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Preface

The multifaceted conformational properties of tubulin have represented a challenge
for mechanistic and structural studies of the protein for the past 20 years. The con-
formational equilibrium between the dimeric and polymeric form of tubulin can be
controlled by different solvents (H,O, D,O, DMSO), cofactors (divalent ions, as
for example Mg**, GTP/GDP), or small molecules. Alternatively, depending on the
environment and concentration, tubulin can assemble in rings, protofilaments
sheets, or even amorphous aggregates. Small organic molecules bind to tubulin at
several, often flexible, sites, usually stabilizing the protein in one conformational
form. All in all, the large number of structural entities that tubulin can build,
together with the easy inter-conversion among them as a response to external con-
ditions, underlies an intrinsic flexibility of the protein and an amazing capacity of
rearranging the tertiary interaction network of well-defined structural domains.

In this book we review the current knowledge of the mechanistic and structural
aspects of the conformation switches triggered in tubulin by small organic mole-
cules. Despite years of research by many groups around the world, the structural
basis of the mechanisms of action of many tubulin binders is still unknown.
Mapping of a consistent pharmacophore at specific tubulin interaction sites is
tricky, due to the fact that each binding pocket in tubulin can accommodate mole-
cules with very diverse chemical scaffolds. The case of the microtubules stabilizing
agent Epothilone (Chapters 1, 3, 4, and 5) is exemplary: despite the presence of
activity data for hundreds of derivatives, no consensus has been reached either for
the bioactive conformation or for the binding mode to the protein, with two contra-
dicting models having been proposed by Nuclear Magnetic Resonance spectros-
copy (NMR, Chapter 4) and Electron Microscopy (EM, Chapter 5) studies. This
contradiction might reflect the different tubulin structural forms used in the two
studies or might be indicative of a constitutive problem encountered in the endeav-
our to describe the structural properties of a very flexible complex.

Tubulin binders are usually large and complex natural products. The difficulties
and challenges encountered in the chemical synthesis of these molecules and their
derivatives, with the goal of building solid structure-activity relationship (SAR)
datasets, are described in the first and second chapters of the book.

The first chapter focuses on the total synthesis of macrolide-based microtubules
stabilizing agents and on SAR data thereof, which have not been covered in other

ix



X Preface

reviews. The SAR data are discussed in light of the structural information available
for each agent.

The second chapter focuses on the total synthesis of the marine sponge-derived
polyketide discodermolide. A comprehensive survey of the synthetic chemistry
efforts of several groups over a 14-year period is provided together with a compari-
son of the different approaches.

The third chapter describes a comprehensive study of the mechanisms of activity
of microtubules stabilizing drugs. Thermodynamic, kinetic, structural and func-
tional data on microtubules stabilizing drugs are discussed in an interdisciplinary
manner to generate a “time-resolved” picture of the interaction of the drugs with
different tubulin forms.

The fourth and fifth chapters review the efforts and achievements made in the
characterization of the structure of the complexes of tubulin with microtubules
stabilizing agents by NMR (Chapter 4) and EM (Chapter 5). Especially evident is
the discrepancy of the results obtained for epothilones, where the two techniques
deliver radically different structures of the bound drug. Both NMR and EM models
are, however, able to explain a consistent set of SAR data. The authors of the two
chapters discuss critically the advantages and limitations of each methodology.

The sixth chapter reviews the structural studies of complexes of tubulin with
microtubules destabilizing agents performed by X-ray crystallography. The intel-
ligent use of a complex of two tubulin dimers and the stathmin-like domain of the
RB3 protein allows crystallization of the proteins in presence of microtubules
destabilizing agents. A mechanistic model for the activity of microtubules destabi-
lizing agents is provided on the basis of the structural results.

The last chapter is a comprehensive overview of the efforts made to understand
the pharmacophore of both microtubules stabilizing and destabilizing agents by
molecular modelling techniques. In the absence of converging structural informa-
tion, modelling is a viable technique to study the feasibility of ligand bound con-
formations and pharmacophore models, bearing in mind the intrinsic problems
associated with the structural flexibility of the binding site(s).

The broad range of techniques used by the authors of the book to investigate the
mechanisms of the conformational control exerted on tubulin by small organic
molecules is representative of the complexity of the problem. I hope that you will
enjoy reading this book: those of you who are actively working in the field of
tubulin-binding agents may find useful insights into the mechanisms of tubulin-
binding drugs and inspiration for new experiments; those of you who are not con-
cerned about tubulin-binding agents will appreciate this survey of the joined effort
of many scientists with different expertise around the world to address the intrigu-
ing and difficult problem of conformational control in tubulin.

Spring 2009 Teresa Carlomagno



Contents

Macrolide-Based Microtubule-Stabilizing Agents —
Chemistry and Structure-Activity Relationships.............c.cccccoecivnnnnene. 1
B. Pfeiffer, C.N. Kuzniewski, C. Wullschleger, and K.-H. Altmann

The Chemical Synthesis of Discodermolide..................c.ccooervieiinniennenne. 73
I. Paterson and G.J. Florence

The Interaction of Microtubules with Stabilizers Characterized
at Biochemical and Structural Levels.................cccccccovvviiiiiiic, 121
J.F. Diaz, J. M. Andreu, and J. Jiménez-Barbero

The Tubulin Binding Mode of MT Stabilizing
and Destabilizing Agents Studied by NMR...........c.ccooovviiiniieiiiniiceeees 151
Victor M. Sdnchez-Pedregal and Christian Griesinger

The Tubulin Binding Mode of Microtubule Stabilizing
Agents Studied by Electron Crystallography ...............cccooviviiiniiiiniennnns 209
James H. Nettles and Kenneth H. Downing

Microtubule-Destabilizing Agents: Structural and Mechanistic

Insights from the Interaction of Colchicine and Vinblastine

With TubUlin. ... 259
B. Gigant, A. Cormier, A. Dorléans, R.B.G. Ravelli, and M. Knossow

Molecular Modeling Approaches to Study the Binding Mode

on Tubulin of Microtubule Destabilizing and Stabilizing Agents............. 279
Maurizio Botta, Stefano Forli, Matteo Magnani, and Fabrizio Manetti

Xi



Top Curr Chem
DOI:10.1007/128_2008_7
© Springer-Verlag Berlin Heidelberg

The Chemical Synthesis of Discodermolide

I. Paterson and G.J. Florence

Abstract The marine sponge-derived polyketide discodermolide is a potent
antimitotic agent that represents a promising natural product lead structure in the
treatment of cancer. Discodermolide shares the same microtubule-stabilising mech-
anism of action as Taxol®, inhibits the growth of solid tumours in animal models
and shows synergy with Taxol. The pronounced cytotoxicity of discodermolide,
which is maintained against cancer cell lines that display resistance to Taxol and
other drugs, combined with its scarce availability from its natural source, has
fuelled significant academic and industrial interest in devising a practical total syn-
thesis as a means of ensuring a sustainable supply for drug development. This chapter
surveys the various total syntheses of discodermolide that have been completed
over the period 1993-2007, focusing on the strategies employed for introduction
of the multiple stereocentres and achieving control over the alkene geometry,
along with the various methods used for realising the pivotal fragment couplings
to assemble progressively the full carbon skeleton. This dedicated synthetic effort
has triumphed in removing the supply problem for discodermolide, providing suf-
ficient material for extensive biological studies and enabling its early stage clinical
development, as well as facilitating SAR studies for lead optimisation.

Keywords Anticancer, Natural products, Polyketides, Stereocontrol, Tubulin
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1 Introduction

The marine ecosystem provides an extensive source of structurally diverse natural
products isolated from numerous organisms including algae, molluscs, corals,
sponges, tunicates and phytoplankton, as well as associated microorganisms [1-4].
The biological activity of these compounds is often startling, demonstrating, for
example, potent cytotoxic, immunosuppressive and antibiotic properties making
them of interest to the pharmaceutical industry [5-8]. However, the low natural
abundance of many of these lead structures means that realistic and practical syn-
thetic routes are required to provide material to investigate and exploit further their
biological activity [8, 9]. These factors, combined with the exquisite molecular
architectures that many of these compounds possess, offer demanding challenges to
the modern synthetic chemist. In particular, the marine polyketide discodermolide
(1, Fig.1) has inspired intense synthetic activity, due to its biological profile and
potential as a new generation anticancer agent given the onset of multidrug resistance
in established cancer chemotherapies (see [10—13] for previous reviews on the
synthesis of discodermolide; see [14] for a recent review on the synthesis of bioactive
marine polyketides; see [15, 16] for an excellent recent review of microtubule-
stabilising natural products.

1.1 Isolation and Structure of Discodermolide

Discodermolide (1) is a unique polyketide isolated by Gunasekera and co-workers
at the Harbor Branch Oceanographic Institution in 1990 from the Caribbean deep-
sea sponge Discodermia Dissoluta [17, 18]. This sponge was collected at a depth
of 33m and several other new Discodermia species containing discodermolide were
collected by manned submersibles at depths between 185 and 220m. These samples
were exhaustively extracted and purified to provide discodermolide in an initial
isolation yield of 0.002wt% from frozen sponge. Its gross structure was determined
by extensive spectroscopic studies and the relative configuration was established by
single crystal X-ray crystallography as shown in Fig.1. Structurally, discodermolide
bears 13 stereogenic centres, a tetrasubstituted 8-lactone (C1-C5), one di- and one
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X-ray structure of discodermolide (1).
Hydrogens omitted for clarity

Fig.1 Structure of discodermolide

tri-substituted (Z)-double bond, a carbamate moiety (C19) and a terminal (Z)-diene
(C21-C24). Discodermolide adopts a U-shaped conformation in the solid state,
where the (Z)-olefins at C13—C14 and C8-C9 act as conformational locks by
minimising A(1,3) strain between their respective substituents. The &-lactone
adopts a boat-like conformation with H-bonding between the lactone moiety and
the C7-OH group, which is retained in solution [19].

1.2  Biology of Discodermolide

Discodermolide was initially reported to be a potent immunosuppressive agent,
both in vivo and in vitro, comparable with FK-506 and rapamycin, as well as
displaying antifungal activity. It inhibited T-cell proliferation with an IC,, of 9nM
in the mixed leukocyte reaction and graft vs host disease in transplanted mice
[20, 21]. Further biological screening revealed pronounced cytotoxicity, causing

cell cycle arrest at the G2/M phase in a variety of human and murine cell lines, with
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IC,, values ranging from 3 to 80nM. In a similar fashion to Taxol, discodermolide
functions by microtubule stabilisation, halting mitosis and causing cell death by
apoptosis [22]. Discodermolide is an important member of a unique group of
secondary metabolites (Fig.2) that act as microtubule-stabilising agents and mitotic
spindle poisons, which currently include Taxol (paclitaxel) (2) [23], epothilones A
(3) and B (4) [24], sarcodictyin A (5) [25], eleutherobin (6) [26], laulimalide (7)
[27], FR182877 (cyclostreptin) (8) [28], peloruside A (9) [29], dictyostatin (10)
[30-32] and the semi-synthetic Taxol analogue, Taxotere (11) [33]. Despite the lack
of structural similarities, the cytotoxicity and microtubule stabilising properties of
discodermolide are comparable to Taxol. Moreover, the growth of Taxol-resistant
ovarian and colon carcinoma cells are inhibited by discodermolide (IC, <2.5nM)
[34]. Initial investigations into determining the discodermolide binding site through
competition studies with radiolabelled Taxol suggested it occupied an identical or
similar binding site on B-tubulin [35]. In comparative studies with the Taxol-
dependent human lung carcinoma cell line A549-T12, discodermolide was unable
to act as a substitute for Taxol, whereas the epothilones and eleutherobin were
able to maintain the viability of the cell line [36]. Significantly, a synergistic poten-
tiation of discodermolide’s cytotoxicity was observed, when used in combination
with Taxol, suggesting that discodermolide may bind to tubulin at a distinct site
from Taxol. More recent in vivo studies on ovarian tumour xenograft bearing mice
have also shown this synergy, inducing tumour regression without toxicity to the
mouse [37]. Notably, these studies suggest that the synergistic combination of
Taxol and discodermolide may offer a useful therapy, minimising the plethora of

o
R'kNH o)
Ph )
OH
2: TaxolR' = Ph, R® = Ac 3: epothilone AR =H

11: Taxotere R' = 'BuO, R2=H  4: epothilone BR = Me

o 8: FR182877

OA
¢ (cyclostreptin)
6: eleutherobin O OH

OH

9: peloruside A 10: dictyostatin

Fig. 2 Structures of other microtubule-stabilizing natural products
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toxicity related side-effects that are observed in the clinic with high doses of Taxol.
In 2006, the group of Carlomagno elucidated the bioactive conformation of
discodermolide bound to soluble tubulin by using elegant NMR studies and
proposed a common pharmacophore with the epothilones [38].

The highly encouraging biological profile of discodermolide led it to become a
promising candidate for clinical development as a chemotherapeutic agent for
breast cancer and other multi-drug-resistant cancers. This potential was recognised
by Novartis Pharma AG, who licensed discodermolide from the Harbor Branch
Oceanographic Institution and launched an impressive large-scale total synthesis
campaign to supply material for clinical trials for the treatment of advanced solid
malignancies. However, these trials have since been halted due to toxicity associated
with the chemotherapy [39].

2 Total Synthesis

While the early clinical development of Taxol was severely hampered by the supply
problem, this was eventually resolved by semi-synthesis from 10-deacetyl baccatin
III, obtained from the needles of the common European yew tree. In comparison,
the epothilones, which are currently in advanced clinical trials as anticancer agents,
are obtained by fermentation [40]. Ixempra®, the lactam analogue of epothilone B
which is obtained by semi-synthesis, has recently been approved by the FDA in the
United States for the treatment of advanced breast cancer [41]. Unfortunately, a
fermentation process is not as yet possible for discodermolide, even though as a
polyketide it is presumably produced by a symbiotic microorganism associated
with the sponge source (see [42] for a review on symbiotic bacteria as a source of
marine natural products). Therefore, the supply problem for discodermolide could
only be resolved via total synthesis. Consequently, there has been considerable
synthetic effort directed towards discodermolide, culminating in 13 completed total
syntheses reported by 8 groups [43-55] and numerous fragment syntheses [55-97].
This chapter highlights the total syntheses of discodermolide by ourselves and the
groups of Schreiber, Smith, Myles, Marshall, Panek, Ardisson, and the Novartis
process chemistry team in Basel led by Mickel. The key carbon-carbon bond dis-
connection strategies employed in all these approaches are highlighted in Fig.3. In
particular, we focus on the strategies employed to configure the multiple stereo-
genic centres, the methods employed to introduce the synthetically challenging
(Z)-olefins and the pivotal fragment coupling steps.

2.1 Schreiber Total Synthesis

Schreiber and co-workers reported the first total synthesis of (—)-discodermolide
(ent-1) in 1993, confirming the relative stereochemistry and establishing the absolute
configuration [43, 44]. In 1996, they reported the first synthesis of the natural
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Schreiber _
Myles Schreiber
Marshall Smith (I-1V) Myles
Ardisson Paterson (IIl)
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Fig. 3 Key disconnections employed in completed syntheses of discodermolide

antipode (+)-discodermolide (1), following an almost identical route performed in
the correct enantiomeric series (Scheme 1), along with several analogues designed
to study the mode of tubulin binding and microtubule stabilizing properties [44].
Their synthetic strategy towards (+)-discodermolide involved key fragment cou-
plings via Nozaki-Kishi addition [98-101] at C7-C8 and enolate alkylation at
C15-C16, requiring the three key subunits 12 (C1-C7), 13 (C8-C15) and 14
(C16-C24). In turn, the homoallylic alcohols 15 and 16 served as building blocks
for the subunit synthesis, accessible via Roush crotylation reactions with the alde-
hyde 17 [102], derived from Roche ester 18 which serves as a starting point in all
of the synthetic endeavours reported to date.

The C1-C7 aldehyde 12 was prepared in eight steps starting with the Roush
crotylation of aldehyde 17 (Scheme 2) [102]. Ozonolysis and chain extension of 15
provided (E)-enoate 19; the C5 stereocentre was then introduced via an Evans-
Prunet hetero-Michael addition [103]. Transformation of 20 into aldehyde 12 was
completed in six steps. The C16—C24 methyl ketone 14 was obtained in seven steps
from homoallylic alcohol 15. Protection, ozonolysis and Stork-Wittig olefination
[104] of the intermediate aldehyde was followed by a palladium-catalysed Negishi
coupling [105] of vinyl iodide 21 with vinyl zinc bromide to introduce the terminal
(Z)-diene unit in 14. The synthetically demanding C13-C14 trisubstituted (Z)-
alkene found in 13 was introduced by Still-Gennari HWE olefination (Z:E2>20:1)
[106], following silyl protection and ozonolysis of 16. Protecting group manipula-
tions with the resulting (Z)-enoate 22 and homologation to iodoacetylene 13 via
oxidation, alkylation and iodination at C8 completed the final subunit.

Assembly of the subunits began with the Nozaki-Kishi coupling reaction of
iodoacetylene 13 and aldehyde 12, in the presence of CrCl/NiCl, to provide
propargylic alcohol 23, with 3:1 dr at C7 (Scheme 3). The four-step conversion
to bromide 24 was followed by the enolate alkylation of methyl ketone 14.
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Scheme 1 Schreiber’s synthetic strategy

Further alkylation of the lithium (Z)-enolate of 25 with methyl iodide gave 26,
introducing the C16 stereocentre (3:1 dr) and completing the carbon backbone.
Oxidation at C1 and carbamate formation gave 27 which underwent a chelation-
controlled reduction at C17 (30:1 dr). Finally, global deprotection completed the
synthesis of discodermolide (1), with an overall yield of 4.3% achieved over 24

steps in the longest linear sequence.

The Schreiber synthesis is particularly noteworthy in that the absolute configura-
tion of discodermolide was assigned unambiguously, and through the preparation
of numerous analogues the first structure-activity relationship study was possible
[35, 44]. Their synthesis of the unnatural antipode (ent-1) also led to the unexpected

=

o]

18

discovery that it causes cell cycle arrest in the S-phase [107].

2.2 Smith Total Syntheses

2.2.1 First Generation (1995)

Smith and co-workers reported their initial synthesis of (-)-discodermolide (ent-1)
in 1995 [45]. They invoked key fragment unions at C8—C9 and C14-C15 via Wittig
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1. Paterson and G.J. Florence

olefination and Negishi cross-coupling [105], respectively (Scheme 4), dividing the
carbon skeleton into three key subunits 28 (C1-C8), 29 (C9—C14) and 30 (C15-C21).
Smith recognized the repeating stereotriad found in all three subunits and took
advantage of a common precursor 31 for fragment synthesis. For clarity of presenta-
tion, the Smith first-generation synthesis is shown here in the correct enantiomeric
series corresponding to natural (+)-1.

The common precursor 31 was configured using the Evans syn aldol reaction of pro-
pionimide 33 with the aldehyde 32, available in three steps from Roche ester 18 (Scheme
5) [108-111]. The (Z)-alkenyl iodide at C14 was introduced by a Zhao-Wittig olefination
on aldehyde 34 in moderate yield with variable selectivity (Z:E = 8-17:1) [112, 113]. The
synthesis of the C15—C21 segment 30 utilized a second Evans aldol reaction to configure
the C16-C17 syn-relationship to provide 35 which was transformed into iodide 30. A
palladium-catalysed Negishi cross-coupling of the corresponding zincate from the C14
vinyl iodide 29 with iodide 30 then gave the C9—C21 segment 36 [105]. The synthesis of
the C1-C8 thioacetal aldehyde 28 began with the six-step elaboration of 31 to dithiane 37,
coupling with epoxide 38 was then followed by dithiane cleavage and Evans-Saksena
1,3-anti reduction of the intermediate B-hydroxy ketone to provide 39 [114], and installing
the C7 stereocentre. A further 5 steps were then required to access the B-ethylthioacetal
aldehyde 28, giving a total of 14 steps from 31.

As shown in Scheme 6, the elaboration of the C9—C21 fragment 36 to phosphonium
salt 40 proved problematic, requiring the treatment of the intermediate iodide 41 with
triphenylphosphine at ultrahigh pressure (12.8kbar) for six days. The (Z)-selective Wittig
coupling of aldehyde 28 and phosphonium salt 40 then gave the C1-C21 intermediate 42

Wittig olefination ~ Negishi coupling

N9 \~‘ 21\

11 7 OH O O
18 \’4 Yamamoto

OH NH,  olefination

ﬂ Evans aldol reaction

EtS o\\ E ' |
\ 8 H = 114
JT\J omss T 7 ot
,,,,, . TBSO 0. _O
: PMBO OTBS ) g
OTBS g 29 Zhao- Wittig 30 PMP
| olefination
: Me
H A N.
= \ OMe
PMBO O PMBO OH\ O
32 31 Evans aldol reaction

Scheme 4 Smith’s first-generation strategy
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OTBS PMP
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Scheme 5 Smith’s synthesis of C1-C8, C9—-C14 and C15-21 subunits, and assembly of C8-C21
intermediate

(Z:E = 49:1). At this stage, the (Z)-diene unit was introduced utilizing the Yamamoto
olefination protocol to give 43 [115]. A further five steps were then required to complete
Smith’s first-generation synthesis of (-)-discodermolide (ent-1), in 2.2% overall yield over
28 steps in the longest linear sequence based on the C1-C8 aldehyde 28.

2.2.2 Second Generation (1999)

Smith and co-workers reported their second-generation approach to discodermolide
in 1999, which was now performed in the correct enantiomeric series [46—48]. By
carefully redesigning the route, the overall number of steps was significantly
reduced and, importantly, it enabled a gram-scale synthesis. As outlined in Scheme 7,
the key bond constructions at C8—C9 and C14—C15 were retained, while strategic
modifications involved the earlier introduction of the terminal (Z)-diene unit in 44
and a revised C1-C8 subunit 45.

As shown in Scheme 8, the synthesis of aldehyde 45 was achieved in eight steps
utilizing the common precursor 31 [46-48]. Remarkably, the Mukaiyama aldol
addition of silyl enol ether 46 to aldehyde 47 proceeded with anti-Felkin selectivity,
which was attributed to involvement of the Weinreb amide and aldehyde carbonyl
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- 21 36: R = OPMB —I 1.DDQ, 98%
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OTBS 42
1. DIBAL-H, 88% 3. PhaPCH,CH=CH,, BuLi, Ti(OPr),,

2. SO4%py, DMSO, EtsN 96% | Mel, 70%, Z: E =16 : 1

TBSO,,,
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1. HgCl, 3.DDQ, 95%
2. DMSO, Ac,0 | 4. CI3CCONCO, 83%
82%, 2 steps 5. HF, MeCN, 60%

ent1: ent-discodermolide

28 steps from ent-18;
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Scheme 6 Smith’s first-generation assembly of discodermolide
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\l)L HO
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31 36

Scheme 7 Smith’s second-generation strategy
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TiCly; TFA,
77%,>20:1atC5

K-Selectride, 79% | then 2 steps, 79%
9:1dratC7

TBSO,, _CHO

Scheme 8 Smith’s synthesis of revised C1-C8 subunit OTBS

oxygens in forming an eight-membered chelate with the titanium Lewis acid, and
after work-up and acid-catalysed 8-lactonisation with TFA this gave the ketone 48.
K-Selectride reduction at C7 (9:1dr), followed by TBS protection and ozonolysis
provided 45, in 13 steps and 21% overall yield from 18 [70-97].

