
Carlomagno and Griesinger in their study of the epothilones.”!
They concluded that the TR-NOESY cross-peaks strongly
agreed with the earlier observed major solution conformation
B, thus identifying it as the bound structure. Finally, the group
used the above NMR-derived conformation in conjunction with
docking studies as a means of proposing a binding site for
peloruside on o-tubulin.
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Figure 34. Overlay of peloruside major solution conformers A (blue) and B
(green) in solution.

The relatively small number of conformations observed by
Jiménez-Barbero and co-workers in their molecular dynamics
simulations raised several questions within our laboratory. In
particular, we believed that the lack of rigidifying features
should not bias conformational preferences to such a degree.
Since the previous study utilized only the MM3 force field, our
group used additional force fields in Monte Carlo
conformational searches as a way of expanding peloruside’s
potential conformational space. After employing the MM2,
MM3, and OPLS-2001 force fields in generating
conformational libraries, we used our polar map methodology’’
to confirm that the rigidity conferred by the lactone ester (s-
trans), C2,C3-diol monoether (gauche effect), and C5-C9
dihydropyran (chair conformation) produced a relatively small
number of conformational families."'” Our group also found
that the C9-C15 region exhibited the previously-observed
flexibility. We envisioned that replacement of the C11 and C13
stereogenic centers with a set of olefinic Z and E isomers could
potentially offer additional insight into the tubulin-bound
conformation of peloruside A by altering the relative
populations of macrocyclic conformations.

(o} OMe

44

OMe

45

OMe

Figure 35. Spontaneous equilibration of pyran lactol 44 to open form 45.
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Unfortunately, the completed analogues were highly unstable
due to equilibration of the closed dihydropyran 44 to the
isomeric open keto-alcohol 45, which degraded within days.''®

The location of the peloruside/laulimalide-binding site on
tubulin was also a matter of some debate. While Jiménez-
Barbero and co-workers proposed an a-tubulin site based on
their docking studies, experiments performed by Schriemer and
co-workers identified a unique site on B-tubulin. They based
this prediction on hydrogen/deuterium exchange mass
spectrometry experiments, which tubulin mutation studies
further supported in 2011.""? Both the bound conformation and
the binding site were unequivocally confirmed earlier this year
with the publication of a tubulin-peloruside A co-crystal
structure.? Prota and co-workers found that peloruside binds to
the same B-tubulin site as laulimalide. Interestingly, its bound
conformation is highly similar to the solution structures found
earlier, differing only in the previously established flexible C9-
C15 region (Figure 36). Given the scarcity of natural peloruside
A and the activity loss demonstrated by its analogues and
congeners, there would be considerable value in designing
bioactive conformationally-simplified structures to facilitate
further biological studies.

Figure 36. Peloruside’s tubulin bound conformation (gray) overlaid with

proposed Diaz bound conformation B (green).

5.2. Zampanolide and Dactylolide

In 1996, Tanaka and co-workers isolated the natural product
(-)-zampanolide 46 from the marine sponge Fasciospongia
rimosa off the coast of Okinawa, Japan.'*® Over a decade later,
Field and co-workers also isolated the same molecule from a
Tongan marine sponge, Cacospongia mycofijiensis, collected
near ‘Eua Tonga."”' Biological evaluation performed by Field
and co-workers revealed that zampanolide possessed low
nanomolar cytotoxicity against multiple cancer cell lines and
exhibited potent microtubule-stabilizing activity. Similar to
other compounds discussed in this review, 46 showed no
sensitivity to ovarian cancer cells overexpressing the P-
glycoprotein multiple drug resistance pump. Intriguingly,
Riccio and co-workers isolated a structurally similar polyketide,
(+)-dactylolide 47, from the marine sponge Dactylospongia sp.
off the coast of the Vanuatu islands.'?® Although significantly
less cytotoxic than zampanolide, studies by the Field laboratory
established that 47 targets microtubules and promotes the in
vitro polymerization of tubulin in a similar fashion as
zampanolide. Moreover, Field and co-workers also discovered
that both zampanolide and dactylolide promote microtubule
polymerization by irreversibly alkylating 3-tubulin via a unique

This journal is © The Royal Society of Chemistry 2012
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covalent reaction between their o,B-unsaturated enone and the
B-tubulin residue H229.'%

Though zampanolide and dactylolide exhibit remarkable
biological activities, low isolation yields and minimal quantities
of material obtained from total synthesis have hindered further
biological studies. As a result, both our group and the Diaz
laboratory embarked on separate investigations of dactylolide’s
solution conformational preferences as a way of gaining insight
into the bioactive conformation of dactylolide and
zampanolide’s macrolide core.'**'** Our laboratory envisioned
that a detailed understanding of the molecule’s solution
conformational preferences and bioactive conformation would
greatly assist with future analogue design efforts.

Figure 37. Zampanolide 46 and dactylolide 47.

In 2012, the Diaz laboratory used two complementary NMR
spectroscopy based methods, STD (saturation transfer
difference)'*® and transfer-NOE spectroscopy, to determine
dactylolide’s bioactive conformation while bound to o,f3-
tubulin heterodimers and fully formed microtubules. In order to
accurately determine dactylolide’s bioactive conformation,
Diaz and co-workers explored the molecule’s available
conformational space employing Monte Carlo conformational
searches. Of these conformations, they selected the lowest-
energy conformer that best matched their experimental TR-
NOESY data (Figure 38).