Starting from the C9—C21 fragment 36, the installation of the terminal Z-diene
unit was achieved in a five-step sequence, in which the Yamatoto olefination gave
a Z:F ratio of 8—14:1 (Scheme 9) [115]. The phosphonium salt 49 was prepared
from 44 in two steps, again requiring ultrahigh pressure conditions. The Wittig
coupling of phosphonium salt 49 and aldehyde 45 then gave 50 (Z:E = 15-24:1).
A further three steps were required to complete Smith’s second-generation synthe-
sis of discodermolide, which proceeded in an improved 6% yield over 24 steps (long-
est linear sequence). The Smith second-generation synthesis is notable in that it
provided an impressive 1.04 g of discodermolide, enabling extensive biological and
preclinical evaluation. However, further scale up of this route would pose signifi-
cant technical challenges due, in particular, to the limited availability of suitable
ultrahigh pressure reactors for performing large-scale preparations of the pivotal
phosphonium salt 49. This limiting factor was then addressed in a third-generation
approach [49].

2.2.3 Third Generation (2003)

Although the Smith second-generation synthesis offered several improvements
over their initial route, the use of the ultrahigh pressure over extended time periods
in the formation of the key Wittig salt 49 severely limited the possibility of further
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1: discodermolide
24 steps from 18;
6.0% overall

Scheme 9 Completion of Smith’s second-generation synthesis

scale-up. Thus, the Smith group’s third-generation synthesis addressed this limiting
step [49], through the simple replacement of the sterically demanding TBS group
at C11 with a MOM group in 51, while retaining the successful C14-C15 and C8-
C9 coupling strategy (Schemel0).

As detailed in Schemel 1, a Negishi-type coupling of 30 and the revised C9-C14
subunit 52, readily derived from 31, followed by an established sequence gave
alcohol 53 [46-48], in preparation for phosphonium salt formation. Conversion into
the intermediate iodide and reaction with triphenylphosphine at ambient pressure
proceeded smoothly to give 51 in 70% yield. However, Wittig olefination of alde-
hyde 45 with 51 using methyl lithium/lithium bromide for deprotonation generated
the C8—C9 (2)-olefin with substantially reduced selectivity (third generation = 4:1,
c¢f second generation = 24:1). Conversion into discodermolide then required three
steps, giving a 1.9% overall yield over 24 steps in the longest linear sequence.

This revised strategy demonstrates that a simple change in hydroxyl protecting
groups can markedly influence reactivity and selectivity. While formation of the
Wittig salt 51 could now be achieved at atmospheric pressure, its coupling with
aldehyde 45 only proceeded in moderate yield and selectivity.

2.2.4 Fourth Generation (2005)

In 2005, Smith and co-workers reported their fourth-generation synthesis of discoder-
molide [50]. Using the Suzuki-coupling at C13—C14 developed by Marshall [53, 54,
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1: discodermolide

Scheme 10 Smith’s third-generation strategy

a1 8sters  bvso _
14

37%
OMOM
52
!BuLi, ZnCly;
Pd(PPh3)4, 80%;
then 6 steps, 50%

OMOM

1. PPhg, I 70% over 2 steps
2. PPhg, Pr,NEt, 100 °C

N
I'PhsP

OMOM

45
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1: discodermolide
1.9%, 24 steps from 18

Scheme 11 Smith’s third-generation synthesis

116], a revised strategy was devised based on reversing the order of the key fragment
couplings. Thus, a Wittig olefination at C8—-C9 between a modified C1-C8 aldehyde
54 and phosphonium salt 55 was followed by C14—C15 bond formation with the
C15-C24 subunit 56, as shown in Schemel2. These modifications were designed to
further increase the overall efficiency and convergency of their approach.
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Scheme 12 Smith’s fourth-generation strategy
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Scheme 13 Smith’s synthesis of the C15-C24 subunit

As outlined in Schemel3, the synthesis of the C15—-C24 subunit 56 started with
an Evans aldol reaction between the aldehyde 57 and 58 [108—111]. Transformation
into aldehyde 59 and a Brown crotylation then gave 60 [117], which was converted
into 56 in five steps.

The C1-C8 aldehyde 54 and the C9-C14 Wittig salt 55 were accessed from pre-
viously reported intermediates 48 and 52 (Schemel4). A Wittig olefination of
aldehyde 54 with 55 gave the C1-C14 intermediate 61. In turn, a Suzuki coupling
of the boronate derived from 56 with 61 provided 62 [116]. Following their estab-
lished endgame, the synthesis of discodermolide was now achieved in 9.0% overall
yield with 17 steps in the longest linear sequence.
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Scheme 14 Completion of Smith’s fourth-generation synthesis

2.3 Mpyles Total Synthesis

Myles and co-workers reported the synthesis of (—)-discodermolide (ent-1) in 1997
[51]. This was followed by their synthesis of the natural antipode in 2003, exploit-
ing an analogous coupling strategy with improved subunit syntheses, the details of
which are presented here [52]. The Myles approach to discodermolide relied on key
bond unions at C7-C8 (Nozaki-Kishi) and C15-C16 (enolate alkylation) giving
rise to the subunits 63 (C1-C7), 64 (C9-C15), and 65 (C16—C21) (Scheme 15). The
synthesis of these subunits utilized a combination of both substrate and reagent
controlled reactions, including a novel solution to the installation of the C13—-C14
(Z)-trisubstituted olefin using the cycloadduct 66 [118].

The synthesis of the C9—C15 subunit 64 commenced with the cyclocondensation
of aldehyde 67 and diene 68 to provide dihydropyrone 66 (Scheme 16) [118]. A
Luche reduction [119, 120] and acid-mediated Ferrier rearrangement gave lactol
69 [121], installing the C13—-C14 (Z)-trisubstituted olefin. A further five steps
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Scheme 15 Myles’ synthetic strategy

were then required to access 64, involving the reductive opening of 69 followed by
a series of protecting and functional group manipulations. The C16—C21 subunit 65
was conveniently accessed from the Smith common precursor 33. Myles’
improved synthesis of the C1-C7 subunit 63 began with the tin-mediated allylation
[122-124] of 70 under chelation control (>20:1dr), which after silyl protection and
debenzylation provided 71. The C2 and C3 stereocentres were configured via an
Evans aldol reaction [108—111] and the resulting adduct was converted into 63 over
four steps.

As shown in Schemel7, Myles’ fragment assembly began with the demanding
enolate alkylation of ketone 65 with iodide 64 to form the C15—-C16 bond, a tactic
previously explored by both Schreiber and Heathcock with little success [44, 71].
The combination of MOM protection at C19 in 65 and lithium amide base in a mixed
hexanes/THF solvent system proved essential to the success of this alkylation (6:1dr
at C16) [51, 52]. A chelation directed reduction of 72 afforded 8:1 selectivity at C17,
which after a series of protecting group manipulations provided 73. A Stork-Wittig
olefination (Z:E = 20:1) [104] and elaboration into aldehyde 74 was followed by the
introduction of the terminal (Z)-diene unit via addition of allylboronate 75 and
Peterson-type elimination of the resulting 1,2-anti hydroxy-silane to give 76
(Z:E = 20:1) [125, 126]. Following formation of carbamate 77, the stage was set for
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Scheme 16 Myles’ synthesis of C1-C7, C9—C15 and C16—C21 subunits

the Nozaki-Kishi coupling with 63. In Myles’ initial synthesis of ent-1 employing
Imol% NiCL/CrCl, in DMSO, this coupling gave low yields and selectivity at C7
(20-40%, 2.5:1dr). However, employing Kishi’s chiral bispyridinyl ligand with
20mol% NiCl,/CrCl, in THF provided adduct 78 in more reliable, albeit moderate,
yields with slightly improved selectivity at C7 (3:1dr) [127]. Finally, global depro-
tection with concomitant d-lactonization gave discodermolide in 1.1% overall yield
over 22 steps in the longest linear sequence from 67. The Myles synthesis, akin to
the Schreiber approach, highlighted the limited utility of the Nozaki-Kishi bond
disconnection at C7—-C8 in terms of both yield and control over the C7 stereocentre.

2.4 Marshall Total Synthesis

In 1998, Marshall and co-workers demonstrated the utility of allenyl metal addition
methodology for the synthesis of the polypropionate subunits contained in disco-
dermolide [53, 54]. As outlined in Scheme 18, Marshall divided the carbon backbone
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Scheme 17 Myles’ subunit assembly and completion of discodermolide

of 1 into three segments 79 (C1-C7), 80 (C8-C13) and 81 (C15-C24), reliant on
lithium acetylide addition to an aldehyde at C7—C8 and Suzuki cross-coupling at
C14-C15 [116]. This latter bond construction appears to have significant advan-
tages over Smith’s Negishi-type coupling due to its greater robustness and scalabil-
ity, and was subsequently adopted by Novartis in their process development
scale-up effort (see Sect. 2.8) [65-69].
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Scheme 18 Marshall’s synthetic strategy

The synthesis of the C1-C7 and C8—C13 subunits 79 and 80 began with the
addition of the chiral allenylzinc species, generated in situ from the treatment of
propargylic mesylate 82 with Et Zn/catalytic Pd(0), to aldehyde 83 (Schemel9)
[53, 54]. Completion of the C1-C7 subunit 79 required ten further steps in which
84 was converted into propargylic alcohol 85 and subsequently underwent alkyne
reduction, Sharpless epoxidation and directed hydride opening of the resulting
epoxide to introduce the C5-OH stereocentrem [54]. Stereoselective addition of the
lithium anion of 80-79 (6:1dr at C7), followed by a Lindlar hydrogenation and
protecting group adjustments gave 86. Oxidation and a Zhao-Wittig olefination
provided the C1-C14 intermediate 87 in moderate yields with variable Z:E ratios
ranging from 1.3 to 9:1.

In the synthesis of the C15—-C24 subunit 81, Marshall utilized the Lewis-acid
promoted addition of the allenylstannane 88 to aldehyde 17 to configure the syn
stereotriad in 89 (Scheme 20) [128, 129]. A five-step sequence was then required
to configure the C19-C20 stereocentres, involving hydroalumination, Sharpless
epoxidation and epoxide opening with lithium dimethylcyanocuprate. Conversion
of 90 into aldehyde 91 was followed by (Z)-diene installation using the Paterson
and Schlapbach protocol [75], involving sequential Nozaki-Hiyama addition of
allylbromosilane 92 and Peterson-type elimination. Following manipulation of the
C15-terminus, iodide 81 was transformed into the intermediate C15—-C24 boronate
93 for the Suzuki cross-coupling reaction with 87, thus assembling the C1-C24
intermediate 94. A further nine steps involving a series of protecting group manipu-
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Scheme 19 Marshall’s synthesis of the C1-C14 intermediate

lations and oxidation state adjustments then completed Marshall’s synthesis of
discodermolide in 2.2% overall yield over 29 steps (longest linear sequence).

The Marshall synthesis clearly demonstrated both the versatility of allenyl metal
methodology for the preparation of polypropionate arrays and the utility of the
Suzuki cross-coupling in complex fragment assembly.
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Scheme 20 Marshall’s synthesis of the C15-C24 subunit and completion of discodermolide
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2.5 Paterson Total Synthesis

2.5.1 First Generation (2000)

In 2000, Paterson and co-workers reported their first-generation synthesis of discoder-
molide [55-57]. As shown in Scheme 21, their novel construction of the carbon skel-
eton of discodermolide relied on an ambitious boron aldol coupling reaction at C6—C7
between methyl ketone 95 and the advanced (Z)-enal 96, and an equally challenging
lithium-mediated aldol reaction at C16—C17 between aryl ester 97 and aldehyde 98,
thus installing three new stereogenic centres in the fragment union steps. In turn, the
anti aldol reactions of the respective chiral ethyl ketones 100-102 were used to con-
figure the stereochemical motifs in the three subunits 95 (C1-C6) [130], 97 (C9-C16)
[131] and 98 (C17-C24) [131-138] (see [139] for a review). In addressing the instal-
lation of the trisubstituted (Z)-alkene in 97, the application of Holmes’ Claisen rear-
rangement methodology provided a further novel solution [140-144], which also
introduced the correct oxidation state for the planned C16—-C17 aldol coupling.

As outlined in Scheme 22, the synthesis of the C1-C6 subunit 95 commenced with
the anti aldol reaction of the ethyl ketone 100, prepared in three steps from Roche ester
18, and acetaldehyde, with in situ reduction to give diol 103 (>30:1dr) [130, 132-136,
145, 146]. Completion of 103 then required a series of protecting group manipulations

B aldol reaction

(o)
1
B aldol reaction Li aldol reaction 24
/z\)\ :\:\/\/l\f
B P N /A _
MeO,C”~ Tl/ N X TN
TBSO O H = (I) OYO
95 TBS
OTBS NH,

ﬂ 96

OAr
Bnov\[H B aldol reaction B aldol reaction
o) PMBO . J/
100 : + Huz J\/
OTBS o oPMB |
97 98  Nozaki-Hiyama/

ﬂ Peterson elimination

PMBO
VWH YOBZ
102

Scheme 21 Paterson’s first-generation strategy
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Scheme 22 Paterson’s synthesis of the C1-C6, C9—C16 and C17-C24 subunits

and oxidation state adjustments. The synthesis of the C9—C16 aryl ester 97 began with
the anti aldol reaction of ethyl ketone 101 and methacrolein to provide 104 (>30:1dr)
[130, 132-136]. A 1,3-anti reduction provided diol 105 (>30:1dr) [114], which then
underwent transacetalisation with 106. Following the Holmes protocol [140-144], oxi-
dation of 107 followed by thermal selenoxide elimination gave the transient ketene acetal
which underwent Claisen [6, 6] rearrangement to afford the 8-membered lactone 108,
introducing the trisubstituted C13—C14 (Z)-alkene cleanly. Opening of 108, esterification
and TBS protection then completed 97. The synthesis of the C17-C24 aldehyde 98
began with an anti aldol reaction between the lactate-derived ketone 102 and the alde-
hyde 17 to provide 109 (>30:1dr) [131, 137, 138]. Transformation to aldehyde 110 was
followed by the Paterson and Schlapbach diene installation, involving sequential Nozaki-
Hiyama allylation with bromide 92 and Peterson elimination [75]. Conversion of 111
into aldehyde 98 then paved the way for the first of the key fragment unions.

As shown in Scheme 23, the lithium-mediated anti aldol reaction of the aryl ester
97 and aldehyde 98 gave the expected Felkin-Anh adduct 112 (30:1dr) [147, 148].
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Following ester reduction, either in situ or upon isolation of 112, the superfluous
oxygen functionality at C16 in diol 113 was removed and converted into intermedi-
ate 114 in four steps. Selective primary oxidation with TEMPO [149], followed by
a Still-Gennari HWE olefination [106] installed the C8—C9 (2)-olefin in 115 (Z:E
=> 30:1). Transformation into enal 96 required three further steps, prior to the final
C6—C7 aldol coupling. Considerable effort was required to secure the desired
adduct 116 bearing the correct C7 configuration [56, 57]. Using the achiral boron
reagent ¢ Hex,BCl for enolization of 95 gave the undesired (7R)-adduct 117 (7:1dr).
This unprecedented selectivity arose from high levels of remote 1,4-stereoinduction
imparted by the aldehyde component. In order to overturn the t-facial bias of alde-
hyde 96, the chiral (+)-Ipc,BCl reagent was employed and the desired (75)-adduct
116 was now obtained with 5:1 dr (see [139] for a review) [150-152]. An Evans
1,3-anti reduction of 116 introduced the final stereogenic centre at C5 (>30:1dr)
[114], which following acid-mediated desilylation and &-lactonization gave disco-
dermolide, completing the Paterson group’s first-generation synthesis in 10.3%
yield over 23 steps (longest linear sequence).

The Paterson first-generation synthesis of discodermolide provides a clear dem-
onstration of the utility of complex boron aldol reactions in the context of polyketide
natural product synthesis. Recently, Paton and Goodman reported theoretical DFT
studies of related boron aldol transition states to rationalise the very high degrees
of stereoselectivity obtained in these powerful reactions [153]. In contrast to previ-
ous syntheses, essentially complete control was now achieved over the double bond
geometries and the only step proceeding with less than optimal stereocontrol was
the final mismatched aldol coupling. However, it is notable that the Novartis
process group chose to adopt the key C6—C7 aldol disconnection in their large-scale
synthesis of discodermolide for clinical trials (see Sect. 2.8).

2.5.2 Second Generation (2003)

In 2003, Paterson and co-workers reported a second-generation strategy for the
synthesis of discodermolide, which aimed to eliminate the use of all chiral reagents
and auxiliaries, and reduce the total number of synthetic steps (Scheme 24) [58,
59]. These specific aims were achieved by employing an unprecedented aldol cou-
pling at C5-C6 between C1-C5 aldehyde 118 and the advanced C6—-C24 methyl
ketone 119 and utilising diol 120 as a common precursor for the synthesis of the
three subunits 118, 121 (C9-C16) and 98 (C17-C24).

The common precursor 120 was prepared in two steps from ethyl ketone 101 on
a multigram scale (Scheme 25), where the 1,3-anti methyl groups were configured
by a boron aldol reaction with formaldehyde (20:1dr) [130, 132—-136]. Aldol adduct
122 then underwent a hydroxyl-directed reduction to provide diol 120 (10:1dr). The
C1-CS5 subunit 118 was prepared in six steps from diol 120, starting with the selec-
tive TEMPO oxidation of the C1-OH to give aldehyde 123, and five further steps
involving oxidation state adjustments and protecting group manipulations followed.
Aldehyde 123 was also used in the five-step preparation of the C9—C16 subunit 121.
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Scheme 24 Paterson’s second-generation strategy

The trisubstituted (Z)-olefin was introduced by Still-Gennari HWE olefination, as
precedented by Schreiber [43, 44, 106], and following silyl protection provided 124.
Conversion into the iodide 125 was followed by alkylation with the lithium enolate
of aryl ester 126, to complete the C9—C16 subunit 121. The synthesis of the C17-
C24 subunit 98 from 120 began with a four-step sequence involving protecting group
manipulations and oxidation at C21 to provide aldehyde 127, converging with the
earlier route to 98 [55-57].

As outlined in Scheme 26, assembly of the subunits began with the lithium-
mediated aldol coupling of 121 and 98 to provide 129 (6:1dr) [147, 148]. which was
converted into the diol 114, following the first-generation route [55-57]. Primary
oxidation of 114 and modified Still-Gennari olefination introduced the (Z)-enone
moiety in 119 (Z:E = 12:1) [106, 154]. The boron aldol reaction of methyl ketone
119 and aldehyde 118 gave the desired (55)-adduct 130 with 20:1dr, arising from
long-range 1,6-asymmetric induction from the remote C10 y-stereocentre in the
ketone component. Acid-promoted d-lactonisation of 130, K-Selectride reduction
of the C7 ketone (>30:1dr) [46—48] and global deprotection then completed the
second-generation synthesis of discodermolide in 5.1% overall yield, with 24 steps
in the longest linear sequence.
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Scheme 25 Paterson’s synthesis of C1-C5, C9-C16 and C17-C24 subunits from common
precursor diol

The Paterson second-generation approach substantially reduced the total number
of steps required to complete discodermolide. Notably, the use of chiral reagents
and auxiliaries was completely eliminated, relying solely on substrate control to
configure all the remaining stereocentres from the ubiquitous Roche ester (18),
achieving a more cost-effective route.

2.5.3 Third Generation (2004)

In 2004, the Paterson group implemented a further revision to their strategy
designed to overcome the perceived technical difficulties of performing late-stage
boron aldol couplings on an industrial scale (Scheme 27) [60, 61]. Building on the
experience already gained and their contemporary synthesis of dictyostatin (2), a
third-generation approach to discodermolide involved the application of a Still-
Gennari-type HWE olefination in the final fragment coupling step using the highly
functionalized C1-C8 B-ketophosphonate 131 and the C9-C24 aldehyde 132.
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Scheme 26 Paterson’s second generation subunit assembly and completion of discodermolide

As outlined in Scheme 28, the synthesis of the B-ketophosphonate 131 began
with a one-pot anti-aldol/reduction step between ethyl ketone 101 and aldehyde 133,
giving the 1,3-syn diol 134 (>30:1dr) [130, 132-136, 145, 146]. The diol 134 was
then converted into the carboxylic acid 135 in six steps. Completion of the subunit
131 required conversion into the acid chloride and reaction with the lithium anion
of methyl-(di-1,1,1-trifluoroethyl)-phosphonate. The C9-C24 aldehyde 132 was
prepared in two steps from 136, an intermediate from previous routes [55-58]. The
Still-Gennari-type coupling of 131 and 132 was readily achieved via treatment with
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NaH to give the advanced enone 137 (Z:E = 10:1). A further four steps were then
required to complete the third-generation synthesis, beginning with C19 carbamate
installation, followed by K-Selectride reduction to introduce the requisite (7.5)-stere-
ocentre. Finally, global deprotection with concomitant d-lactonisation gave disco-
dermolide (1) in 11.1% overall yield over 21 steps (longest linear sequence).

In summary, the Paterson group’s third-generation synthesis demonstrated the
versatility of the Still-Gennari HWE coupling of advanced polypropionate subunits.
This revised endgame gave improved levels of efficiency and, importantly, the
overall linear sequence was shortened with increased yields. The experimentally
undemanding conditions of the Still-Gennari-type HWE coupling protocol offers
distinct advantages over previous routes using boron aldol reactions, offering a
viable alternative for industrial scale-up.

2.6 Panek Total Synthesis

Panek and co-workers reported their synthesis of discodermolide in 2005 [62, 63],
relying on the application of their crotylsilane methodology for the synthesis of
polypropionate motifs [155, 156] (see [157] for a review) [158, 159, 182]. Their strategy
involved key bond disconnections at C6—C7 and C14—C15, based on an aldol cou-
pling and the established Suzuki cross-coupling respectively, employing the key
subunits 137 (C1-C6), 138 (C7-C14) and 81 (C15-C24) (Scheme 29).

As outlined in Scheme 30, the synthesis of the C1-C6 subunit 137 began with the
crotylation of aldehyde 139 with the (S)-allylsilane 140, which following silyl depro-
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Scheme 29 Panek’s synthetic strategy
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Scheme 30 Panek’s synthesis of C1-C6, C7-C14 and C15-C24 subunits

tection gave diol 141 (dr > 30:1) [81, 168, 170, 171] (see [157] for a review).
Subsequent anisylidene acetal formation and ozonolysis completed 137. The (S)-
crotylsilane 142 was used as the starting point for the synthesis of the C7-C14 subu-
nit with its addition to aldehyde 70. A four-step sequence on 143 was then used to
access the silylacetylene 144, which upon treatment with Schwartz’s reagent [160,
161] and quenching with iodine gave (Z)-iodovinylsilane 145. A palladium-mediated
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coupling of 145 with methylzinc chloride gave the (Z)-vinylsilane 146 exclusively,
providing a further solution for the installation of the C13—C14 trisubstituted olefin.
The subunit 138 was then completed by the Corey-Fuchs olefination at C9, treatment
of the intermediate vinyl dibromide with BuLi and quenching with ethyl formate.
The synthesis of the C17—C24 subunit 81 started with the crotylation of aldehyde 139
with (R)-crotylsilane 147 to configure the all-syn stereotriad in 148. Conversion into
the aldehyde 149 was followed by a second crotylation, now with (S)-crotylsilane
142, to configure the C19—C20 stereocentres in 150, which was then transformed into
the aldehyde 151 in four steps. Treatment of 151 with a Roush-type allylboronate
reagent and subsequent Peterson elimination selectively introduced the terminal (Z)-
diene [51, 52, 125], which was readily transformed into iodide 81.

As outlined in Scheme 31, Panek’s assembly of subunits began with the boron-
mediated aldol reaction of ketone 137 and aldehyde 138, which gave the expected
1,4-syn-1,5-anti aldol product 152 [162, 163]. An Evans-Tischenko reduction
efficiently introduced the C5-stereocentre in 153 [164]. Methanolysis, acid-medi-
ated migration of the PMP acetal and primary oxidation with Oshima’s reagent
[165] gave aldehyde 154, which was converted into 155 in three steps. Lindlar
reduction of the C8—C9 alkyne, and conversion of the C14-vinyl silane into the
vinyl iodide 156, then set the stage for the C14—C15 bond formation. The success
of both Suzuki- and Negishi-type couplings required exchange of the protecting
group at C13 from TBS in 156 to MOM in 157, which then underwent cross-cou-
pling with iodide 81 to provide 158 [53, 54, 105, 116]. The completion of discoder-
molide from 159 then required an additional four steps. Overall, Panek’s synthesis
proceeded in 2.1% yield based on 27 steps (longest linear sequence).

2.7 Ardisson Total Synthesis

In 2007, Betzer, Ardisson and co-workers reported their synthesis of discodermo-
lide [64] following the Marshall disconnection strategy of C7—C8 acetylide addition
and Suzuki cross-coupling at C14—C15 (Scheme 32) [53, 54]. The synthesis of the
key subunits 160 (C1-C7), 161 (C8-C14) and 162 (C15-C24) demonstrated
the versatility of the Hoppe crotyltitanation reaction [166—169] in the synthesis of
polypropionate motifs, using the incorporated (Z)-O-enecarbamate to configure the
requisite alkene substitution patterns [170, 171].

As shown in Scheme 33, the synthesis of the C1-C7 amide 160 began with a
Hoppe crotyltitanation reaction between the aldehyde 17 and the (R)-crotyltitanium
163, prepared in situ (crotyl diisopropylcarbamate with sBuli/(—)-sparteine/
Ti(OiPr),), to give O-enecarbamate 164 (>30:1dr) [166-169]. Ozonolysis and
HWE chain extension was followed by an Evans-Prunet 1,4-addition to install the
C5-stereocentre to complete 160 [103]. The synthesis of the C8—C14 subunit 161
started with an elegant installation of the C13—C14 (Z)-olefin. Deprotonation of the
dihydrofuran 165, available in three steps from bromo alcohol 166, with fBul.i and
transmetallation with Me,CuLi-LiCN, and subsequent 1,2-cuprate transfer gave the
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intermediate 167, which was trapped with tributyltin chloride to provide the (Z)-
vinyl stannane 168 exclusively [172-175]. Oxidation of 168 was followed by a
second Hoppe reaction with 163 to give the intermediate (Z)-O-enecarbamate,
which underwent Fritsch-Buttenberg-Wiechell rearrangement to give, after MOM
protection, alkyne 161 (see [176] for review) [177]. The synthesis of the C15-C24
subunit 162 commenced with the diastereoselective crotylation of aldehyde 32 with
(E)-crotylstannane to give 169. Conversion into aldehyde 170 was followed by a
third crotylatitanation reaction with 163 (>30:1dr). A four-step sequence was then
required to complete 162, in which the terminal (Z)-diene was installed via a nickel-
catalysed cross coupling of the C22-carbamate with vinylmagnesium bromide.

The assembly of the subunits began with the addition of the lithium anion of
acetylene 161 to Weinreb amide 160, followed by CBS reduction to give 171
installing the C7 stereocentre with > 20:1dr (Scheme 34) [178]. Following elaboration
to vinyl iodide 157, an intermediate shared with the Panek route [62, 63], Suzuki
cross-coupling with the boronate derived from iodide 162 gave the advanced C1-
C24 intermediate 172, which following a three-step sequence provided discoder-
molide in 1.6% yield over 21 steps (longest linear sequence).

2.8 Novartis Process Chemistry Group Synthesis

Early preclinical development of discodermolide had shown its clear potential as a
new generation anticancer agent for the treatment of a range of multidrug-resistant
human cancers. This attracted the attention of Novartis Pharma AG, who with a
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Scheme 34 Ardisson’s subunit assembly and completion of discodermolide

license agreement from the Harbor Branch Oceanographic Institution, took on the
task of progressing discodermolide into clinical trials. This required a practical
synthetic solution [65-69, 90, 92, 95], as eco-harvesting the rare natural source was
clearly not an option, either economically or ecologically. Rising to this challenge,
the Novartis Process Chemistry group in Basel led by Mickel reported in 2004 the
synthesis of 64 g of discodermolide.[65—69]. Following careful consideration of the
successful approaches to discodermolide at the time, Mickel and co-workers
adopted a hybrid synthesis incorporating features of the Smith [45, 46] and Paterson
[55-57] routes (Sects. 2.2 and 2.5, respectively), providing valuable insights into
the complexities of performing a multistep “academic” synthesis in an industrial
setting. As outlined in Scheme 35, the Novartis strategy opted for Paterson’s aldol
disconnection at C6-C7 and the Smith/Marshall cross-coupling at C14-C15. In
turn, the three key subunits 173 (C1-C6), 29 (C9-C14) and 30 (C15-C24) would
be accessed on a kilogram-scale from Smith’s common precursor 31 [46—48].

As shown in Scheme 36, the Novartis group’s large-scale (20-25kg) preparation
of Smith’s common precursor 31 began with the established Evans aldol reaction
between the Roche ester-derived aldehyde 32 and the propionimide 33 [65].
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Transformation of 174 into the common precursor 31 could not be achieved directly
due to safety considerations regarding the use of Me Al on pilot plant scale. Thus,
hydrolysis of 174 and isolation of the intermediate acid salt, was followed by the
formation of a mixed anhydride and subsequent amide formation to provide 29kg
of 31 [179, 180]. Having achieved access to the common precursor, the synthesis
of the C1-C6 subunit 142 was completed in five steps in 66% yield on scales of
several kilograms, only requiring chromatographic purification at the final stage
[66]. The synthesis of the C9—C14 subunit 31 essentially followed an analogous
route to Smith [46—48, 66]. Following TBS protection of 31, Red-Al was used in
preference to DIBAL-H for the reduction to aldehyde 34. At this stage, introduction
of the C13-C14 (Z)-vinyl iodide was required and, as expected from the work of
Smith and Marshall, the Zhao-Wittig olefination gave only moderate yields of 29,
limiting the scale of the reaction to a maximum of 2.5kg substrate. The synthesis
of the C15—C21 subunit 30 followed the Smith route [46—48, 67], beginning with
the conversion of 31 into the intermediate aldehyde for the Evans aldol reaction
with 33. In order to minimise the formation of by-products in this reaction, it was
necessary to maintain the reaction below —10°C at all times and required a “rapid
workup and isolation” to prevent epimerization at C16 which was readily observed
at ambient temperatures [67]. The problems associated with epimerisation were
negated by the subsequent silyl protection of 35. However, the reductive removal of
the auxiliary with LiBH, led to the formation of numerous by-products requiring
careful chromatographic purification of ca. 1-kg batches of crude material, prior to
the formation of iodide 30.

As outlined in Scheme 37, the Novartis assembly of discodermolide began with
the Marshall Suzuki-type cross-coupling of vinyl iodide 29 and iodide 30 to give
36 on a kilogram scale [68]. At this point, the crossover of routes required the
introduction of the terminal (Z)-diene to give the Paterson intermediate 175 [55—
57]. Following an analogous six-step sequence to that reported by the Paterson
group, 810g of the C7-C24 (Z)-enal 96 was prepared from 175. Notably, this only
required two chromatographic purifications — after the Still-Gennari HWE reaction
to introduce the (Z)-olefin at C8—C9 and following the final oxidation step. With
substantial quantities of 96 available, the reagent-controlled boron aldol coupling
with ketone 173 posed the largest challenge of the entire scale-up campaign [55—
57, 69, 181]. In order to obtain reproducible yields of the desired aldol adduct 176,
a number of limiting factors were identified, namely reagent quality and handling,
work-up and isolation procedures. It was found that a commercial solution of
(+)-Ipc,BCl in hexane proved to be more reliable in terms of quality than the
highly hygroscopic solid form and also conveniently negated the issue of handling
the solid reagent. It was found that an oxidative work-up procedure should be
avoided in favour of the direct purification of the crude product mixture by reverse
phase chromatography, leading to the formation of 176 in 50-55% yield. In con-
trast, the introduction of the C7-stereocentre by Evans-Saksena reduction and
global deprotection proved uneventful. Finally, reverse phase chromatography and
crystallisation provided a 64-g batch of pure discodermolide monohydrate [69].
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Scheme 37 Novartis fragment assembly and completion of discodermolide

The Novartis Process Chemistry group’s preparation of discodermolide represents
a landmark in the industrial synthesis of complex natural products and pharmaceuti-
cal development. Having taken the bold decision to pursue the clinical development
of discodermolide under tight time constraints, they met the challenge of combining
the approaches of Smith and Paterson and delivering sufficient quantities of active
pharmaceutical ingredient to enable clinical trials.
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Tablel Comparison of the completed syntheses of discodermolide (1993-2007)

Substrate- Reagent- Chiral
Research Linear Overall controlled controlled pool
group Year sequence  yield(%) stereocentres®  stereocentres®  stereocentres®
Schreiber 1993 24 4.3 4 6 3
Smith I 1995 28 22 1 8 4
Myles? 1997 22 1.1 5 5 3
Marshall 1998 29 2.2 2 8 3
Smith IT 1999 24 6.0 2 8 3
Paterson I~ 2000 23 10.3 7 3 3
Paterson I~ 2003 24 5.1 10 0 3
Smith III 2003 24 1.9 2 8 3
Novartis 2004 25 1.1 1 9 3
Paterson III 2004 21 11.1 10 0 3
Panek 2005 27 2.1 2 8 3
Smith IV 2005 17 9.0 2 8 3
Ardisson 2007 21 1.6 3 7 3

Stereocentres configured by substrate-controlled reactions
"Stereocentres configured by reagent—auxiliary-controlled reactions
Stereocentres accessed from chiral pool starting materials

dData from Myles’ full disclosure in 2003 [52]

3  Summary

The various synthetic approaches developed to date have served to eliminate the
supply problem for discodermolide, enabling extensive biological evaluation and
early stage clinical development of this remarkable microtubule-stabilising anticancer
agent. Discodermolide has inspired many creative and elegant total syntheses based
on the application of contemporary methods of substrate and reagent based stereo-
control; these approaches are summarized chronologically in Tablel. Importantly,
this shows that natural products with challenging molecular architectures can be
accessed synthetically in an efficient and timely manner, and further underlines
their resurgence as serious candidates for drug development [8]. Thanks to the
power of modern organic synthesis, one can contemplate the practical synthesis of
other such complex natural products where the natural supply is insufficient for
detailed biological evaluation, let alone potential clinical application.
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The Interaction of Microtubules
with Stabilizers Characterized
at Biochemical and Structural Levels
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Abstract Since the discovery of paclitaxel and its peculiar mechanism of
cytotoxicity, which has made it and its analogues widely used antitumour drugs,
great effort has been made to understand the way they produce their effect in micro-
tubules and to find other products that share this effect without the undesired side
effects of low solubility and development of multidrug resistance by tumour cells.
This chapter reviews the actual knowledge about the biochemical and structural
mechanisms of microtubule stabilization by microtubule stabilizing agents, and
illustrates the way paclitaxel and its biomimetics induce microtubule assembly,
the thermodynamics of their binding, the way they reach their binding site and the
conformation they have when bound.
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Abbreviations

MSA Microtubule stabilizing agent

Cr critical concentration

GMPCPP Guanosine-5’-[(o,B)-methyleno]triphosphate

PEDTA 10mM phosphate, ImM EDTA pH6.7 buffer

RMSD Root mean square deviation, NOE, Nuclear Overhauser
Enhancement

REDOR Rotational Echo Double Resonance; tr-NOE, transferred Nuclear

Overhauser Enhancement
NOESY/STD  Nuclear Overhauser Enhancement spectroscopy/saturation transfer
difference

1 Biochemical Background on Microtubule Stabilizing Agents.
What is a Microtubule Stabilizer?

1.1 Microtubules and Drugs

Small molecules modulating microtubule assembly have played major roles as
tools in microtubule research, in a manner closely related to their chemotherapeutic
interest [1]. Tubulin was first purified in the last century as the colchicine-binding
protein proposed to be the subunit of cellular microtubules [2]. More recently, a
colchicine derivative was employed to help crystallization and determine the structure
of tubulin by X-ray diffraction [3]. The colchicine, vinblastine [4] and paclitaxel [5]
sites are main drug binding sites of tubulin, to which many other substances bind.
The discovery of microtubule stabilization by paclitaxel [6] prompted its clinical
development [7] and a burst of research on new MSAs, as well as the generalized
use of paclitaxel or docetaxel as convenient reagents to assemble (see Fig. 1),
stabilize or detect microtubules in the laboratory. One example is the development
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of the active fluorescent paclitaxel derivatives Flutax-1 and Flutax-2 [8] employed to
study cellular microtubules [9] (see Fig. 2) and as probes of the paclitaxel binding
site [10, 11]. The electron crystallography determination of the structure of tubulin
was made on two-dimensional tubulin crystals assembled with zinc and paclitaxel,
providing the first atomic view of tubulin and bound paclitaxel [5, 12]. In this struc-
ture, tubulin forms protofilaments which associate in a different fashion with
respect to a microtubule.

1.2 Function and Evolution

It was speculated that the paclitaxel binding site of tubulin might bind an
unknown endogenous regulator of microtubule assembly [6], but such a sub-
stance has not been convincingly documented so far. Therefore, we do not know

Fig. 1 Electron micrograph of a negatively stained microtubule assembled from purified tubulin
and docetaxel. The left side shows the lateral projection of the protofilaments forming a microtu-
bule cylinder ~24nm in diameter which has opened into a sheet on the right side. There are also
tubulin oligomers in the image

Fig. 2 Left: cytoplasmic microtubules in interphase kidney epithelial cells imaged with the fluo-
rescent paclitaxel derivative Flutax-2 (green) and nuclear DNA stained with Hoescht 33342 (blue).
Right: mitotic spindle from a dividing metaphase cell with similarly imaged microtubules and
chromosomes. Bars indicate 10 um (micrographs courtesy of Isabel Barasoain)
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whether the paclitaxel binding cavity has any physiological functions. The zones
of microtubule associated proteins and motor proteins do not, in most cases,
overlap with the paclitaxel or other drug binding sites. Tubulin promiscuously
binds a variety of exogenous small molecules, particularly from natural sources,
some of which are plant poisons known since antiquity, which suggests that the
production of microtubule poisons is an effective defensive mechanism against
predators. Interestingly, a simpler relative of tubulin, bacterial cell division pro-
tein FtsZ [13], forms tubulin-like protofilaments which do not associate into
microtubules [14] and does not bind most of these substances (JMA, unpub-
lished), suggesting that the binding of antimitotic drugs by tubulin appeared with
its ability to associate laterally into microtubules, or that plants and sponges have
not developed a defensive mechanism targeting bacterial FtsZ.

1.3 What an MSA is and How it Works

A microtubule stabilizer or destabilizer molecule is, in a general thermodynamic
definition, a molecule able to change the ratio between assembled and dimeric
tubulin; to do so, it has to bind to microtubules differently from unassembled tubu-
lin. A ligand which preferentially binds to the dimeric protein will inhibit polymer
formation, whereas a ligand which binds more to the polymers than to the dimeric
protein will stabilize the polymers, due to thermodynamic linkage [15]. This defini-
tion implies neither knowledge of the site of binding nor of the changes in the
structural dynamics of ligand and protein upon binding. Since from a structural
point of view a microtubule modulator may modity, either directly or allosterically,
the polymerization interfaces of the tubulin molecule, one may obviously wish to
know the mechanism by which such a ligand modifies microtubule assembly,
which requires kinetic and structural investigation. Structural modifications may in
principle range from local side-chain rearrangements to significant domain move-
ments, but translate in a few kilojoules per mol tubulin of microtubule stabilization.
GTP is a natural cofactor that binds at the axial association interfaces between
tubulin subunits [5, 16]. Several microtubule inhibitors are in a broad sense interfa-
cial ligands [17] which bind like wedges at or near association interfaces between
tubulin molecules [4] and therefore perturb their polymerization geometry to differ-
ent extents. MSAs subtly modify microtubule structure. Paclitaxel, by binding near
the lateral association interface between protofilaments, reduces the average
number of protofilaments in microtubules made of purified tubulin from 13 to 12
[18], whereas its side-chain analogue docetaxel does not [19], and the fluorescent
analogues Flutax-1 and Flutax-2 carrying a bulky fluorescent moiety increase the
average number of protofilaments from 13 to 14 [10]. Finally, any substance that
stabilizes cellular microtubules may be considered an MSA irrespective of its
molecular target or mechanism.
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1.4 Chemical Diversity of MSAs in Short

MSAs with different chemical structures have been discovered in different natural
sources. Taxanes come from plants, epothilones and cyclostreptin are of microbial
origin, whereas discodermolide, dictyostatin, eleutherobin, laulimalide and peloruside
were discovered in sea organisms (for a classification and MSA structures see [20]).
We do not know of MSAs from a purely synthetic chemistry not related to natural
products.

1.5 Three MSA Binding Sites in Microtubules

Many MSAs, including epothilones, discodermolide, dictyostatin, eleutherobin,
sarcodictyin and a steroid derivative reversibly compete with taxanes to bind to the
[B-tubulin subunit in microtubules whereas cyclostreptin irreversibly inhibits taxane
binding [20, 21]. Cyclostreptin binds covalently to a microtubule pore and to the
lumenal taxoid binding site, indicating the entry pathway of taxanes into microtu-
bules (Fig. 3) [21]. Binding to one site appears to exclude binding to the other,
apparently because both sites use residues from the -tubulin loop between helices
H6 and H7 [22]. This opens the possibility that some MSAs may stop at the pore
and not reach the lumenal site, as seems to be the case, at least partially, for fluo-
rescent paclitaxel derivatives Flutax-2 and Hexaflutax [23]. On the other hand,
laulimalide [24] and peloruside [25] share a binding site biochemically distinct
from the paclitaxel site. Peloruside virtually docks into a zone of o-tubulin equivalent
to that occupied by paclitaxel in B-tubulin [26, 27], yet its binding site has not been
experimentally located. We still do not know whether any more binding sites for
stabilizing ligands may exist in microtubules.

1.6 Mechanisms and Cellular Consequences
of Microtubule Stabilization

Microtubule stabilizing agents at relatively high concentrations induce assembly of
all tubulin available into microtubules, typically with accumulation of microtubule
bundles in cells. The paclitaxel ligation of most tubulin molecules in a microtubule
has interesting structural consequences, modifying microtubule flexural rigidity
[28] and the curvature of dissociated protofilaments [29]. However, MSAs are
active at lower concentrations at which they bind substoichiometrically to only a
fraction of tubulin molecules in a microtubule. Under these substoichiometric con-
ditions they suppress microtubule dynamic instability, a property in common with
microtubule inhibitors, resulting in mitotic block or impairment, which eventually
triggers tumour cell death [1] or senescence [30]. In addition, microtubule drugs
can target tumour vasculature [1].
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2 Thermodynamics and Kinetic Mechanisms of the Interaction
of Stabilizing Agents with Microtubules. How do they Bind?

2.1 Thermodynamics of MSA Induced Microtubule Assembly.
How do they Induce Assembly?

The main ability of microtubule stabilizing agents and the basis of their mechanism
of action is their capacity to induce microtubule assembly. Although different
models [31, 32], based on the structure of the paclitaxel binding site [5], have been
proposed to explain the paclitaxel mechanism of action on the basis of a structural
effect on the tubulin molecule, it is unlikely, given the wide structural diversity of
paclitaxel binding site ligands and the fact that there are at least three different
binding sites (the internal and external paclitaxel sites and laulimalide one) that all
of them produce the same structural effect at the atomic level on the microtubules.

On the other hand, from a thermodynamical point of view, a common mecha-
nism for assembly induction can be proposed. All microtubule stabilizing agents
bind tightly to the assembled form, while they do not bind with a measurable affinity
to the dimeric tubulin [33], indicating that the taxane binding pocket is either not
formed or not-completely formed in non-microtubular tubulin.

Considering the difference in affinities for the assembled and dimeric tubulin, it is
straightforward to deduce that the compounds should displace the assembly equilib-
rium towards the polymerized form, as they fill the binding sites in microtubules.

However, preferential binding does not explain how microtubule assembly starts.
Highly active microtubule stabilizing agents induce tubulin assembly in solution condi-
tions in which no microtubules exist, and thus in which there is no equilibrium to be
displaced [20, 33], implying that microtubule stabilizing agents have to bind unassem-
bled tubulin (in dimeric or oligomeric form) to make it assemble into microtubules.

Microtubule assembly in the absence of ligands follows a non-covalent nucleated
condensation polymerization, characterized by cooperative behaviour and by the
presence of a critical concentration Cr, below which no significant formation of
large polymers takes place [33] (Fig. 4). It can be demonstrated [34] that the apparent
equilibrium constant for the growth reaction, i.e. the addition of a protomer to the
polymer, is in good approximation, equal to the reciprocal critical concentration
Kelale = Cr!, which renders the apparent standard free energy change of elongation
amenable to simple measurement (as long as nucleotide hydrolysis is disregarded).