Figure 38. TR-NOESY derived bioactive conformation of dactylolide while bound
to tubulin.

Since dactylolide undergoes fast exchange with tubulin, the

conformation reported by Diaz and co-workers represents only
one of several conformational families instead of an individual

This journal is © The Royal Society of Chemistry 2012
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structure. In 2013, our laboratory thoroughly explored
dactylolide’s solution conformational behavior utilizing a
combination of Monte Carlo conformational searches, coupling
constants, long-range NOE’s, and Smith’s DISCON
software.'** A conformational library was generated using the
combined results from three separate force fields, then
deconvoluted wusing DISCON’s clustering analysis. The
resulting ensemble consisted of three interconverting
conformational families that matched the NMR data more than
any single structure (Figure 39). As noted in our polar
coordinate map analysis, the minimization of A'“-strain
controlled most of the backbone torsional angles within the
macrolactone core. Interestingly, the two major families,
conformers A and B, showed similar conformational profiles
except for the orientation of the northern fragment and o,p-
unsaturated enone. In contrast, the minor conformational family
C somewhat resembled the other two families, except the C6-
C7 bond rotates 180° giving the macrolide core a twisted shape.

Figure 39. DISCON-derived solution conformations, major conformers A (blue)
and B (gray) and minor conformer C (green).

Direct comparison of zampanolide and dactylolide’s
coupling constant values shows a remarkable similarity
between the conformational preferences of the two molecules.
Thus, one may assume zampanolide’s side chain minimally
affects the macrolactone conformation. In 2013, Prota and co-
workers reported the high-resolution crystal structure of 46
covalently bound to tubulin, providing the bound
conformation.”” As shown in Figure 40, the only major
difference between zampanolide’s tubulin bound conformation
and solution conformation appears in the enone region of the
molecule. Our solution conformational analysis suggests this
flexible C9-C10 enone freely rotates on a plane perpendicular
to the pyran ring, with a preference for torsional angles of 0°,
120°, and -120°. The preference for these particular torsions
results from the minimization of A'*-strain through exclusively
eclipsed conformations. However, upon closer examination of
the C9 stereochemistry in the tubulin bound complex, we
noticed the C7-C9 enone must adopt the s-cis orientation
represented in solution conformer C prior to conjugate addition.
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Figure 40. Overlay of zampanolide co-crystal structure (green) bound to tubulin
H229 (gray) with solution conformer A (blue).

Since zampanolide makes few interactions with the Taxol
binding site, our laboratory believes that the design of potent,
bioactive zampanolide analogues should revolve around
structural alterations that minimally affect the molecule’s native
bioactive conformation. For instance, the Altmann laboratory
showed that a Cl13-desmethylene dactylolide analogue 48
displays roughly equipotent antiproliferative activity compared
with (-)-dactylolide. However, further excising the entire
tetrahydropyran subunit from 48 afforded ether 49, which
possessed reduced antiproliferative activity by over 20-fold.'*
One possible reason for this observed loss of cytotoxicity may
be the removal of the C15 stereogenic center, which results in
the subsequent loss of rigidifying A'?-strain. Thus, removing
the tetrahydropyran motif incorporates unnecessary degrees of
flexibility within the macrolactone backbone, ultimately
altering the molecule’s overall shape and potentially its tubulin
binding mode. Since introduction of the zampanolide side chain
to 49 restores much of this lost activity, this suggests that while
conformation may not be of paramount importance to tubulin
binding it does play a role. Further work is necessary to
determine the overall conformational requirements of
zampanolide’s biological activity.

48 49

Figure 41. Altmann’s dactylolide analogues, C13-desmethylene 48 and ether 49.

6. Conclusions

Polyketide natural products possess a wide range of
structural features that play a role in defining their
conformational preferences through fundamental steric,
electronic and electrostatic interactions. These evolutionarily
driven features confer the overall structure with defined

18 | J. Name., 2012, 00, 1-3

conformer populations while retaining backbone flexibility,
which likely provides energetic assistance during protein
binding and improved physical properties such as solubility and
membrane transport. Computer-based molecular modeling can
provide an accurate representation of the conformational
preferences of even the most complex polyketide structures.
The resulting library of potential conformers can be ordered
energetically through the use of solution NMR-derived
coupling constant and NOE data. As is clear from the case
studies covered within this review, protein-bound
conformations determined by X-ray crystallographic analysis
often show significant similarities to low-energy conformers
populated in solution.

7. Future outlook

From one perspective, conformational mimics can be
designed to maintain native conformer populations with
simplified structural features. This design strategy can address
supply issues for clinically bound polyketides in service of
function-oriented synthesis principles. Alternatively, the
addition of structural features that attenuate conformational
preferences can provide insight into the bound conformation
when coupled with biological activity studies. In either case, it
is clear that investigators cannot disregard the conformational
requirements of a polyketide’s biological activity in their
analogue design programs.
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