For ligand-induced assembly an apparent critical concentration, dependent on the
ligand concentration, is observed [33]. Paclitaxel- and epothilone-induced assembly
of GDP-tubulin have been extensively characterized. Under these conditions, in
which tubulin is unable to assemble in the absence of ligand, assembly and binding
are linked processes, there being no assembled unligated tubulin and showing an
apparent critical concentration that saturates with ligand concentration (Fig. 5 of
[35] and Fig. 2 of [36]), the latter not being compatible with a simple mechanism in
which MSA stabilize microtubules binding to the empty sites in them.
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Fig. 4 Polymerization of GTP-tubulin in 3.4 M glycerol, 10mM sodium phosphate, ImM EGTA,
ImM GTP, pH 6.7 buffer at 37°C measured by sedimentation. Solid circles, pelleted tubulin; hol-
low circles, tubulin in the supernatant. The critical concentration determined is 5.3 uM; under this
total concentration no tubulin is pelleted while over this total concentration all tubulin in excess is
pelleted

In principle, ligand induced tubulin assembly may proceed in two different ways
[33] (Fig. 5), the most intuitive being the ligand-facilitated pathway (stabilization
by binding to the empty sites, in which elongation precedes binding, Eq.1, Fig. 5a),
i.e. the binding of a tubulin dimer creates a new high affinity binding site for the
ligand, whose binding displaces the equilibrium towards the assembled form.

Tub + Mtb «—— Tub — Mtb + Lig «—2%— Tub — Mtb — Lig (1)

Although this mechanism cannot explain microtubule induced assembly in condi-
tions in which tubulin is unable to assemble in absence of ligands, the ligand
facilitated pathway is supported by the fact that paclitaxel does not bind tightly to
unassembled tubulin (at least under non-assembly conditions) [33].

However, there is a strong argument against the ligand facilitated pathway: if the
reaction proceeds via the ligand-facilitated pathway, the apparent elongation con-
stant Kelapp (the equilibrium constant of addition of a dimer to the end of the micro-
tubule), which reflects the power of assembly induction, should depend linearly on
the free concentration of ligand and its binding constant to the empty site (Eq. 2).

_ [Tub—Mitb - Lig]+[Tub - Mtb]

Kel,
P [Tub][Mtb]

= Kel, (1+[Ligand]Kb,) (2)

This means that given two different ligands, at the same concentration, their power
of assembly induction should depend linearly on the binding constant of the ligand,
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Fig. 5 Models of ligand induced tubulin assembly. The ligand induced addition of a tubulin mol-
ecule to the microtubule latice is represented. a Ligand facilitated pathway, a ligand molecule
binds to an empty site at the end of a microtubule thus stabilizing the microtubule end. b Ligand
mediated pathway 1. The ligand binds to unassembled tubulin and the ligated dimer has a higher
affinity for the microtubules. ¢ Ligand mediated pathway 2. The binding of a ligand to a non
completed site at the end of the microtubule increases the affinity for the binding of the next dimer.
Adapted from [33]

b

independently of the specific effect that the ligand causes on tubulin. Equation(2)
predicts a continuous increase of Kel observed at overstoichiometric concentra-
tions of microtubule stabilizing agents.

Apparently this is not the case. Although, in general, better binders are better
assembly inductors, there are compounds that significantly deviate from the best
regression line (see Fig. 4a of [36], and Fig. 4a [20]), while a saturating behaviour
of critical concentration Cr (inverse of apparent elongation constant Kel ) with
ligand concentration is observed (Fig. 2 of [36] and Fig. 5 of [35]).

This saturating behaviour observed is explained with both possible ligand-mediated
pathways (binding precedes elongation), which are thermodynamically equivalent:
(1) the ligand binds to unassembled tubulin and the ligated dimer has a higher affin-
ity for the microtubules, so decreasing the critical concentration (3a, Fig. 5b); (2)
the binding of a ligand to a non completed site at the end of the microtubule
increases the affinity for the binding of the next dimer (Eq. 3b, Fig. 5c).

Tub + Lig «—2" 5 Tub — Lig + Mtb ¢« Tub — Mtb — Lig (3a)
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Mtb + Lig «—2% 5 Mtb — Lig + Tub «—~%2— Tub — Mtb — Lig (3b)

Mass action law predicts that if the ligand-mediated pathway were the only one
that worked, the apparent elongation constant should saturate with the ligand con-
centration (Eq. 4), notwithstanding which of the pathways the reaction followed (in
case path 3b is followed the term ([Tub—Lig]+[Tub]) [Mtb] should be replaced by
(IMtb-Lig] + [Mtb]) [Tub]).

[Tub—Mtb—Lig]  Kel,Kbin, [Ligand]

Kel,,, = ([Tub~Lig]+[Tub])[Mtb] ~ (1+Kbin, [Ligand])

“4)

So the elongation constant measured will depend on the elongation constant of the
ligated dimer, which will depend on the specific effect that the ligand employed
causes upon binding to a tubulin molecule.

However, since microtubule stabilizing agents will bind tightly to unoccupied
sites, it is reasonable to assume that both mechanisms should work; however, in this
case the apparent critical concentration will saturate following Eq. (5) (as in Eq. 4);
in the case where path 3b is followed the term ([Tub-Lig]+[Tub])[Mtb] should be
replaced by ([Mtb-Lig] + [Mtb]) [Tub]):

B B L [Ligand]+ -
[Mtb — Tub]+[Mtb — Tub ng]:Kelszm2 Kbin, | s

Kel,,, = ([Tub] +[Tub - Lig])[Mtb] (1+Kbin, [Ligand])

In practice, since at the paclitaxel or epothilone concentrations necessary to induce
assembly, the concentrations of free ligand are of the order of 10° M, and 1/K
for the strong assembly inducers is of the order of 107 to 10 M, the term 1/K
can be neglected and so Eq. (5) becomes equivalent to Eq. (4).

Following Eqgs. (4) or (5), it can be deduced that the measured Kelapp in satura-
tion conditions (the experimental conditions) corresponds to the Kel of the ligated
tubulin (or Kel of unligated tubulin to the ligated microtubule end), i.e. Kel,.

Although the ligand mediated pathways easily explain both the experimental
results of assembly induction in conditions in which tubulin cannot assemble in the
absence of the ligands and the saturation behaviour of Kelapp, it seems contradictory
with the absence of observed binding of ligands to dimeric tubulin. Nevertheless,
evidence of ligand binding to dimeric tubulin and to an alternative binding site in
microtubules was obtained, supporting the hypothesis that the ligand mediated
pathway is involved in the assembly induction by the microtubule stabilizing
agents. Cyclostreptin, a covalent binding microtubule stabilizing agent of the pacli-
taxel site [37], binds to the tubulin dimer [21] although with a slow kinetic rate in
non-assembly conditions, and epothilone binding to tubulin to a mixed state of dim-
ers and non-microtubule assemblies have been detected by NMR [38].

Thus, the most plausible hypothesis is that microtubule stabilizing agents induce
microtubule assembly via a mechanism involving binding to dimeric tubulin. As
described in Eq.(4), although microtubule stabilizing agents bind with high affinity to the
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empty sites in the microtubules, the equilibrium of the assembly process (Kelapp) is deter-
mined by the change in the assembly properties of the dimer after binding to the micro-
tubule stabilizing agent (Kel,), and not by the binding affinity to the site itself (Kbin,).

2.2 Thermodynamics of MSA Binding to Microtubules.
How to Make Them Sticky?

Microtubule stabilizing agents work because they bind microtubules. Improving this
property is important for their action, since the better they bind to tubulin, the better
cytotoxic agents they are [20, 36, 39]. In addition to this, high affinity or covalent
microtubule stabilizing agents get trapped inside the cell due to the chemical poten-
tial of their interaction with tubulin, thus escaping the detoxification mechanism by
membrane pumps overexpression, used by multidrug resistant cells [21, 39].

Early studies of the interaction between microtubule stabilizing agents with their
binding sites were greatly hampered by the thermodynamics of ligand induced
assembly [6, 40]. Since microtubule stabilizing agents significantly perturb the
assembly state of the protein, assembly and binding are linked processes and thus
it is difficult to separate the contributions from both assembly and binding. It is
thus, important to find conditions in which the assembly is not significantly per-
turbed due to the presence of the ligand.

Our first attempt to characterize the binding of paclitaxel and docetaxel to
microtubules [35] was done at high concentrations of tubulin. Since in the condi-
tions of the assay most of the tubulin gets assembled, the perturbation in the amount
of assembled polymer is minimal, and a rigorous comparison between the binding
affinity and the power of assembly induction of paclitaxel and docetaxel can be
carried out. The study shows a single common binding site for paclitaxel and
docetaxel for which docetaxel has double the affinity than paclitaxel (Fig. 6).
However, it was not possible to measure directly the binding constant of paclitaxel
and docetaxel. In order to do so, it would be necessary to have empty assembled
binding sites. Although empty sites can be assembled in the absence of ligand at
high concentrations of tubulin, the high affinity observed for paclitaxel and docetaxel
made it impossible to find conditions in which the reaction is not completely dis-
placed towards the bound state.

The problem was overcome with the use of mildly fixed microtubules [10] in
which the paclitaxel binding site is unaltered, while protected from cold and dilu-
tion depolymerisation and a paclitaxel molecule bound to a fluorescent probe
(either fluorescein or difluorofluorescein) [8]. The fluorescent derivatives of paclit-
axel were then tested to check that they compete with taxoids for the same site, with
the same 1:1 stoichiometry producing the same celular effects as paclitaxel and
docetaxel, thus it can be assumed that they bind for the same site [9]. Using these
stabilized microtubules, it is possible to determine precisely the binding constant of
the fluorescent taxoid which was found to be of the order of 10 M™" at 25°C.
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Fig. 6 Competition between *H-paclitaxel and “C-docetaxel for binding to microtubules. 11.3
uM tubulin was assembled at 37°C in PEDTA, 1mM GDP, ImM GTP, 8mM MgCl,, pH6.7 by the
addition of paclitaxel and docetaxel at a total concentration of 20 uM, at different molar ratios of
paclitaxel to docetaxel. The total concentration of microtubules was 11.0 + 0.10 uM; the concen-
tration of tubulin in supernatants (not polymerized tubulin) varied between ca. 0.4 (in paclitaxel
excess) and 0.2 uM (in docetaxel excess). Open circles, *H-paclitaxel bound per polymerized
tubulin dimer; solid circles, “*C-docetaxel bound; squares, total ligand (paclitaxel plus docetaxel)
bound per polymerized tubulin dimer. The solid lines are the best fit to the data, employing a
simple competition model of the two ligands for the same site, taken from [35]

Having a fluorescent probe with a known binding site affinity, it was possible to
design competition tests for the evaluation of the binding affinity of paclitaxel,
docetaxel and baccatin III to microtubules [11, 22] that can be used for fast and
precise evaluation of a large series of compounds thus allowing precise studies of
structure-affinity relationship [36] and to classify the microtubule stabilizing agents
according to their binding sites [20, 24, 25].

The test has been used to measure the binding affinity of a set of 19 epothilones
[36]. The study showed that it is possible to optimize the binding affinity of com-
plex molecules by studying the effect of single changes in the substituents of the
core of the molecule and combining the most favourable substitutions to obtain a
500-fold increase in the binding affinity of the epothilone molecule from Epothilone
A (compound 1) to cis-CP-tmt-Epo B (compound 19) (Fig. 7).

Moreover, the study demonstrates that the cytotoxicity of the compound on
tumour cells is related to the binding affinity, being affinity of the compounds a
variable to maximize in order to obtain more cytotoxic compounds.
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Fig. 7 Scheme of the structures of epothilone analogues studied in [36], the chemical differences
between them, and the effect of these modifications in the free energy of binding to their site in
microtubules at 35°C. Taken from [36]

The latter was generalized [20] for all paclitaxel binding site ligands known thus
showing that the higher the affinity of the paclitaxel binding site the more cytotoxic
the ligand.

From the equilibrium studies of microtubule stabilizing agents binding to the
taxane site we learned the following: Microtubule stabilizing agents of the paclit-
axel site bind microtubules with a well defined 1:1 stoichiometry. Binding affinity
for a given fixed conformation of the molecule core can be modulated by selecting
the side chain substituents with the highest contributions for the free energy of
binding and combining them into a single molecule. The affinity of a compound is
predictive of its cytotoxicity; thus it is possible to design more cytotoxic taxanes by
studying the effect of each substitution on the binding affinity to select those which
provide larger free energy changes to the binding.

2.3 Kinetics of MSA Binding to Microtubules. How Do They
Reach Their Site in the Microtubules?

The kinetics of binding of ligands to a binding site provides information about the
way the ligands reach the site. They may bind fast, indicating an easily accessible
site, or they may bind slowly indicating an occluded site. They may bind in a single
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step, indicating simple binding to a site or in successive steps, indicating a process-
ing after early binding to a site.

One of the first effects of taxanes in microtubules observed was the fact that the
structure of the paclitaxel-induced microtubules is different from that of the microtu-
bules assembled in its absence [18]. Moreover, paclitaxel is able to change the structure
of preformed docetaxel-induced assembled microtubules within a time range of the
order of tens of seconds, indicating a fast exchange of taxanes in the site [41].

The modification of the microtubule structure should come from the perturbation
of the interprotofilament contacts, which allows the accommodation of extra protofil-
aments in the microtubule lattice. The experimental fact that taxane binding modifies
the interprotofilament contacts rapidly lead to the conclusion that the taxane binding
site in microtubules was located in the interprotofilament space [18, 19].

The first structural location of the taxane binding site [42] placed it in the inter-
protofilament space, thus supporting the biochemical results. However, this changed
when the first high resolution 3D structure of the paclitaxel-tubulin complex was
solved by electron-crystallography of a two-dimensional zinc-induced tubulin polymer
[5]. The fitting of this structure into a three-dimensional reconstruction of microtu-
bules from cryoelectron microscopy allowed a pseudo atomic resolution model of
microtubules [43] in which the paclitaxel binding site was placed inside the lumen
of the microtubules hidden from the outer solvent.

The kinetics of taxane binding to microtubule were subsequently determined;
taxanes and epothilones [10, 22, 23, 44] bind to microtubules extremely fast (Fig. 8,
Table 1).
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Fig. 8 Kinetics of binding of Flutax1 to microtubules at 35°C. In the stopped-flow device a 1 uM
solution of Flutax1 was mixed with 25 uM pure tubulin assembled into microtubules (concentra-
tion of sites 20 uM) (final concentrations of 500 nM Flutax and 10 puM sites) in the absence
(a) and presence (b) of 50 pM docetaxel. Curve a is fitted to an exponential decay. Inset: residues
between the experimental and theoretical curves. Taken from [10]
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Table 1 Kinetic rates of taxane site ligands binding to microtubules (37°C)

k, x10°M's™! k s k s k s
Flutax-1* 6.10 £ 0.22 0.99 +0.27 0.0243 = 0.0007 0.026 = 0.0012
Flutax-2? 13.83 £0.18 1.63 £0.18 2.7+0.8 0.022 = 0.0012
Paclitaxel® 3.63 +£0.08 ND ND 0.091 + 0.0061
Epothilone A¢ 3.3+0.03 ND ND 0.138 + 0.37 (slow)

0.463 + 0.32 (fast)

k,, and k_, — kinetic on and off rate constants of the first fast bimolecular step

k,, and k_, — kinetic on and off rate constants of the second slow monomolecular step
“Data from [10]

"Data from [22]

‘Data from [44]

The binding of taxanes has been well characterized [10, 22] and shows a series
of consecutive reactions involving a first fast bimolecular step (k_ and k_), a sec-
ond slow monomolecular step (k_,, k_,) and a third step which is the structural
change involving the change in the number of microtubule protofilaments. It can be
proved numerically that the first bimolecular fast step of binding is diffusion con-
trolled, thus indicating that taxanes can not directly bind to the lumenal site [22].

Since the lumenal site of microtubules was well supported by the structural data
and also by the fact that mutations in the lumenal site confer resistance to taxanes
[45], an alternative mechanism with binding to an initial exposed binding site
located in pore type I of the microtubule wall and later transportation of the ligand
to the lumenal site was proposed in [22] (Fig. 9).

The existence of the external site was further confirmed with a fluorescein-
tagged taxane, Hexaflutax, specially tailored with a spacer between the taxane
moiety and the fluorescein tag, long enough to allow binding to an external site
while keeping the fluorescent tag exposed to an antibody but short enough to avoid
antibody binding if the taxane moiety is bound to the lumenal site. It was shown
that monoclonal and polyclonal antibodies bind to Hexaflutax bound to microtu-
bules at a kinetic rate consistent with a diffusion controlled bimolecular reaction
between two objects of the size of a microtubule and an antibody, forming an stable
ternary complex, thus indicating that at least a significant part of the taxane is
bound to an external site [23].

The route of taxanes was finally unveiled with the use of a covalent ligand of the
taxane binding site [21]. Cyclostreptin, a bacterial natural product [46, 47] with weak, but
irreversible tubulin assembly activity and strong apparent binding affinity for the paclit-
axel site, covalently labels both a residue placed in the lumenal site of paclitaxel Asn228
and a residue previously proposed to be in the external binding site Thr220 (Fig. 3a).

From these results a structural binding pathway consistent with that observed
kinetically was proposed [21]. Paclitaxel binds fast to a site located in the surface
of the microtubules, into the pore type I. Then it has to be transferred to the second
luminal, final location. The transfer involves probably the switch of some of the
elements of the first site, since only one molecule of paclitaxel can bind to each
molecule of B-tubulin (Fig. 3b).
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Fig. 9 Insight of the outer (a) and (b) inner surface of a high resolution microtubule model, show-
ing two different types of pores, I and II (see text). Green beads, polar residues; yellow beads,
hydrophobic residues; red beads, acid residues; blue beads, basic residues; white beads, paclitaxel
bound at its site; grey beads, nucleotide. Detail of a pore type I viewed from above (c¢). Ribbon
representation of two neighbour B-tubulin subunits as seen from the plus end of the microtubule,
paclitaxel, GDP and the four residues forming a putative taxoid binding site are shown in Van der
Waals representation. Taken from [22]

The kinetic information can be used as well to deduce if a compound is bound
homogeneously or not. The kinetics of flutax and paclitaxel dissociation from B-tublin
are monophasic, which indicates a single rate limiting step, consistent with most of
the compound bound to the same site. However, dissociation of Epothilone A from
the binding site shows biphasic behaviour, which would be consistent with the
compound distributed between the external and the luminal site, with a tempera-
ture-dependant equilibrium (Table 2) which favours the outer site at higher
temperatures.
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Table 2 Kinetic rates of epothilone A dissociation®

25°C 30°C 35°C 37°C 40°C
ks ND ND 0.445 0.463 0.635
A, ND ND 0.25 0.35 0.38
K5 0.020 0.052 0.126 0.138 0.199
A, 1 1 0.74 0.65 0.62

k. — apparent kinetic rate constant of the fast phase
A, — amplitude of the fast phase
K — apparent kinetic rate constant of the slow phase

slow

A —amplitude of the slow phase

slow

“Determined for this work as described in [44]

From the kinetics of ligand binding to microtubules we can obtain valuable infor-
mation about the way paclitaxel microtubule stabilizing agents reach their binding
site. They bind to an external binding site located in the pores of the microtubule
wall from which they are totally or partially relocated to an inner luminal site.

3 The Bioactive Conformations of MSA. What Do They Look
Like When Bound?

Many attempts have been made over the last years to deduce the actual pharmacophore/s
for the recognition of MSA by microtubules. For newly designed MSA to serve as effec-
tive anticancer drugs, it seems reasonable that they should be able to achieve a conforma-
tion compatible with the binding pocket of the target protein. On this basis, many scientists
have focused on determining the bioactive conformation of the different MSAs.

3.1 Paclitaxel and Related Molecules. The Single
Conformer Hypothesis

The study of the tubulin-bound conformation of paclitaxel has resulted in a number
of protein-ligand models, partially or fully based on the electron diffraction structure
of of-tubulin in paclitaxel-stabilized Zn*-induced sheets [5, 12]. Obviously, the
nature of the paclitaxel binding site and the paclitaxel conformation in the binding
site have key implications for the design of new MSA. A deep knowledge of the
bioactive conformation would also help to explain how compounds as structurally
diverse as the epothilones [48], discodermolide [49], and eleutherobin [50] have
very similar mechanisms of action.

After the first photoaffinity labelling studies, which were the first methods used
to define the paclitaxel binding site on tubulin, and indeed allowed identification of
different amino acids of B-tubulin as putative parts of the binding site [51], the initial
efforts to correlate activity (or binding) with the solid state, solution or modelled
conformations of MSA in their free states led to the first pharmacophore proposals
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[52]. At first, the existence of only a very limited set of conformations for these
molecules was assumed [53], while more recently, it was considered that most of
these molecules are intrinsically flexible and may assume a variety of shapes [54].

Previous investigations on this topic up to the beginning of 2002 have already
been reviewed [55] and further expanded more recently [56], gathering the knowl-
edge of the conformation of these molecules under different conditions. Up to
2001, also corresponding to the availability of the o3-tubulin coordinates from the
electron crystallography structure [5, 12], the attempts to codify the bound confor-
mation of MSA were derived from ligand conformations acquired in the free state
by either X-ray crystallography or NMR studies. An assumed or modelled bioactive
form was then employed as a template for superimposition by other ligands to try
to deduce the pharmacophore [57].

After the availability of the 3.7A resolution electron crystallographic structure of
paclitaxel bound to o-tubulin [5], further refined at 3.5A resolution [12], different
research groups tried to probe the binding conformation of MSA at the key 3-subunit.
Nevertheless, although paclitaxel indeed stabilized the actual microtubule sheets
examined by electron crystallography, the first coordinates of tubulin deposited
(1TUB) contained the single crystal coordinates for docetaxel [58] instead of the
actual ligand, due to problems to characterize fully either the binding mode or the
conformation of bound paclitaxel. On this basis, only qualitative statements could
first be made concerning the details of ligand binding. Nonetheless, the location of
the drug was consistent with the former photoaffinity labelling results and showed
that paclitaxel occupied a hydrophobic cleft on B-tubulin. Furthermore, the ligand
density suggested that one of the phenyl rings at the C-3” terminus was near the top
of helix H1, while the C-2 benzoyl moiety was close to HS and to the H5-H6 loop.
In the refined structure (1JFF) [12], the taxane ring was better defined, but the densi-
ties for both the 2-phenyl side-chain and the N’-phenyl group still remained low,
suggesting certain mobility of these groups. Nevertheless, according to the authors,
the refined paclitaxel structure adopted a geometry very similar to that determined
independently by energy-based refinement [59], except for the key torsional rotations
of the side-chain phenyl rings. We will return to this point below.

Before these investigations, most of the models of the paclitaxel-tubulin interac-
tion had been directly extrapolated from the conformations of paclitaxel found
either in polar [60] or non-polar media [61] and from the single crystal X-ray
structure of docetaxel (Fig. 10a) [58].

3.2 Paclitaxel and Related Molecules. Flexibility

Indeed, before 2000, single conformers had been basically considered, although it
was possible that the multiple torsional degrees of freedom of these molecules would
produce a complex multidimensional energy surface, and therefore a variety of
putative 3D geometries capable of interacting with the tubulin binding site [62, 63].
Numerous research teams pursued different indirect approaches to the pharmacophore
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Fig. 10 a X-ray structure of docetaxel [58]. b Polar conformer of paclitaxel. ¢ T-Taxol conformer

determination. The first and earliest attempts relied on studies of the structure—
activity relationship of the taxane skeleton [52-54, 64] which included quantitative
calculations [53]. These studies demonstrated that the presence and the spatial dispo-
sition of the three flexible side chains at C-4, C-2 and C-13 defined the conformations
proposed or determined in both solution, in the solid state and at the B-tubulin binding
site, since the baccatin core (A-D rings) was conformationally well-defined [65].

A more complete structure-based approach used (bio-)physical methods, in par-
ticular X-ray, NMR spectroscopy and/or molecular modelling, to study the structure
and conformations of paclitaxel in its uncomplexed state, trying to extrapolate these
findings to the bound form. Single crystal X-ray analysis in the solid state defined
different conformers for different analogues [66], while NMR analysis in polar and
non-polar media indeed identified others [67—73]. In all cases, these reports assumed
a major single conformation, although later Snyder’s group, through deconvolution of
the NMR data obtained for paclitaxel in CDCI, [62] and D,0/DMSO-d, [100] solu-
tions, identified many (9-10) conformations in these solvents, none of them showing
a population above 30%. Nevertheless, the structural details from NMR were inter-
preted in terms of the key features of the dominant conformations: the NOE data in
polar solvents showed that, to some extent, the C-3" phenyl group is hydrophobically
collapsed with the C-2 benzoyl phenyl (the “polar” conformer, Fig. 10b), while in
non-polar solvents the data evidenced an analogous phenyl-phenyl association
between the C-3’ benzamido phenyl and the one at the terminus of the C-2 side chain
(the “nonpolar” conformer) [52-54, 57, 74, 75]. As previously reviewed [55], both
the polar and the nonpolar conformations were proposed as the bioactive forms. It
was also speculated that an eclipsed conformer related to the polar form could be the
one recognized by the tubulin binding site [75].

3.3 Synthetic Analogues. Quest for the Actual
Bioactive Geometry

These interpretations prompted many organic chemists to prepare synthetic
analogues, bridging different regions of the paclitaxel molecule, aimed at locking
or at least favouring the putative bioactive conformation of paclitaxel on tubulin
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(see below for further discussion) [56, 76]. Wide discussion and controversy among
different groups has been established on the bioactive three-dimensional form of
paclitaxel. In a first REDOR NMR study, F-*C distances between the fluorine of a
2-(p-fluorobenzoyl) paclitaxel and both the C-3” amide carbonyl and C-3" methine
carbons were estimated [77], permitting a serious attempt to determine key aspects
of the ligand conformation at the 3-tubulin binding site [78]. Complementary meas-
urements of fluorescence-resonance energy transfer suggested a model for the
paclitaxel binding mode. In a second study, a distance of 6.5A was determined
between the fluorine atoms of 2-(p-fluorobenzoyl)-3’-(p-fluorophenyl)-10-acetyl-
docetaxel [79]. Recent studies using a variety of fluorinated and deuterated ana-
logues, also using REDOR [80] have led the authors of this investigation to
conclude that the bound form is in agreement with the so-called T-Taxol geometry
(see below) [59, 81], and not with other REDOR-based geometry proposed by
another research group, dubbing New York (NY-Taxol) [78].

3.4 The T-Taxol Conformer

Computational studies have been of paramount importance in order to integrate the
results of the experimental studies indicated above with the electron crystallo-
graphic data known. According to Snyder and co-workers, a satisfactory and
experimentally verifiable model of the tubulin-binding site and of the conformation
of paclitaxel has been obtained by computational methods on the first electron
crystallographic model. In this context, a new paclitaxel conformer, T-Taxol (Fig. 10c),
was proposed [59, 81, 82].

Further refinement of the electron crystallographic structure of tubulin-paclitaxel
at 3.5A resolution delivered a similar result. Nevertheless, the T-Taxol model has
not been completely accepted as the actual bioactive conformation [78]. It is evi-
dent that the low 3.5-3.7A resolution of the complex limits the precision of the
resulting model. In addition, the Zn**-stabilized tubulin preparation employed in the
electron crystallographic study involves antiparallel protofilaments organized in
sheets, which strongly differ from genuine microtubules. Consequently, concern
has been expressed that the sheets may not be representative of cellular microtu-
bules and that sheet-bound paclitaxel geometry may differ from its bioactive form
in microtubules.

In this context, using the different models as templates, different synthetic
organic chemistry groups have prepared cyclic, conformationally-constrained ana-
logues based on the T-Taxol structure, leading to molecules with potencies similar
or even greater than the lead structure [56, 76, 78, 83]. Different research groups
have introduced constraints into the paclitaxel molecule involving the C-4, C-2 and
C-13 side chains. Interestingly, it has been reported that forming a tether between
the C-4 acetate methyl and the ortho- center of the C-3’ phenyl, in agreement with
the proposed T-Taxol conformation, permits the access to compounds with much
better activities (3-, 30- or 50-fold) than the activity of paclitaxel, even when tested
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against both paclitaxel- and epothilone-resistant cell lines. It has been proposed that
the origin of the bioactivities is related to the degree of rigidification introduced by
the C-4-C-3’ bridging moieties. While for paclitaxel, the T-form was estimated to
be present in only 2-5% of the variety of conformations [59, 83], the key con-
strained compounds appeared with 76 and 86% contributions from T-Taxol-like
geometries. Nevertheless, the authors have also warned that the significant activity
increases measured for these substances could not be attributed completely to con-
formational biasing, although it seems to be a dominating factor. Indeed, they
proposed that reinforcing the T-Taxol conformation is a necessary but not sufficient
condition to elicit high levels of drug potency [83]. Especially, in addition to the
appropriate molecular conformation, the ligand must also show a tubulin-compatible
molecular volume.

3.5 Epothilones. Different Geometries are Found Under
Different Experimental Conditions

As for all MSAs, the investigation of the complex of epothilones [57] with tubulin
has also been attempted. The solid state (deduced by either X-ray or solid state
NMR) structure of free epothilone B is known, as well as its conformations in
organic solvents [84-86]. However, its actual bioactive conformation is also a mat-
ter of debate.

For the free state, the major conformation of the macrocycle in solution is simi-
lar to that found in the crystal, although there was no preferred conformation of the
thiazole side chain, which showed a substantial freedom of the side chain around
the C17-C18 bond.

In contrast, approach to the structure determination by solid-state NMR [86], has
proposed a more defined geometry of both the macrocycle and the side chain. In fact,
the 10 solid-state NMR structures derived were very well defined, while the average
RMSD of the heavy atom to the X-ray structure was only 0.75A. When comparing
assignments of the solid-state NMR with the previously reported solution-state NMR
data [84], a qualitative correlation was found between the chemical-shift variations
observed and the possibility of intermolecular hydrogen-bonding [86].

The first study of the bioactive conformation of epothilones was conducted
through solution-state NMR for epothilone A, which lacks the methyl group at C12,
bound to non-microtubular o.f-tubulin [38, 87]. Almost immediately, the tubulin/
epothilone A complex was studied through electron-crystallography for Zn**-stabilized
of-tubulin layers [88]. The conformation of the tubulin-bound epothilone was
strikingly different in the two studies, suggesting the need for further investigation.
As this discrepancy may reflect the dependence of the epothilone binding mode on
the tubulin polymerization state, further studies are still expected.

From the viewpoint of NMR, the existence of specific and transient binding of
epothilone A to non-microtubular tubulin enabled the structural analysis of the
active conformation [38, 87] of the epothilones by using trNOESY experiments, in
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particular, using the interligand NOE for pharmacophore mapping (INPHARMA)
methodology [89] and molecular modeling.

For the NMR structural investigation of the epothilone-tubulin complex in solu-
tion, microtubule assembly was prevented. Evident conformational differences
were observed between the X-ray crystal structure and the tubulin-bound NMR
conformation of epothilone A. However, the authors rationalized many structure-
activity relationship data available on the tubulin-polymerization activity of several
epothilone derivatives [90]. According to these authors, the electron crystallogra-
phy-derived model [88] of the epothilone A-tubulin complex did not support some
of the structure activity relationship data. Nevertheless, as also stated in [89], the
high flexibility of the M loop, the S9-S10 loop, and the H6—H7 loop forming the
binding pocket could be responsible for different binding modes of epothilone A to
tubulin, depending on the polymerization state.

Although, according to the NMR analysis in non-polar solvents [84], the most
populated conformer is indeed very similar to the X-ray conformer, evidences of
other conformers are also clearly observed in the NMR data in solution for the free
state. The comparison of the torsion angles of epothilone A in the tubulin-bound
and in the free conformation revealed two major changes: the first occurred in the
O1-C6 region, while the second affected the orientation of the thiazole ring respect
to the C16-C17 double bond. Neither the C6—C7 dihedral angle, nor the C10-C15
region exhibited significant conformational changes upon binding to tubulin. The
most significant difference between the free and tubulin-bound conformations of
epothilone occurred in the side chain with the thiazole ring. In the geometry of the
bound conformation, the nitrogen atom of the thiazole ring becomes more accessi-
ble for potential formation of hydrogen bonds with the protein, which may more
than offset the deduced high-energy epothilone side-chain conformation. The design
of epothilone analogues should now use the knowledge about the conformation of
epothilone in its tubulin-bound state.

3.6 Discodermolide and Dictyostatin. The Free
and Bound Conformers

An elegant recent work by Carlomagno et al. [91] has reported a non-microtubular-
tubulin-bound conformation of discodermolide. Since the conditions in which the
discodermolide conformation was determined tubulin is not assembled into micro-
tubules, it might be possible that the tubulin-bound conformation observed therein
[91] is not identical to the conformation bound to microtubules. Nevertheless, under
these experimental conditions, the tubulin-bound conformation of discodermolide
in solution from NMR tr-NOE data is a compact globular shape. With the help of
both protein-mediated interligand NOE signals between discodermolide and
Epothilone [91] and the SAR data available for the two drugs, a common pharma-
cophore model was proposed. Similarities and differences in the pharmacophore of
the two drugs may provide a rationale for the analogous but not fully equivalent
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biological activities of the two natural products. Also, the similarity between the
tubulin-bound conformation of discodermolide and its X-ray structure [92] provides
a rationale for the powerful biological activity of the marine natural product dicty-
ostatin, a 22-membered macrocyclic lactone which is structurally and biogenetically
related to discodermolide. Not surprisingly, the tubulin-bound conformation of dis-
codermolide derived therein [91] was closely related to the solution structure of
dictyostatin [93], which supports a common mechanism for the MT-stabilizing
activity of the two compounds.

A variety of NMR data, including trNOESY/STD, line broadening analysis,
and STD-based NMR competition experiments, assisted by molecular mechanics
calculations, have also been recently employed to deduce the microtubule-bound
conformation of the previously mentioned two MSA, discodermolide and dicty-
ostatin [94] Since it is well known that tubulin in plain phosphate buffer does not
assemble into microtubules, and it has been described that the microtubule taxoid
binding site does not exist in dimeric tubulin, at least with an affinity higher than
millimolar, we rather preferred to search for biochemical conditions in which stable
microtubules were assembled from native tubulin with GMPCPP [27]. The NMR
data obtained indicated that microtubules recognize discodermolide through a
conformational selection process, in which the half-chair conformer (and not the
predominant in water solution, skew boat form) of the lactone moiety is bound by
the receptor. There are minor changes in the rest of the molecular skeleton
between the major conformer in water solution and that bound to assembled
microtubules. Indeed, despite the many torsional degrees of freedom of discoder-
molide, intramolecular interactions within the molecule and hydration strongly
affect its conformational features, which indeed only shows conformational
mobility around a fairly narrow part of the molecule. This evidence contrasts
strongly with the observations on other solvents, in which discodermolide shows
different degrees of flexibility. Therefore, while in acetonitrile [95] or dimethyl
sulfoxide [96], the different torsional degrees of freedom of discodermolide show
different flexibilities, the orientation of the C5-C24 chain is highly pre-organized
in water solution [94] with respect to that bound by tubulin, probably to minimize
entropic penalties. There are some slight changes in the deduced microtubules-
bound conformation with respect to that described by Carlomagno et al. using
non-assembled tubulin (Fig. 11). The structure provided by Carlomagno et al. [91]
shows a chair for the six-membered ring and its orientation is different from the
rest of the chain. In any case, the presentation of the molecule is remarkably simi-
lar, despite the change in the mode of preparation of tubulin in the two cases. In
particular, van der Waals contacts and torsional constraints strongly bias its con-
formational behaviour. Yet this feature serves to modulate the presentation of
polar and non-polar surfaces to interact with the binding site of tubulin. A model
of the binding mode of discodermolide to tubulin has also been proposed, involving
the B-tubulin monomer by using docking simulations [94]. This model involves
the taxane binding site of tubulin and comprises both polar and non polar interactions
between discodermolide and the receptor.
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Fig. 11 Superimposition of the X-ray structure of discodermolide (black) [92], bound to non-
assembled tubulin (blue) [91] and bound to microtubules [94]. Minor adjustments are observed

The microtubule-bound conformation of an analogous MSA, dictyostatin, has
also been derived by using the same combined protocol of NMR spectroscopy and
molecular docking [94]. The bound geometry deduced (Fig. 12) presents some key
conformational differences against the major one existing in solution [97] around
torsion angles at the C-7 region, and additionally displays mobility (even when
bound) along the lateral C22—C26 chain. In any case, the bound conformer of dic-
tyostatin resembles that of discodermolide and provides very similar contacts with
the receptor. Competition experiments with a paclitaxel bindig site ligand (Baccatin
IIT [11]) have indicated that both molecules compete with the taxane-binding site,
providing further support to previously described biochemical data.

3.7 Peluroside A

Peluroside A bound to microtubules has also been investigated. Two low energy
conformations of Peloruside A have been found in water solution [27], which
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Fig. 12 a Superimposition of the bound conformers of discodermolide and dictyostatin bound to
assembled microtubules [94]. b AUTODOCK solution of discodermolide and dictyostatin (blue)
bound to tubulin (1JFF), also compared with bound paclitaxel (green)
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Fig. 13 Superimposition of the two major conformers of Peluroside A coexisting in water solu-
tion [27]

mainly differ in the relative orientation of the C10-C15 region (Fig. 13). One of
these geometries (A) is in agreement with that postulated for Peloruside A in chlo-
roform solution [98, 99]. From the viewpoint of energy, and using MM3*, the new
conformer (B) is more stable than A. The major energy component that stabilizes
B is solvation energy. Nevertheless, according to molecular dynamics simulations,
both conformers are flexible along the backbone, with somehow higher variations
for the lateral chain. Nevertheless, despite the large size of the macrocyclic ring,
intramolecular interactions (van der Waals contacts and torsional constraints)
within the Peloruside A ring strongly affect the conformational features of this
molecule, which indeed only shows conformational mobility around a fairly narrow
part of the molecule. Yet, this existing conformational freedom, in the presence of
a given solvent, serves to modulate the presentation of polar and nonpolar surfaces
to interact with the binding site.
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Peluroside A was the first microtubule stabilizing agent whose conformation has
been determined bound to microtubules (those of Paclitaxel and Epothilone were
determined in non-microtubular tubulin [5, 12, 38, 91]). In the bound state, the
NMR data, assisted by molecular mechanics calculations and docking experiments,
indicated that only one (that present in water, B) of the two major conformations
existing in water solution is bound to microtubules (ct-tubulin). A model of the
binding mode to tubulin has also been proposed [27], involving the o-tubulin mon-
omer, in contrast with paclitaxel, which binds to the B-monomer.

It can be expected that the near future will provide tubulin-ligand structures with
sufficient accuracy to define precisely the conformation and binding mode for these
compounds and thereby validate or reject the current set of models. For the time
being, the methodologies schematically reviewed here may provide additional data
for understanding the action of MSAs and hopefully to design new potent
analogues.

Note added in proof: Recently, taxane binding to microtubules has been optimized
by affinity dissection and incremental construction o high affinity analogues of pacli-
taxel which are not affected by multidrug resistance in P-glycoprotein overexpressing
cells [101]. The conformational preferences of epothilone A and C3-modified
derivatives in aqueous solution have been found to include the previously proposed
bioactive conformation bound to non-microtubular tubulin [102]. A different site of
peloruside binding in beta-tubulin has been proposed from hydrogen-deuterium
exchange and data-directed molecular docking [103]
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The Tubulin Binding Mode of MT Stabilizing
and Destabilizing Agents Studied by NMR

Victor M. Sanchez-Pedregal and Christian Griesinger

Abstract Tubulin is a fascinating molecule that forms the cytoskeleton of the cells
and plays an important role in cell division and trafficking of molecules. It polym-
erizes and depolymerizes in order to fulfill this biological function. This function
can be modulated by small molecules that interfere with the polymerization or the
depolymerization. In this article, the structural basis of this behavior is reviewed
with special attention to the contribution of NMR spectroscopy. Complex structures
of small molecules that bind to tubulin and microtubules will be discussed. Many
of them have been determined using NMR spectroscopy, which proves to be an
important method in tubulin research.
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1 Tubulin and Microtubules

1.1 Microtubules: A Drug Target for Cancer Therapy

Antimitotic drugs that target microtubules (MT) or its constituent protein tubulin
are one of the most successful classes of anticancer agents discovered so far. MT are
long, filamentous, tube-shaped protein polymers that are essential in all eukaryotic cells.
Antimitotic agents are compounds that arrest cells in mitosis, which results in the
slowing or blocking of mitosis and induction of apoptotic cell death.

MT-targeting antimitotic agents include a large number of small-molecule com-
pounds from different sources and diverse chemical structures that have a common
mechanism of action, that is to interfere with the polymerization equilibrium of tubulin
into MT. Tubulin-targeting agents may be divided into two major categories according
to their effects on the polymerization of tubulin: some of them inhibit the polymeriza-
tion of tubulin to form microtubules, while others promote the polymerization of tubulin
and stabilize the resultant microtubules. Many of these compounds are potent antitumor
drugs and several have found wide use in the clinic, like the MT-destabilizing Vinca
alkaloids or the MT-stabilizing taxanes (Fig. 1) Paclitaxel (PTX) and Docetaxel (DTX),
while others, like the epothilones, are in the advanced stages of clinical trials [1-3].

A detailed knowledge of the atomic structure of protein/ligand complexes is desir-
able to understand the mechanism of action of the drugs and to help optimize their
activity or to identify new leads. In this article we will review how nuclear magnetic
resonance (NMR) has contributed to the understanding of the binding mode of some
of the most important tubulin-targeting drugs. We will discuss the sources of structural
information with special emphasis on NMR spectroscopy but not neglecting X-ray
crystallography, electron crystallography, and molecular modeling. We will also

Fig. 1 Structures of the taxanes paclitaxel (PTX, taxol) 1 PTX:R'=Ph, R?= Ac
and docetaxel (DTX, taxotere) 2DTX:R'=t-Bu, R2=H
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discuss difficulties encountered in obtaining high-resolution structural information and
how the incomplete information derived from these different techniques is combined
with other biochemical information available in order to understand the mode of action
of these drugs.

1.2 Constitution of Tubulin and Microtubules

Tubulin is a 110-kDa heterodimeric protein composed of two subunits o- and
- (~450 amino acids each) and it is the basic subunit of MT. MT are hollow cylindri-
cal protein fibers formed by the lateral association of protofilaments, where each
protofilament is a linear polymer of tubulin heterodimers that are bound head to
tail. The parallel arrangement of protofilament forms the cylindrical MT wall.
Typically, MT contain 13 protofilaments in cross-section aligned with the same
polarity. The two ends of a MT are not identical. The minus end is crowned by
a-tubulin subunits and serves as the site of nucleation at the centrosome, while the
plus end is crowned by B-tubulin subunits and faces outward from the nucleus to
the plasma membrane. The repeating subunits are held together in the polymers by
non-covalent interactions [4—06].

The self-assembly of a/B-tubulin heterodimers into protofilaments and MT is a
highly regulated process. MT are highly dynamic polymers that can switch between
growing and shrinking phases. This non-equilibrium behavior is essential for MT
cellular functions and is tightly regulated. Although both ends of the MT can either
grow or shorten, the plus end is kinetically more dynamic and experiences much
larger changes in length than the minus end [5].

MT interact with a large number of other proteins that modulate the MT dynamic
stability or that act as active motor proteins. Microtubule-associated proteins
(MAPs) stabilize MT by binding to polymers and promoting interactions with other
cellular components [7]. Other proteins, like those of the stathmin family, destabi-
lize MT [8] either by preventing assembly or by promoting disassembly of MT.

1.3 Classification of Binding Sites and Agents

A large number of small-molecule ligands, both of natural and semi-synthetic origin,
bind to soluble tubulin or to MT and inhibit cell proliferation. The MT-targeting drugs
include compounds of diverse chemical structures that share the property of disrupting
MT function by interfering with MT dynamics [9]. From the functional point of view,
these antimitotic ligands can be grouped in two classes according to their effect on MT
dynamics when administered at high concentrations. Some inhibit the polymerization
of tubulin to form microtubules while others promote microtubule assembly and sta-
bilization. Even though their effects at high concentration are opposed, both groups of
drugs share a common effect at low concentration, that is to cause mitotic arrest by
inhibiting normal MT dynamic instability without appreciably changing the mass of
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MT in the cell [5, 10]. The interference with microtubule polymerization dynamics is
regarded as the basis of drug activity rather than their effect on MT polymer mass.
As for the localization of their binding sites, most of them bind to one of three sites
on different parts of the protein: the colchicine, vinblastine and taxol sites [11-13].
Most MT-stabilizing agents bind at the PTX-binding site on -tubulin, including the
taxanes, epothilones, eleutherobin and discodermolide. Known MT-destabilizing
agents bind either to the colchicine or to the vinblastine binding sites. There are drugs
representative of the three groups undergoing clinical trials, alone or in combination
with others, for a number of therapeutic uses [1-3]. In addition, other binding sites
have been proposed for novel classes of compounds, like those for the MT-stabilizers
laulimalide and peloruside A [14—17], tryprostatin A [18] or estramustine [19, 20]. The
localization and properties of these binding sites will be reviewed in the next section.

1.4 Structure of the Tubulin Dimer and Microtubules

The strong tendency of tubulin to polymerize into heterodisperse aggregates and its
inherent instability in solution precluded for many years the preparation of suitable
crystals and the determination of its high-resolution structure [21, 22]. Finally, two
approaches succeeded in obtaining crystalline samples of tubulin suitable for dif-
fraction studies. The near-atomic resolution structures of tubulin thus derived
reflect two different environments: tubulin polymerized into protofilaments and
unpolymerized tubulin. The first structure of the tubulin dimer to be obtained was
solved by electron crystallography (EC) based on the electron density maps of two-
dimensional sheets of polymerized tubulin in complex with the MT-stabilizing
agent PTX [11]. More recently, the structure of unpolymerized tubulin stabilized
with a stathmine-like peptide was solved by X-ray crystallography [21].

In addition, docking the EC-derived near-atomic resolution structures of tubulin
into cryoelectron microscopy maps of MT, has provided more precise insights into
the structure of MT, their polymerization dynamics and the way how normal MT
behavior is disrupted by antimitotic drugs [23, 24].

The atomic coordinates from these structures are nowadays the basis of the new
computational and NMR spectroscopic studies aimed at the derivation of binding
models of other drugs. Therefore, we will describe the main features of tubulin
structures in the next section.

1.4.1 Structures Derived by Electron Crystallography: Straight Tubulin

The first near-atomic resolution structure of the tubulin dimer was determined from
a 3.7-A electron density map obtained by EC from the two-dimensional, crystalline
sheets of tubulin that form in the presence of Zn ions and PTX [11]. This polymerized
form of tubulin consists of protofilaments arranged in an antiparallel way, while
protofilaments are parallel in genuine MT. Despite this different orientation of adjacent
protofilaments, 3D reconstruction of intact MT from cryoelectron microscopy
images at 20 A or 8 A resolution demonstrate that the conformation of tubulin is
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overall the same in the Zn-induced sheets and in MT [23, 24], and only the location
of the mobile M loop involved in the lateral contacts between protofilaments is dif-
ferent in the two polymers.

The overall structure of the o and [ tubulin subunits is very similar and consists
of a core of -sheet surrounded by helices, forming a compact globular protein com-
posed of three sequential domains (Fig. 2) [11]. The N-terminal, nucleotide-binding

Fig. 2 Ribbon diagram of the structure of the o/f-tubulin dimer in 2D zinc-induced sheets (PDB
entry 1TUB). The B monomer is on fop. Some elements involved in PTX binding and lateral
contacts are colored: M loop in green, S9-S10 loop in blue, helix H7 in yellow, and helix H3 in
orange. Small-molecule ligands are represented as sticks: PTX in red, GDP and GTP in magenta.
The a-tubulin S9-S10 loop occupies a position equivalent to that of PTX in -tubulin
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domain forms a classical Rossman fold. The intermediate domain is formed by three
helices and a mixed beta sheet and contains the taxol-binding site. The small
C-terminal region is formed by two antiparallel helices.

The high-resolution model of the MT derived by docking tubulin into the 8-A
reconstruction of the MT shows that the critical lateral contacts between protofila-
ments are established from the M loop of one side to loop H1-S2 and helix H3 of
the other side (Fig. 3). While helix H3 is locked into its position, the M loop is
flexible enough to accommodate different angles between protofilaments without
compromising the interactions between subunits, thus allowing the formation of
MT with different numbers of protofilaments [23, 24].

The most relevant structural difference between the o and § monomers is
located in the loop S9-S10, which is 8 residues longer in a-tub than in 3-tub owing
to an insertion. In the a-subunit, the long S9-S10 loop stabilizes the M loop. In the
[-subunit, the equivalent position is occupied by the PTX binding site. This sug-
gests that PTX mimics the 8-residue insertion of the a-subunit loop. In fact, the
atomic model shows that the PTX molecule acts as a linker between helix H7 and
the M loop, possibly stabilizing an M loop conformation that favors the lateral
interprotofilament interaction and contributes to MT stabilization [24, 25]. Both
side chains and the baccatin core of PTX participate in these interactions [25].

Fig. 3 Lateral interactions between protofila-
ments are shown in this ribbon diagram repre-
senting two dimers that have been docked into
the three-dimensional reconstruction of a
microtubule. The view is from the inside of
the MT, with the 3 monomer at the top. The
nucleotides (GDP and GTP) and Taxotere
(TAX) are shown as spheres. The primary
interactions across the interprotofilament
interface involve the M loops from the dimer
on the right with helix H3 on the left.
(Reprinted with permission from [22].
Copyright 2000 Annual Reviews)
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Given that the two-dimensional tubulin crystals are composed of protofilaments,
the longitudinal interactions between monomers are observable in the model and
result from a combination of hydrophobic and polar contacts. Interestingly, these
longitudinal contacts between monomers are very similar in the inter-dimer and in
the intra-dimer interfaces [4, 5, 23].

The structure of a similar complex with epothilone A (EpoA) was also deter-
mined by EC [26]. The resulting tubulin/EpoA model is quite similar to the tubulin/
PTX model except for the position of M-loop residues and the orientation of
His227 within the binding site [27]. Similarly to PTX, the molecule of EpoA
bridges the M loop and helix H7. This will be discussed further on in the context
of the NMR studies of EpoA.

1.4.2 Structures Derived by X-Ray Crystallography: Curved Tubulin

More recently, the crystal structure of a complex of tubulin and the stathmin-like
domain (SLD) of protein RB3 was solved [21, 28]. The stathmin family of
proteins destabilizes MT [8]. In vitro, stathmin sequesters two tubulin heterodim-
ers to form a ternary complex [29, 30], offering a way to stabilize tubulin in solu-
tion for crystallization. Instead of stathmin itself, the 91-residue long RB3-SLD
a-helix was used to prepare the crystals. The complex tubulin/RB3-SLD (T2R)
is formed by two tubulin heterodimers assembled head to tail, and one RB3—-SLD
a-helix that extends between the two ends of the tubulin assembly with its N-terminal
domain capping the last tubulin subunit, thereby preventing its incorporation into
protofilaments (Fig. 4).

Fig. 4 Diagram of the crystal structure of the T2R complex showing the binding sites of
MT-destabilizing drugs (PDB entry 1Z2B) [13]. Protein subunits are represented as ribbons.
RB3-SLD is colored orange, a-tubulin is purple, and B-tubulin is green. Small-molecule ligands
are represented as spheres (vinblastine orange, colchicine red, GTP yellow, and GDP magenta).
Colchicine binds to the -subunit at the intradimer interface. Vinblastine binds at the interdimer
interface
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By contrast with the straight arrangement of tubulin subunits in protofilaments
both in Zn-induced sheets and in MT, the T2R complex is curved. Interestingly, the
curvature of T2R is very similar to that of the depolymerization products of MT,
suggesting that the structure of tubulin in T2R reflects the structures of GDP/tubu-
lin in oligomers and in curved tubulin protofilaments. Therefore, comparison of the
structures of curved and straight tubulins can help one to understand the mechanism
of the MT assembly-disassembly process.

Comparison of the structure of tubulin heterodimers in curved T2R and in
straight protofilaments shows important differences in the relative orientation of the
domains within each tubulin monomer and in the relative orientation of the o and
3 monomers in the polymer. Besides, there are significant conformational changes
in loops located at longitudinal interfaces in protofilaments as well as in the M and
H1-S2 loops, which participate in lateral contacts. The conformational change at
the intradimer o/ interface is noticeable, that affects elements of 3-tubulin near the
colchicine-binding site and some loops of the o subunit. At the interdimer interface,
changes are even more extensive and concentrate in the 3 subunit, involving a
different TS loop conformation and a translation of helix H7 and loop H6-H7.

Complexes of T2R with drugs that target either the colchicine or the vinblastinte
binding site have also been crystallized, allowing the definitive identification of
their respective binding sites.

Colchicine Binding Site

The colchicine binding site was definitely identified by co-crystallizing the T2R
complex with colchicine-site inhibitors, such as colchicine itself (Fig. 5), DAMA-
colchicine, and podophyllotoxin [12]. The binding site lies at the interdimer inter-
face, such that colchicine interacts with elements from both the a and the 3 tubulin
subunits, displacing T7 loop and HS helix to make space for the drug. This location
explains how colchicine binding prevents curved tubulin from adopting a straight
structure.

colchicine

vinblastine

Fig. 5 Structures of the MT-destabilizing agents colchicine and vinblastine
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It is noticeable that the observed colchicine site differs from previously proposed
binding sites that had been derived by molecular modeling [31]. The reason of this
discrepancy is that these computational models were based on the EC-derived
structure of tubulin (i.e., protofilaments of straight tubulin) and failed to predict the
tubulin curved conformation at the intradimer interface. Given that the straight tubu-
lin conformation is not adopted in the T2R/colchicine complex (as it would lead to
a steric clash of colchicine with the o subunit), the M loop is displaced by more
than 9 A compared to straight tubulin [12]. It was proposed that, due to this position
of the M loop, the lateral contacts cannot be established, thus explaining why pro-
tofilaments cannot assemble into MT in the presence of colchicine.

Vinblastine Binding Site

The structure of the complex of T2R with vinblastine (Fig. 5) was also determined
by X-ray crystallography, leading to the localization of its binding site, which is situ-
ated at the o/f3 interface between neighboring heterodimers and is therefore involved
in longitudinal protofilament contacts [13]. Vinblastine interacts to the same extent
with both flanking tubulin subunits. In comparison to T2R, local conformational
changes take place in tubulin subunits in order to accommodate vinblastine into its
binding site. The curvature of this structure explains how vinblastine induces tubulin
self-association into spiral aggregates at the expense of MT growth [13].

These structures of T2R complexes demonstrate that vinblastine and colchicine,
that are representative examples of the two classes of MT-destabilizing antimitotics,
prevent the formation of straight protofilaments by disrupting longitudinal contacts
at the o/} interfaces, hence inducing curvature into tubulin assemblies. They induce
curvature by binding at different sites in the tubulin heterodimer, vinblastine at
inter-dimer interfaces and colchicine at intra-dimer interfaces. In addition, confor-
mational changes induced by the drugs inside each tubulin monomer prevent the
formation of lateral contacts, especially due to their effect on the position of the
highly mobile M loop. All these differences between straight and curved tubulins
provide a rationale for the effect of MT-destabilizing drugs and for the mechanism
of MT dynamic instability [12, 13].

1.5 Implications of the Flexibility and Dynamics of Tubulin
Jor Its Structural Investigation

As we have seen, the flexible and dynamic behavior of tubulin has consequences at
two levels. Tubulin a/B heterodimers are flexible molecules in nature and change
conformation in response to a series of stimuli, such as the polymerization status or
the binding of ligands. Besides, tubulin heterodimers can self-assemble into MT
and a number of other polymer forms like protofilaments, rings or spirals [5]. The
complexity of this dynamic behavior makes its structural studies both experimentally
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and computationally difficult. Tubulin’s intrinsic instability in solution and its ten-
dency to polymerize prevented for a long time the formation of useful crystals for
crystallographic studies. The crystals obtained are in most cases non-physiological
crystals, such as the 2D Zn-sheets used in the EC structural studies. Computational
prediction of binding sites and bioactive conformations suffer from the fact that
binding of different drugs alter the conformation of tubulin heterodimers in differ-
ent, often unpredictable ways and hence conclusions from these studies must be
regarded with caution.

Even though near-atomic resolution structures are available only for a few tubulin
binders, these structures are very valuable as their represent the basis for a number of
studies aimed at discovering the binding modes of other MT-targeting drugs.

2 NMR Methods for the Investigation
of Macromolecular Complexes

2.1 General Considerations

High resolution NMR in solution is a well established technique for the determina-
tion of the structure of proteins and their complexes [32] provided the rotational
correlation time of such complexes remains sufficiently short. In practice, this
means that the structure of protein complexes with a mass up to 20-30 kDa can be
determined by applying classical heteronuclear isotope labeling and NMR method-
ology [33, 34]. Larger systems can be tackled using perdeuteration or selective
isotope labeling (for a recent review, see for instance [35]) in conjunction with high
field and relaxation optimized NMR techniques. In particular, selective amino acid
labeling provides information in congested spectra with maximum precision that
would otherwise be impossible to obtain [36].

Solid-state NMR does not have the size limit because it does not rely on the fast
rotational tumbling of molecules. However, line widths are larger such that overlap
becomes an issue limiting the number of amino acids that could be assigned to
presently around 100. Still, partial information could be extracted from much larger
systems approaching several tens of kD. Solid-state NMR relies on detection of
heteronuclei, so that labeling of the protein is mandatory.

Despite the great progress experienced in these fields, the determination of the
structure of tubulin is beyond the possibilities offered by solution NMR spectros-
copy due to a number of factors, like the high molecular mass of the unpolymerized
tubulin heterodimer (~110 kDa), its instability in solution, its strong tendency to
polymerize into species of much larger molecular mass, and the impossibility pres-
ently to express it in bacterial systems, preventing for the moment the labeling with
NMR active isotopes. Therefore, NMR activities that will be described in the fol-
lowing have mainly concentrated on the description of the ligand’s conformation as
well as its binding site and binding pose in tubulin.
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2.2 Derivation of Bioactive Conformations of Ligands by NMR

2.2.1 Exchange-Transferred NMR Experiments

Fortunately, the possibilities offered by NMR spectroscopy to characterize ligand/
protein complexes are not always limited to the direct observation of the protein
receptor. If the soluble ligand binds to the macromolecule transiently instead of
forming a tight complex, the receptor-bound conformation of the ligand can be
characterized by observing the resonances of the ligand by means of exchange-
transferred experiments such as transferred nuclear Overhauser effect (tr-NOE)
[37], saturation transfer difference (STD) [38] or transferred cross-correlated
relaxation (tr-CCR) [39, 40], among others. Exchange-transferred experiments take
advantage of the large differences in the relaxation rates of the small molecule reso-
nances in the free state compared to those in the protein-bound complex [37, 41-43],
provided the binding equilibrium is in the fast exchange regime. This fast-exchange
condition means that the dissociation rate (k ;) of the complex must be faster than
the relaxation rates of the ligand in the complex. In practice, and assuming that the
on-rate is controlled by diffusion (10’108 M~! s71), this implies that the dissociation
constant (K) value must lie in the low micromolar to millimolar range, which
excludes very tight binders from observation but makes these experiments very
suitable for ligands with intermediate to weak affinities [37, 41—43]. One advantage
of monitoring the small molecule is that there is no need to isotopically enrich the
target protein and that only small quantities of protein are required. Typical experi-
mental conditions use small amounts of unlabeled target protein (1-50 uM in
0.5 ml of solution) and a high ligand:protein ratio (in the range 10:1-100:1). Under
these conditions, measurement of exchange-transferred experiments observing the
resonances of the free ligand that is present in stoichiometric excess reflects mainly
its bioactive conformation, i.e., the conformation of the protein-bound ligand.
Interestingly, for the application of transferred NMR methods it is advantageous
that the weight of the macromolecule is larger than 35 kDa. There is no upper limit
observed so far.

Among the existing exchange-transferred NMR methods, we will highlight in
the following those that have been employed to determine the bioactive conformation
of tubulin-bound drugs.

Transferred NOE

In a typical “free” NOESY experiment of a molecule in the absence of any interacting
protein, cross-peak volumes are interpreted in terms of a set of interproton distances
r; that can be used as distance restraints in structure determination procedures, like
restrained simulated annealing protocols [44]. In a tr-NOESY, i.e. a NOESY measured
under exchange-transferred conditions in the presence of a protein — i.e., an excess
of soluble ligand is in fast exchange equilibrium with a smaller amount of protein-
bound ligand —, these r; reflect the interproton distances of the ligand in the bound
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complex and application of the same kind of structure calculation procedures pro-
vides the bioactive conformation of the ligand. This can be understood by consider-
ing the cross-relaxation rate of two protons with the distance riif’“’ in the free
conformation and " in the bound conformation: '
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From (1), it follows that the bound conformation is predominant in the
tr-NOESY if
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Structure calculations for the bound conformation of the ligand can be done in the
absence of any knowledge on the actual structure of the receptor protein, as they
involve only interproton distances of the ligand molecule. However, if the 3D struc-
ture of the protein is known, a model of the complex can be generated by using the
tr-NOE distances as restraints to lock the otherwise flexible ligand in the bound
conformation, which reduces the number of docking calculations considerably.

It is worth noting the remarkable differences in the NOESY spectra of a small-
molecule ligand measured in exchange-transferred conditions compared to the
“free” NOESY recorded in the absence of protein. The integral of the cross-peaks
is much larger in the tr-NOE spectrum. Besides, the sign of the cross-peaks is oppo-
site in the two spectra. These differences are due to the large difference in the cor-
relation times of the free ligand and the complex, which translates into
cross-relaxation rates of different magnitude and opposite sign.

Saturation Transfer Difference (STD) NMR

Saturation transfer difference NMR stands for a difference experiment in which the
protein resonances are selectively saturated but not the resonances of the ligand
[38]. In the second experiment, the proton resonances of neither the ligand nor the
protein are saturated. If the ligand binds to the protein with a K, between mM and
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nM, in the first experiment saturation is transferred from the protein to the ligand
via proximity of protein protons and ligand protons, reducing the intensity of the
signals of the ligand. In the second experiment, the normal ligand spectrum is
obtained. The difference for the ligand spectrum is then non-zero. A non-binding
ligand is not affected by the selective irradiation of the protein and therefore does
not give signal in the difference spectrum.

One might argue that the selective saturation of the protein may saturate only
those protein protons that are not in contact with ligand protons. However, satura-
tion is usually achieved by applying the saturation rf field for a relatively long time.
This ensures that all protein protons are eventually saturated by spin diffusion,
which is equivalent to flip-flop energy transitions. It is a feature of cross-relaxation
between protons in increasingly bigger proteins that the overall magnetization of
the protons relaxes increasingly slower while the cross-relaxation between protons
becomes increasingly faster. Thus, magnetization from selectively saturated protein
protons can be transferred through space to non-saturated nearby protons, which
will be saturated as well. Since, as explained above, STD exploits the transfer of
magnetization from the saturated protons of the protein to the protons of a ligand
that transiently binds to the protein, a difference spectrum is obtained from spectra
collected with and without selective pre-irradiation of resonances of the protein.
The resulting subtracted spectrum contains only the signals of the protons of
the ligand that interact with the protein. Protons of the ligand that are closer in
space to those of the protein will receive a larger fraction of magnetization and
hence experience a larger signal enhancement relative to the reference spectrum
recorded without pre-irradiation. In consequence, analysis of the relative enhance-
ment of the signal of each atom can be used to determine the binding epitope of the
ligand [38], i.e. to identify the protons of the ligand that lie closer to the protein
surface and contribute more strongly to the binding interaction. Of course, there
will still be some unequal distribution of saturation in the protein that also has to be
taken into account. Therefore, a quantitative analysis of STD effects requires a
rather precise knowledge of the structure of the protein and the chemical shifts of
the protein protons. Such investigations have been recently summarized [45].

Another experimental problem that may arise when trying to interpret STD data
non-quantitatively stems from the fast relaxation of some ligand protons, which
reduces the STD effect compared to other slower relaxing ligand protons [46].
Then, STD effects appear weaker for those faster relaxing protons and a binding
epitope involving those faster relaxing protons may be missed. On the other hand,
slowly relaxing protons may show larger STD enhancements. This behavior of STD
is not unique, but it is common to all saturation NOE experiments. Under saturation
conditions, the NOE enhancement does not strongly correlate with the distance
between saturated and observed nucleus. The only way out is to use shorter irradia-
tion times, so-called relaxation-compensated STD, very similar to truncated 1D
NOE spectroscopy [46, 47]. Of course, short irradiation times will not lead to equal
saturation of the protein protons, so that a balance has to be found if the ligand has
very differently relaxing protons. Full relaxation matrix analysis takes care of both
problems.
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Transferred Cross-Correlated Relaxation (tr-CCR)

The cross correlation between two separate relaxation interactions such as two
dipolar interactions between, e.g., two carbon proton pairs CH, and CJ.Hj can be used to
determine the projection angle between these two vectors (Fig. 6). Such projection
vectors can be translated in many cases into dihedral angles offering a good alterna-
tive to the measurement of 3J couplings [48]. Since CCR rates linearly depend on the
correlation time, they can be used in transferred experiments similarly to tr-NOEs
to determine selected dihedral angles of the bioactive conformation of the ligand
[39, 40]. Different kinds of CCR rates can be measured, depending on the structure
of the molecule and the kind of nuclei involved in the interaction. For example, the
above-mentioned CCR rate due to the dipolar coupling of two different C—H pairs
(CH, and CjHj) is given by
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where ¥ and ¥, are the gyromagnetic ratios of carbon and proton respectively, 7, .

and Fejpre the C-H interatomic distances, 7. is the correlation time of the mole-

cule, 9,,1, is the projection angle between the two C-H vectors, and § 5 is the order

parameter, which takes into account the possible internal motion. Transferred cross-

correlated relaxation has been used successfully for the characterization of small

molecules bound to tubulin as will be discussed later in this article. It has also been

applied to several other systems [49] such as nucleotides bound to enzymes [39, 50]
and peptides bound to proteins [40].

Limitations of Transferred Relaxation NMR Experiments

One precaution to be taken when interpreting data from transferred experiments is
to make sure that only the bioactive conformation of the ligand is contributing to
the NMR signal. As transferred experiments are recorded with a high molar excess
of ligand over the macromolecule, it may happen that the ligand binds nonspecifi-
cally to the protein, leading to complexes that also contribute to the averaged
tr-NOE, tr-CCR or STD NMR signals. Interpretation of these signals as if they were
derived from a unique conformer would lead to incorrect results. Therefore, appro-
priate control experiments need to be done to rule out nonspecific binding. The situ-
ation is similar to many assays in which fluorescence anisotropy decays are used as

Fig. 6 CCR helps in determining the projection angle between two dipolar
interaction vectors
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a signal for the interaction of a ligand with a protein. Also there, the signal does not
tell whether the ligand binds to the correct binding site.

2.2.2 Determination of Solution Conformations of the Uncomplexed Ligand

Despite the opportunities offered by NMR transferred methods to determine the
bioactive conformation of ligands, their application to the study of tubulin com-
plexes has been started only recently and the number of applications is still limited.
While structural data could not be obtained experimentally from the macromolecular
complexes, another NMR-based approach often used in the drug discovery context
analyzes the conformational properties of the uncomplexed molecule in solution.
The basic assumption is that the bioactive conformer is very likely one of those
present in the solution conformational ensemble, even though it might not be the
most populated conformer [51, 52]. This had been found to be the case in a number
of examples such as the binding of geldanamycin and radicicol to Hsp90 [52] or the
binding of a water soluble analogue of the flexible cyclic peptide cyclosporine A to
cyclophilin [53, 54]. So, it came as no surprise that, in the case of taxol, one of the
conformers found in free solution is the best candidate for binding to 3-tubulin [25].
However, care has to be taken when using this approach because, if the bioactive
conformation is a minor conformation in equilibrium with other major in solution,
it may escape detection by the usual NMR methods.

NMR is the experimental tool of choice to explore conformational properties,
especially of flexible small molecules in solution [55-57]. Interpretation of NMR-
derived structural parameters in combination with molecular modeling usually
offers a view of the accessible conformations to ligands. The most relevant struc-
tural parameters derived from NMR are interproton distances obtained from NOE
or ROE experiments, dihedral angle restraints from 3J scalar coupling measure-
ments and, recently, residual dipolar couplings (RDCs) [58].

NAMEFIS Deconvolution Analysis

Flexible molecules with rotatable single bonds usually do not exist as a single con-
former in solution. Instead, they exist as an ensemble of different conformers inter-
converting in a fast exchange equilibrium at room temperature. NMR parameters
such as NOEs or J couplings are the weighted average of the contributions of each
conformation present in the sample [59]. Trying to fit the averaged NMR data to a
single conformation would lead very likely to a virtual conformation [60]. If the
number of restraints is large, however, there are very likely intrinsic inconsistencies
that suggest multiple conformations [56].

Describing the ensemble of conformations would imply knowing the structure
and the relative population of each conformer in solution. In many cases this
problem is underdetermined, since the number of NMR-derived experimental
restraints is smaller than the degrees of freedom of the system. In consequence,
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computational methods are used to find possible solutions that are compatible
with the experimental NMR data, as explained in the following. Still, with the
larger number of independent restraints available nowadays (distance, dihedral and
orientational), this problem has become less severe and the faithful description of
conformational ensembles is possible for favorable cases in cyclic systems [61]
and even in open chain systems [58].

One of these methods is NAMFIS (NMR Analysis of Molecular Flexibility in
Solution) [62], which considers all candidate conformations that are theoretically
accessible to the molecule and optimizes their mole fractions until their computed
variables match the experimental NMR data (usually NOEs and J couplings, in the
future potentially also residual dipolar couplings). NAMFIS has been used to ana-
lyze the solution structures of several tubulin-binding drugs, such as PTX [63],
epothilones [26], discodermolide [60] or laulimalide [64].

One advantage of the NAMFIS approach is that it does not rely on the calculated
energies of the conformers, which have proven to provide unreliable values at least
with highly polar molecules like PTX [65]. Instead, NAMFIS uses all reasonable
conformational minima proposals regardless of their energies and selects them on
the basis of their fitting to the experimental NMR data.

Of course, one cannot expect from NAMFIS that it substitutes the analysis of the
bound structure of a ligand. NAMFIS tries to extract from a set of averaged
restraints the underlying multitude of structures [62, 64]. The problem of deconvo-
luting an averaged NMR spectrum is underdetermined (due to the large number of
unknowns and the scarcity of experimental data), i.e., there is no unique solution.
Among all feasible solutions, NAMFIS finds the one that best fits the available
experimental data. The solution of NAMFIS deconvolution is given in the form of
the mole fractions of a set of conformations that can be clustered in a few structural
families. The existence of these families is supported by rigorous analysis of data,
although the precise values for the population of each family have a certain degree
of uncertainty. Also NAMFIS may not suggest the presence of exactly one of the con-
formations present in solution but it will suggest conformers very similar to the
“missed” one [64].

2.2.3 Solid-State NMR (ss-NMR)

The opportunities offered by NMR for the study of biomacromolecules are not
limited to solution techniques. Especially tight complexes between a ligand and a
protein can be studied very well by solid-state NMR spectroscopy (for a recent
review refer to [66]). In ss-NMR, the size limitation does not exist since the rota-
tional tumbling is not required for line narrowing but rather fast spinning at the
magic angle [67], cross polarization from 'H to *C [68], and detection of C
instead of 'H [69]. The line widths in the spectra are the limiting factor for the
number of resonances that can be dealt with easily. If one concentrates on small
systems interacting with large systems such as a small ligand with tubulin, ss-NMR
can be ideally used provided the ligand can be labeled with C. Indeed, structures
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of complexes of peptides with membrane proteins could be successfully character-
ized by ss-NMR spectroscopy [70, 71].

The main source of conformational information for biopolymers are the easy-to-
obtain chemical shifts that can be translated into dihedral restraints. In addition, for
fully *C labeled compounds, proton-driven spin diffusion between carbons [72]
can be used to measure quantitatively distances between carbons. The CHHC
experiment is the equivalent of the NOESY in solution that measures distances
between protons by detecting the resonances of the attached carbons. While both
techniques, proton-driven spin diffusion and CHHC experiment [73], allow for
some variation in the distance as determined from cross-peak integrals, REDOR
[74] experiments in selective labeled compounds measure very accurate distances
by direct observation of the oscillation of a signal by the dipolar coupling. While
the latter technique provides very accurate distances, it provides only one piece of
information per sample. Therefore, the more powerful techniques proton-driven
spin diffusion and CHHC have taken over when it comes to structure determination
by ss-NMR of fully labeled ligands.

2.3 Derivation of the Orientation of the Ligand in Its Binding
Site INPHARMA)

Knowing the bioactive conformation of the ligand does not solve the question of its
orientation into the protein binding site. In some instances, e.g., when the 3D struc-
ture of the protein is unknown, the bioactive conformation can be used to deduce a
common pharmacophore with other drugs that target the same site of the protein.
In addition, when the 3D coordinates of the protein are available, the ligand bioac-
tive conformation can be computationally docked into its binding site. However, it
would be desirable to have additional direct experimental data on the orientation of
the ligand and not only on its conformation or its binding epitope.

In structure-based drug design it often occurs that the coordinates of a complex
of the protein target with a ligand A are known and we are interested in the binding
pose of a second ligand B that targets the same binding site. In this case, the prob-
lem of the binding orientation of B can be reduced to determine the relative orienta-
tion of the two ligands A and B in the protein binding site. A new NMR-based
method (INPHARMA) was developed to address this question and applied to the
binding of EpoA and tubulin [75, 76].

INPHARMA is based on the observation of inter-ligand NOE peaks between
two ligands that bind competitively (not simultaneously) to the same site on the
target protein (Fig. 7). Similarly to tr-NOE, INPHARMA requires that binding of
the two ligands occurs under the fast-exchange regime and that both are in excess
with respect to the protein. For INPHARMA measurements, the two competing
ligands are present simultaneously in the sample so that a fast equilibrium is estab-
lished between the protein target T, the two free ligands A and B, and the complexes
TA and TB.
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Fig. 7 Schematic representation of the principle ot the interligand NOEs observed between two
competitive ligands A (green) and B (blue) that bind consecutively to the same target receptor
T. (Reprinted with permission from [75]. Copyright 2005 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim)

An INPHARMA inter-ligand peak between a proton H, of ligand A and a proton
H, of ligand B originates from spin diffusion mediated by protons H, of the protein
target. During the NOESY mixing time, magnetization is transferred from H, to H,,
in the complex TA. Then the complex TA dissociates and B binds to T. The mag-
netization from H,, that had been transferred to H,, is now transferred from H, to
H, in the complex TB, resulting in an interligand cross-peak H,—H, in the NOESY
spectrum. Due to the distance dependence of the NOE transfers, this peak can only
exist if protons H, and H, are close to the same proton H_ in their respective com-
plexes TA and TB. It has to be noted that protons H, and H, are never close in
space. Instead, they bind consecutively in the proximity of the same proton H,
which mediates the transfer of magnetization from H, to H,. The origin and infor-
mation content of the INPHARMA interligand cross-peaks are different from those
ILOE (Inter-Ligand Overhauser Effect) cross-peaks described by London [77] that
occur between ligands binding simultaneously to the protein in adjacent or partially
overlapping binding pockets.

Assuming that the coordinates of the complex TA are known, the orientation of
ligand B in the binding pocket could be deduced from a set of such interligand
H,—H, cross-peaks. In practice, these interligand NOEs should be interpreted with
the help of theoretical full-relaxation-matrix (FRM) calculations in order to account
properly for the effects of spin diffusion. The procedure consists of three steps: 1.
generate by computer docking a set of TB binding poses differing in the binding
orientation of ligand B; 2. compute the expected intermolecular NOEs for each
binding pose of B in the TB complex; 3. rank each binding pose according to the
agreement between computed and experimental intermolecular NOEs.
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3 NMR-Derived Bioactive Conformation
of Tubulin-Binding Agents

Since the discovery of the therapeutic potential of tubulin targeting drugs, there has
been a demand for structural information at the molecular level about the binding
pose of the small-molecule ligands, very much needed by the medicinal chemists
for the rational design of novel derivatives. Even nowadays, near-atomic resolution
structures are available only for a few tubulin binders, namely, the EC-derived
structures of the MT-stabilizers PTX [11] and EpoA [26], and the X-ray structures
of complexes of tubulin/RB3-SLD with the MT-destabilizers colchicine [12] and
vinblastine [13].

Regarding the rest of the MT-targeting compounds, there is no complete 3D
structure of protein/drug complexes available based on crystallography data. For
some of these complexes, there is high resolution structural information available
on the conformation of the ligand when bound to tubulin. Such conformations have
been derived over the years from solution NMR, solid-state NMR and molecular
modeling, often in combination with the atomic coordinates of the available structures
of the free protein or the protein in complex with other ligands. Knowledge of the
bioactive conformation of the drugs may give clues on the critical interactions that
are responsible for their activity and may suggest modifications for the synthesis of
analogues with improved properties.

There are three NMR-based approaches suitable to propose the bioactive confor-
mation of ligands in the absence of the coordinates of the whole complex: 1. con-
formation analysis of free ligand in solution has a high chance to find with some
population the bound conformation, although it may be solvent dependent (refer to
Sect. 2.2.2); 2. determination of bound ligand conformation by means of transferred
NMR methods if the dissociation constant is not smaller than approximately 50 uM
(refer to Sects. 2.1 and 2.3); 3. solid-state NMR of the complex if the ligand can be
obtained with 3C labels (Sect. 2.2.3).

3.1 Microtubule-Stabilizing Agents

3.1.1 Taxol Binding Site
Paclitaxel (Taxol)

PTX (taxol, Scheme 1) was the first antimitotic compound known to act by stabiliz-
ing MT. Nowadays, PTX is one of the most important anticancer drugs and is used
clinically for the treatment of ovarian, breast, and non-small cell lung cancer, as
well as AIDS-related Kaposi’s sarcoma [78]. After PTX, many other MT-stabilizing
agents have been discovered and are at different stages of clinical development.
Most MT-stabilizing agents bind to the taxol binding site.
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There has been long controversy regarding the bioactive conformation of PTX
due to the difficulties to obtain high-resolution structural data from PTX bound to
MT. Before the EC structure of PTX-stabilized tubulin polymer sheets [11] was
available, solution NMR spectroscopy was used to derive candidate conformations
for the tubulin-bound state of PTX. Early solution NMR studies on PTX have been
reviewed by Jiménez-Barbero et al. [51] and only the fundamental results are sum-
marized here.

For solution NMR studies on the free PTX, organic solvents (such as CDCIB,
CDZCIZ, CD3OD, DMSO) or DMSO/HZO mixtures were used due to the low aque-
ous solubility of taxol. In these first solution studies, NMR data were interpreted on
the assumption that a single conformation was dominant in solution. Among the
many conformers proposed based on NMR and molecular dynamics, two confor-
mations were regarded as candidates for the bioactive form of taxol that were
named the polar and the nonpolar conformation (Fig. 8) [51]. Both conformations
share the characteristic of being hydrophobically collapsed because in both cases
the 2-benzoyloxy substituent is in close proximity to one of the two C13 side chain
phenyl groups, making hydrophobic phenyl-phenyl contacts.

Further insight into the conformations of taxol in solution was gained by the use
of fluorinated analogues of PTX. Variable temperature NMR measurements of °F
chemical shifts and H2'-H3’ scalar couplings combined with molecular modeling
indicated that there is a dynamic equilibrium between three conformers, especially
in protic solvents [79]. Later, NAMFIS analysis of PTX [63] showed that the NMR
data are consistent with a set of eight conformations in equilibrium that can be
grouped into three structural families. Two of these families resemble the hydro-
phobically collapsed polar and apolar conformations previously described. The
third subset includes “open” or extended conformers, (where the side-chain phenyl
groups are unclustered) including the so-called “T-conformers” that had also been
proposed in previous studies (Fig. 8) [80—82].

Fig. 8 Conformations of PTX in solution (C blue, O red, N green). Left: nonpolar conformation.
Middle: T-taxol conformation. Right: polar conformation. The drawings are representative struc-
tures of each class and do not correspond exactly to any physically determined structure.
Coordinates were generated by manual manipulation with Kryomol (http://galileo.usc.es/~armando/
software) of the PTX coordinates in the PDB entry 1JFF
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The publication of the 3D structure of PTX-stabilized Zn-induced tubulin sheets
based on electron crystallography represents a hallmark in the field [11, 83]. The
1998 structure confirmed the location of the binding site of taxol that had already
been inferred from photoaffinity labeling. However, it did not solve the question of
the conformation and orientation of taxol in the binding site. The reason is that the
typical 3-4 A resolution provided by EC densities sufficed to define the protein fold
but not the precise conformation of the ligands in the complex. Therefore, determi-
nation of ligand conformation from these EC data relied on building models that
make sense chemically. In addition, further information such as SAR (structure
activity relationship) data, results from photoaffinity labeling and internuclear dis-
tances obtained from NMR analysis were essential.

Simultaneously with the refinement of the EC structure, additional data on the
conformation of taxol bound to MT came from ss-NMR REDOR measurements
[84]. As introduced above, the REDOR experiment exploits the dipolar interaction
between nuclear spins to determine distances between atoms closer than 12 A. A
PTX analogue with suitable spin labeling for REDOR was prepared and complexed
to MT. Labeling of the amide carbonyl and C3’ methine with '*C, and position p- of
the 2-O-benzoyl with “F (Fig. 9, compound 3), allowed the measurement of the
two YF-13C distances I and II (Fig. 9), that could serve, in principle, to discriminate
among candidates for PTX conformation. The respective values of 9.8 A 0.5 A
and 10.3 A +0.5 A were interpreted by the authors as supportive of the hydrophobi-
cally collapsed polar conformation for PTX [84].

it \4

Fig. 9 Taxol and the derivatives used in REDOR NMR experiments. Arrows indicate the intera-
tomic distances measured in each compound
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Two independent studies based on the refinement of the EC structure of tubulin/taxol
concluded that T-taxol is the conformation that best fits the EC density [25, 83],
despite the fact that the two internuclear distances of T-taxol (9.1 A and 9.9 A,
respectively) are in slight disagreement with those derived by REDOR NMR.

Another conformation different from T-taxol was proposed based on molecular
dynamics simulations and computational docking restrained by the two REDOR
distances [85]. The main difference between this conformer (named REDOR-taxol
or PTX-NY) and T-taxol is the conformation of the C13 side chain, that places the
2'-OH in a different orientation. However, subsequent studies demonstrated that
PTX-NY is not consistent with the EC density [86, 87].

The apparent contradiction between REDOR internuclear distances and the
T-conformation compatible with the EC-density has been critically reviewed [86].
The discrepancy is solved by realizing the following three facts. First, as only two
intermolecular distances were measured, there are many diverse PTX low-energy
conformations compatible with them, including conformers of the T-taxol and polar
conformation classes. Second, angle variations as small as 6-14° of the T-taxol
conformer [25] suffice to satisfy the REDOR distances while still keeping the basic
structural features of the T conformation. In fact, such small variations can be pro-
duced by molecular vibrations at room temperature. Third, detailed analysis of
error boundaries of REDOR measurements give +0.7 A as a more realistic value
instead of the previously reported value of 0.5 A. Moreover, molecular motion and
other factors can easily explain even larger discrepancies.

If all these facts are taken into consideration, the T-taxol conformation can be regarded
as consistent with the two *C-F REDOR distances. Other conformations apart from
T-taxol that also conform with the REDOR distances, such as the polar PTX or PTX-NY,
can be rejected on the basis of their poorer fitting to the EC density (Table 1).

Table 1 Summary of key internuclear distances for PTX conformations as compared to those
determined experimentally from REDOR NMR experiments [87]

Distance, A

Separation ~ Polar Nonpolar PTX-NY T-taxol REDOR
(Fig. 9) model* model® model*¢ 1JFF*  model! distance
I 9.6 8.5 9.4 9.3 9.9 10.3!

I 104 6.2 10.0 8.1 9.1 9.8
JUIE 7.4 8.0 7.3 6.5 7.9 7.8"
Iv 4.5 12.5 13.1 11.6 12.2 >g"

Ve 5.5 7.2 6.4 7.2 6.6 6.3"
144]

°[63, 80]

°[85]

9The values of distances I and II were inadvertently switched in Fig. 1 of [86]

‘[25]

181, 145, 146]

tDistances from the 4-OAc methyl group were taken as an average of the three hydrogen
positions

"[87], 0.5 A

184]
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More recently, additional 2H{"’F} REDOR measurements on new PTX derivatives
bound to MT provided three new interatomic distances that helped to define more
precisely the bound conformation of PTX [87]. The two PTX analogues labeled
with fluorine and deuterium were designed to determine the three key distances
based on the measurement of 2H-'F distances, as indicated in Fig. 9 (compounds
4 and 5). These interatomic distances rule out the polar and nonpolar conformers
and further support the T-taxol conformation (Tablel). The polar conformation is
rejected on the basis of distance IV, as the 4.5 A is much shorter than the > 8 A
determined by REDOR. The nonpolar conformation can be ruled out on the basis
of distances I and II, that are too short in the nonpolar conformer compared to the
experimental ones (1.8 and 3.6 A short). Besides, bridged taxanes resembling the
nonpolar conformation displayed no activity in the tubulin assembly assay [88].
PTX-NY closely matches the REDOR distances. Nevertheless, it is discarded as the
bioactive form of PTX due to its poor fit to the EC density [87].

In summary, the T-taxol conformation is the only one that is compatible with the
EC density and with the internuclear distances measured by REDOR ss-NMR. The
conformation of T-taxol has been used as a template to design novel bridged taxanes.
The fact that some of them possess improved bioactivity [89, 90] provides indirect
additional evidence that T-taxol represents indeed the bioactive conformation.

Epothilones

Epothilones are macrolides of bacterial origin that stabilize MT in a similar way to
taxol [91]. The first compounds of this class to be discovered were Epothilones A
and B (Fig. 10) that were isolated from bacterial cultures [92]. Epothilones are com-
petitive inhibitors of taxol binding to MT, indicating that they bind to the same or
overlapping binding sites in tubulin. In comparison to taxol, epothilones are more
water soluble and retain activity in taxol-resistant cell lines [93]. Hundreds of epothi-
lone analogues have been synthesized in the search of more active compounds and
six of them have entered clinical trials [3]. This high number of analogues represent
an invaluable source of SAR data that has helped to design new active derivatives.
The X-ray (Fig. 11) and solution NMR structural studies of epothilones in the
absence of tubulin have already been reviewed [51]. Most studies concluded that
there are several conformers in a fast equilibrium exchange, as expected from the
flexibility of the large macrocyclic ring [51, 94]. Analysis of 2D NOE and ROE

Epothilone A: R=H
Epothilone B: R = CH3

Fig. 10 Structure of Epothilones A and B
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Fig. 11 Three-dimensional structures of epothilones determined in different environments
(O red, S yellow, N dark blue). Top: structures of free EpoA determined by X-ray crystallography
from dichloromethane/petroleum ether (fop left [98](a)) and from methanol/water (top right
[143](b)). Bottom: structures of EpoA bound to tubulin determined by solution NMR in aqueous
medium (bottom left [96]) and by electron crystallography from zinc-stabilized tubulin sheets
(bottom right [26]).(a) The crystal structure data have been available from the author to interested
research groups since October 1995.(b) H.-J. Hecht, G. Hofle, unpublished results; CCDC 241333
and CCDC 241334 contain the crystallographic data of this structure. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystal-
lographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: (+ 44) 1223-336-033; or
deposit@ccdc.cam.ac.uk)

spectra of EpoA in dichloromethane or DMSO/D,O in combination with computa-
tional conformational search was interpreted as consistent with two conformations
in solution [94]. By contrast, based on NAMFIS analysis in those solvents, it was
proposed that the NMR data is more consistent with an equilibrium of a set of 10-20
conformations with individual populations below 25% [51]. Recently, the
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conformation of EpoA and two C3-modified analogues was also investigated in
aqueous solution by means of NMR spectroscopy and NAMFIS calculations [95];
results will be discussed later in this section.

Two conformations of EpoA in complex with tubulin have been proposed on the
basis of EC [26] and NMR [76, 96] data, respectively (Fig. 11). The tubulin-bound
conformation of EpoA was determined by solution NMR spectroscopy [96] before
the EC structure of EpoA bound to tubulin was available. The observation that, in
a 100:1 mixture with tubulin, NOE cross-peaks of EpoA have negative sign, indi-
cated that there is a fast exchange equilibrium in solution. This offered the oppor-
tunity to measure transferred NMR experiments, that report on the bound
conformation of the ligand. A total of 46 interproton distances were derived from
cross-peak volumes in tr-NOE spectra. However, these distance restraints did not
suffice to define a unique conformation, as several distinct structures were consist-
ent with them. Transferred cross-correlated relaxation (Sect. 2.2.1.3) provided the
additional dihedral restraints that were crucial to define the bound conformation
[96, 97]. One requirement to measure CH-CH dipolar and CH-CO dipolar-CSA
CCR rates is that the carbon atoms involved in the interaction are labeled with *C.
The availability of a '*C-labeled sample of EpoA offered the opportunity to derive
seven of these dihedral angle restraints from tr-CCR measurements (Fig. 12).

The NMR-derived tubulin-bound conformation of EpoA resembles the X-ray
structure [98] of free EpoA except for two significant changes: the orientation of
the thiazole ring and the torsions in the O1-C6 segment. The latter change affects
mainly the position of the 3-OH that, upon binding, experiences a 3.8 A shift
movement from the inside of the macrocycle to an exposed position in its exterior.
The authors proposed that this change makes the 3—OH more accessible for
H-bonding to tubulin side chains [96], although more recent findings suggest that
the 3—OH does not participate in direct contacts to tubulin but is rather exposed to
the solvent (see next section) [76, 95]. The importance of the geometry of this segment

Fig. 12 Representation of the seven bonds for which torsion angles of EpoA were defined by
tr-CCR NMR [96]. Left: stick model of the NMR-derived bioactive conformation. The torsions
defined by the tr-CCR measurements are displayed as yellow sticks. Heteroatoms are displayed as
spheres: O in red, S in yellow, and N in green. Right: the same torsions displayed as bold bonds
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is underlined by the fact that inversion of the stereochemistry of C3 reduces its
biological activity [99]. As for the orientation of the thiazole ring, the C17-C18
bond is rotated by 180° relative to the X-ray free conformation. This rotation places
the thiazole nitrogen in a less hindered position compared to the X-ray conforma-
tion from dichloromethane/petroleum ether [98], where it is close to Me27, sug-
gesting that the nitrogen may be involved in H-bonding interactions with tubulin.
Such a hydrogen bonding pattern was indeed found in the EC structure of EpoA
with Zn-sheets of tubulin [26]. No hydrogen bonding but stacking interactions were
found, however, in the INPHARMA derived structure of tubulin and EpoA [76].
The hypothesis on the importance of the position of the nitrogen was supported by
SAR of EpoB analogues where the thiazole ring had been replaced by several pyri-
dyl heterocycles. The observation that the 2-pyridyl derivative retained its tubulin
polymerization and cell growth inhibition potencies while the 3- and 4-pyridyl were
less active, indicated that the position of the N atom in the ring has a significant
influence on tubulin binding [100]. Methyl derivatives of the 2-pyridyl analogue
provided additional SAR data [100]. When the methyl group is on positions 4 or 5,
the derivatives are even more potent than the unsubstituted compound. Interestingly,
the 3-methyl derivative is significantly less potent (IC50 39.4-50.5 nM) than the
unsubstituted one (IC50 0.30 nM). The reported activities can be interpreted as
supportive of the syn orientation of the thiazole N and H17 in the NMR-derived
conformation. The reduced activity of the 3-methyl analogue can be due to the
steric clash of the pyridyl 3-methyl with Me27, which prevents the Epo side chain
from adopting the almost planar conformation that places the heterocycle N atom
syn relative to H17. However it has to be mentioned that SAR of tubulin binding
drugs need to be interpreted carefully. For instance, the analogue of EpoB with a
phenyl ring replacing the 2-pyridyl (hence lacking the N atom) has a similar tubulin
polymerization activity but is less potent in cell growth inhibition assays [101].
This piece of SAR data indicates that the H-bond between the thiazole ring and
His227 is not necessary for the binding or EpoA to tubulin, but rather that the pres-
ence and position of the nitrogen of the thiazole ring may have a large effect on the
transport of Epo inside the cells. Another study on a series of Epo derivatives with
fused heteroaromatic side chains indicated that the position of the N atom has only
a marginal influence on the polymerization activity of the compounds, which seems
to contradict the observations with the said pyridine analogues [102]. This different
SAR relative to the non-fused pyridine analogues may be the consequence of dif-
ferent binding modes to tubulin of the two classes of compounds, although this
hypothesis has yet to be confirmed with structural or computational studies.
Interestingly, the position of the N atom has a strong influence in the antiprolifera-
tion activity of the fused ring analogues, illustrating that tubulin-polymerization
activity and antiproliferation activity do not always correlate [102].

Determination of EpoA Binding Orientation Based on INPHARMA

Although the NMR-derived bioactive conformation of EpoA is consistent with a
large number of SAR data, it does not solve the question of the orientation of the
ligand in the protein binding site. One approach to overcome the lack of the 3D
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structure of the complex is the derivation of pharmacophore models and minireceptors.
There have been many attempts to derive a common pharmacophore model for
PTX and Epo that could provide their relative orientation in the tubulin binding
pocket [103—-107]. These models are usually derived from computational studies
that use SAR data and molecular descriptors. They rely on the assumption that there
is some equivalence between the pharmacophoric points of the two drugs and that
they interact with the same subsites in the binding pocket. However, these models
should be interpreted with caution, especially in cases when there is evidence of
significant protein flexibility [108].

Due to this lack of information, we and others invented the INPHARMA method
that has been described above [75, 76]. The prerequisites for INPHARMA are well
fulfilled for EpoA and tubulin since the binding affinity is in the correct range,
namely fast exchange. In addition, there is a 3D electron crystallography structure
of the MT/taxol complex [11]. Thus, INPHARMA could rely on this structure and
derive from the interligand NOEs the orientation of EpoA in the binding pocket of
tubulin.

Due to PTX low solubility in aqueous medium, which makes it unsuitable for
solution NMR experiments, a molecule of similar structure that could mimic its
binding to tubulin was chosen instead as ligand A (Fig. 7). Although baccatin III
(Fig. 13) has lower biological activity than PTX, it contains most of the structural
elements of PTX, binds to the PTX binding site and is more water soluble [103,
109]. Baccatin delivers tr-NOE in the presence of tubulin, indicating that it is in a
fast binding equilibrium with the protein. NOESY experiments recorded on a mix-
ture of EpoA, baccatin and tubulin at several mixing times displayed up to 51 peaks
of protein-mediated interligand NOEs, of which 19 peaks were already observed in
the NOESY spectrum with 40 ms mixing time (Fig. 14). NOE buildup curves
recorded with several mixing times indicated that those peaks were the consequence
of spin diffusion.

For the structure calculation, 5000 binding poses of EpoA were generated by
non-restraint docking of its NMR-derived conformation into the binding site of the
EC-derived 3D structure of tubulin (complex TB). The docking protocol was
designed to sample tubulin conformations that differed from the starting EC-derived

Fig. 13 Structure of Baccatin III
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Fig. 14 Aliphatic/aromatic region of NOESY spectrum of a mixture of tubulin, EpoA, and bac-
catin III with concentrations of 12 uM, 0.6 mM, and 0.6 mM, respectively. The spectrum was
acquired on a 900-MHz spectrometer equipped with a cryoprobe with a mixing time of 70 ms. The
blue and green peaks are intramolecular transferred NOE peaks of EpoA and baccatin, respec-
tively. The red peaks represent the interligand transferred NOEs mediated by the protein protons.
The numbering of the atoms corresponds to that shown in the compound structures for EpoA (E)
and baccatin (B). B-m, B-o0, and B-p indicate the protons in the meta, ortho, and para positions of
the benzene ring of baccatin, respectively. (Reprinted with permission from [75]. Copyright 2005
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)

coordinates of Zn-induced tubulin sheets (PDB entries 1JFF and 1TVK). Other
tubulin coordinates generated in other modeling studies were also used as starting
coordinates. Thus, the protocol consisted of three stages that allowed increasing
degrees of flexibility of the protein. The initial rigid docking was followed by a
conformational search where the protein side chains and the M loop backbone were
left flexible. Finally, a water refinement allowing full flexibility to the protein was
done by covering the complex with a water layer of about 8 A. Instead of assuming
that baccatin binds to tubulin in the same orientation as PTX, 5000 binding poses
of baccation were generated as well (complex TA). Pairwise combination of these
poses gave 25 million relative orientations TA/TB (refer to Sect. 2.3). Quantitative
analysis of these intermolecular NOEs by FRM calculations resulted in the NMR-
derived binding mode of EpoA in solution.

In the NMR-derived binding mode of EpoA the macrolide ring partially overlaps
the PTX baccatin core and the EpoA thiazole moiety lies close to the phenyl ring
of PTX benzamido group (Fig. 15, right). The molecule of EpoA interacts simulta-
neously with both helix H7 and the M loop. This suggests that the MT-stabilizing
effect of EpoA stems from its role as a linker that locks the relative positions of
helix H7 and the M loop, thus favoring the straight form of protofilaments. This
binding mode of EpoA partially resembles the EC-derived binding mode of PTX to
polymerized tubulin (Fig. 15, left). The NMR-derived model explains quite well the
available SAR data, like the effect of modifications of the thiazole ring, the importance
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Fig. 15 Ribbon diagrams of tubulin in complex with MT-stabilizing drugs as determined by EC
or NMR. Left: PTX/tubulin determined by EC (PDB entry 1JFF [83]). Center: EpoA/tubulin
determined by EC (PDB entry 1TVK [26]). Right: EpoA/tubulin determined by solution NMR
[76]. Drug molecules are represented as stick models (C red, O blue, N green, S yellow). Some
secondary structure elements of tubulin are colored: helix H7 (yellow), M loop (green), S9-S10
loop (blue). The side chain of His227 is depicted as cyan sticks

of the stereochemistry of the 3—OH, or the higher activity of EpoB [76]. The thia-
zole ring of EpoA stacks with the imidazole of His227, with the two ring planes
tilted about 30°. Contrary to what had been hypothesized based on the NMR-
derived conformation of EpoA and SAR of pyridyl analogues, the thiazole nitrogen
atom does not participate in direct H-bonds to the protein in the NMR-derived
model, although it may be possible for the N to make a water bridge with the side
chain of Asp24. The requirement of a nitrogen atom in the ortho position relative
to the C16—C17 bond and syn to H17 had been interpreted as indicative of the N
atom participating in an H-bond to tubulin [96, 100, 101]. However, lower tubulin
polymerization activity is displayed by other derivatives also bearing a nitrogen
atom in the ortho position of the side-chain heterocycle, such as pyrimidine (with
a second N atom in the heterocycle) [101] or the aforementioned fused pyridine
heterocycles [102]. If the effect of the heterocyclic N atom is not due to H-bonding,
it can be conceived that it may be related to 7-stacking, as proposed by the NMR-
derived binding mode, or to factors other than direct binding to tubulin, such as
transport inside the cells [102].

The fact that inversion of the stereochemistry of C3 reduces the potency of
epothilone suggests that the 3—OH plays a role in the interaction of Epo and tubulin
[99]. However, the NMR-derived model shows that the 3—OH does not directly con-
tact tubulin (Fig. 15) but occupies a position close to the hydrophilic C1'-carbonyl
and C2'-OH groups of taxol in the EC structure [76]. Moreover, dehydration of the
C2-C3 bond to the (E)-alkene or replacement of the 3—OH by CN [99] or by H [95]
yields analogues with similar tubulin polymerization activity. NAMFIS conforma-
tional analysis of EpoA and two 3-deoxy derivatives also showed that the 16-mem-
bered ring adopts a similar conformation even in the absence of the 3—-OH group
[95]. The NMR-derived structure is in agreement with these facts that indicate that
the role of 3—OH may be other than directly contacting tubulin, e.g., just making
a hydrophilic surface of the tubulin/epothilone complex to the solvent water. The
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NMR-derived model also explains the higher activity of Epo analogues with small
apolar substituents on C12, such as EpoB, which can occupy the hydrophobic cavity
in the proximity of F270 and L369.

Significance of the NMR-Derived Bioactive Conformation of EpoA

For the following discussion it is important to mention the experimental conditions
used for the NMR measurements. NMR samples contained a 100-fold excess of
EpoA relative to tubulin (0.5 mM EpoA and 5 uM tubulin) in D,O buffer. One criti-
cal requirement for the NMR experiments is to prevent tubulin polymerization and
keep it in solution. This was achieved by using Ca*" ions instead of Mg?* in the
buffer, as Ca*" ions are known to inhibit tubulin polymerization [110].

It has been argued that the NMR-derived EpoA structure in the complex with
tubulin may not represent its bioactive conformation because the conditions used
for these NMR experiments do not reflect the true environment where EpoA acts
as a drug and hence it is not sure that EpoA binds to the same site as in native MT
[17]. One reason is that the dialysis and partial lyophilization of tubulin prior to the
NMR experiments may cause its denaturation or inactivation. Besides, it has been
proposed that PTX binding site only exists in MT and not in dimeric tubulin, at
least with an affinity higher than millimolar [111]. In fact, in the NMR conditions
tubulin is unable to form MT even in the presence of a 100-fold excess of EpoA.
Therefore, it may happen that the interaction of EpoA with tubulin detected by
NMR is not due to specific binding to the PTX binding site. Even if the interaction
is specific, it may not be the bioactive conformation, i.e., the conformation that is
active in vivo [17].

On the other hand, there is also evidence supporting the biological significance
of the NMR-derived structure. Electron microscopy shows that tubulin dissolved in
the NMR conditions forms ordered polymers upon addition of MT-stabilizing
agents such as EpoA [76] or DDM [112]. These polymers are not MT but “micro-
tubule sheets” or “open microtubules”, that had been previously observed in MT
preparations stabilized by EpoA or PTX [111] and by GMPCPP [113]. The induc-
tion of ordered polymers by MT-stabilizing agents confirms that tubulin is still
active in the NMR solution and that it contains a binding site for PTX-site ligands.
The fact that EpoA delivers tr-NOE indicates that it binds to soluble tubulin with a
K, value in the millimolar to low-micromolar range. This dissociation constant of
EpoA for nonpolymerized tubulin is significantly larger than that for MT
(K, 34 £ 4 nM at 37°C [114]). Binding of MT-stabilizing agents to nonpolymer-
ized tubulin had been suggested in a previous study with the fluorescent PTX
analogue DMAT [115]. DMAT competes with PTX for binding to MT and is
almost as effective as PTX in the MT-assembly assay. When binding to dimeric
tubulin under non-assembly conditions, DMAT displays much lower affinity than
for MT (K, 49 + 8 uM at 25°C) [115], that is of the same order as that proposed for
EpoA in the NMR study. Weak binding of EpoA to soluble tubulin has also been
postulated as the first step of one of the possible mechanisms of EpoA-induced MT
assembly [114]. The lower affinity of EpoA and DMAT for unpolymerized tubulin
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is not well understood. One explanation could be differences in the structure of the
PTX-binding site of the two tubulin forms, allosteric effects or selection of confor-
mations of tubulin that are more polymerization prone. However, the observation
that EpoA induces tubulin assembly in conditions that disfavor polymerization [76]
indicates that these structural differences cannot be too extensive.

Specificity of binding is supported by the observation of protein-mediated interli-
gand NOEs [75, 76, 112] between pairs of ligands known to compete for the PTX-
binding site (epothilones, taxanes, discodermolide, and baccatins) but not between
ligands known to bind to different sites in MT, such as EpoA/vinblastine [76].

It has to be noted that EpoA molecules bound to tubulin polymers do not contrib-
ute to the NMR signal because only ligands in the fast-exchange regime are observ-
able in these NMR experiments. Besides, tubulin polymers precipitate out of solution
in a few hours. Therefore, the structure derived by NMR reflects the complex of
EpoA binding transiently to the fraction of tubulin that remains soluble, that is very
likely the first species formed during the drug-induced polymer assembly process.

Comparison of the NMR-Derived Binding Mode of EpoA with the EC Structure

The structure of the tubulin/EpoA complex was also determined by EC of 2D tubu-
lin crystals induced by zinc and EpoA [26, 27]. Resolution was 2.9 A in the plane
parallel to the crystal and 4.2 A in the perpendicular plane. As with the tubulin/PTX
complex, this resolution is insufficient to define either the ligand conformation or
its binding mode. Therefore, the EpoA structure was derived following the same
procedure as with the tubulin/taxol structure [11, 83]. Namely, a large ensemble
of EpoA binding poses was generated by molecular modeling starting from a set of
X-ray and NMR-derived conformations. After checking their consistency with
SAR data and further optimization, the model that best matched the EC density was
selected as the EC-derived EpoA conformation (Fig. 15).

The conformation of EpoA differs significantly from that derived by NMR,
regarding both the macrolide ring and the side chain. The macrolide ring of EpoA
overlaps with the baccatin core of PTX but in a quite different orientation compared
to the NMR structure. The main coincidence between the EC- and the NMR-
derived structures resides in the role of the thiazole side chain. In both cases, the
thiazole ring interacts with His227 and the nitrogen atom is moved away from
Me27 due to a rotation about the C17-C18 bond that places H19 syn with respect
to Me27 (Figs. 11 and 15). However, the two structures differ in the position of the
thiazole ring in the binding site and in the nature of its interaction with His227. In
the EC structure, the thiazole is in a position not occupied by PTX and forms an
H-bond to the His227 side chain. The thiazole of the NMR structure is very close
to the position of the PTX benzamido group and stacks with His227 instead of
forming and H-bond with it.

When analyzed in detail, the rest of contacts EpoA/tubulin in the EC structure
are quite different from those in the NMR structure. Excluding the anchoring point
of the thiazole ring in the proximity of His227, the positions in the binding pocket
of segments C1-C8, C9—C11 and the epoxide ring are different. Despite this fact,
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the proposed overall effect of EpoA binding to tubulin is essentially the same in
both structures, i.e., to lock the relative positions of helix H7 and the M loop in such
a way that straight protofilaments are stabilized.

One remarkable aspect of the EC structure is that, although both EpoA and PTX
ligands occupy the same binding cavity, each one interacts with the amino acid side
chains of the binding site in an unrelated and unique way. This fact rules out the
hypothesis of a common pharmacophore for Epo and PTX. It may turn out to be a
property of rather flexible binding pockets to accommodate different small mole-
cules in detail differently.

On the assumption that the protein-bound conformation of the ligand is one of
those present in the free-ligand solution ensemble (refer to Sect. 2.2.2), NAMFIS
analysis of the NOE and J data of uncomplexed EpoA in water was done to assess
whether the EC- and NMR-derived tubulin-bound structures are among the feasible
conformations in solution [95]. All the dihedral angles of the NMR-derived bioac-
tive conformation are within the range values found by NAMFIS, meaning that this
conformation is very likely present in solution. By contrast, the EC-derived confor-
mation is not significantly populated in the solution ensemble and has four dihedral
angles that deviate from the feasible values identified by NAMFIS.

The two structures of the tubulin/EpoA complex derived from EC and NMR data are
significantly different, although both are able to explain many available SAR data. It is
worth noting that both structures were derived from samples that were not microtubules.
The EC data were obtained from 2D sheets of antiparallel protofilaments, while MT are
formed of parallel protofilaments arranged into cylinders. In fact, the position of the M
loop differs in the two tubulin forms, as shown by docking of the EC-derived structure
of PTX/MT into the 8 A cryoelectron microscopy images of MT [24].

The structure based on solution NMR data reflects the influence of epothilone
on the early steps of the tubulin assembly process, when the tubulin/EpoA complex
is still in its soluble unpolymerized form and binding of EpoA is not as tight as with
polymerized tubulin. The binding site of unpolymerized tubulin is expected to dif-
fer to a certain extent from that in polymerized MT. Still, similar to PTX, epothi-
lones interact with the M loop and it is highly conceivable that the M loop is locked
in a conformation already in the tubulin-dimer/epothilone complex that enhances
lateral M loop contacts required for MT formation.

The structures of complexes of drugs with tubulin dimers, microtubules and, to
some extent, with zinc-sheets of tubulin need to be further explored to reveal the
structural basis of polymerization and depolymerization of tubulin. Still, there is
another level of insight, namely which one of these structures (or further ones yet
to be discovered) represents optimally the conformation responsible for the clinical
effects of the drug [78].

Solid-State NMR Structure of EpoB

Given the uncertainties that still exist regarding the structure of tubulin/Epo and the
significance of the artificial systems used to study it, it would be desirable to have
experimental data measured directly from Epo bound to MT. One such technique is
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ss-NMR, which has already provided direct structural data on PTX bound to MT.
One of the great advantages of ss-NMR is that it can be applied directly to samples
of genuine MT.

Recently, it was shown that ss-NMR spectroscopy can be used to determine the
conformation of EpoB in the solid state [116]. The method relies on the measure-
ment of intramolecular short H-H distances (in the range 1.8-3.0 A) from 2D
CHHC correlations under MAS [117]. Regarding the sample preparation, a small
amount of *C labeled compound was diluted with EpoB with natural abundance of
carbon isotopes. This reduces the signal to noise but, on the other hand, it excludes
contributions from intermolecular H-H polarization transfer. Under these condi-
tions, all CHHC cross-peaks result from intramolecular polarization transfer and
reflect intramolecular interproton distances.

As a proof of concept, this methodology was applied to a sample of EpoB in the
polycrystalline state. The 30 H-H distance constraints derived from two 2D CHHC
experiments sufficed to determine the high-resolution structure of EpoB, that hap-
pened to be identical to that determined by X-ray crystallography [98]. The authors
proposed that the same strategy could be applied to elucidate the microtubule-
bound structure of the drug by using labeled EpoB in complex with non-labeled
MT. The completion of this study is awaited. One advantage of the CHHC ss-NMR
experiment is that it uses a sample of the genuine drug (EpoB) with no chemical
modification. By contrast, the REDOR experiments used for the study of PTX
conformation were not applied to PTX itself but to fluorinated analogues, whose
tubulin polymerization activity is different from that of PTX [84, 87].

Discodermolide

Discodermolide (DDM, Fig. 16) is a marine natural product that promotes MT
assembly more potently than PTX and is active against some PTX-resistant cell
lines [118-120]. The photoaffinity analogue C19-BPC-DDM labels B-tubulin in
close proximity to the taxol binding site [121] and DDM itself is a competitive
inhibitor of PTX binding to MT [120], suggesting that DDM also binds to the PTX
binding site on -tubulin.

Fig. 16 Structures of the MT-stabilizing agents Discodermolide (leff) and Dictyostatin (right)
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The conformation of free DDM was first determined by X-ray crystallography
[122]. The main carbon chain folds in a helical twist, leading to a compact confor-
mation consisting of a hydrophobic core and a side-chain tail (Fig. 17a). Its bioac-
tive conformation was addressed by NMR methods both with uncomplexed DDM
in organic solvents and by tr-NOE in the presence of tubulin in aqueous medium.

The solution structure in acetonitrile was determined by analyzing NMR data in
combination with a Monte Carlo conformational search [123]. The polar solvent
acetonitrile was considered a good mimic of the water solution based on the simi-
larity of the "H-NMR spectra of DDM in both solvents. The proposed conformation
is very similar to that in the crystal and seems to result from minimization of the
A3 strain and syn-pentane interactions. Instead of assuming a single conformation
in solution, Monteagudo et al. analyzed the spectra of DDM from DMSO solution
following the NAMFIS methodology [60]. Data were consistent with a set of 14
conformations, that can be grouped into three families (Fig. 17b—d). It is remarka-
ble that the crystal structure as a single conformer is not consistent with the NMR
data. In fact, it contributes less than 1% to the conformational average, according
to NAMFIS. None of these three conformational families is as compact as the crystal
structure.

The tubulin-bound conformation of DDM in solution has been determined from
tr-NOE data [112]. Sample conditions were similar to those used previously to
determine the bioactive conformation of EpoA. Distance restraints were obtained
from a series of tr-NOE spectra recorded at several mixing times and were used in
the structure calculation based on the complete relaxation matrix methodology
[37]. The NMR-derived bioactive conformation is quite similar to the crystal struc-
ture except for the conformation of the o lactone ring, that is close to a flattened
chair in solution but a twisted boat in the crystal (Fig. 18).

Fig. 17 The X-ray structure and three conformational classes of discodermolide identified by
NAMEFIS analysis of the NMR spectra in DMSO-d,. a The X-ray conformation. b The corkscrew
form. ¢ The sickle motif. d An extended or awl form. (Reprinted with permission from [60].
Copyright 2001 American Chemical Society)
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Fig. 18 Stereoview of the overlaid tubulin-bound (NMR-derived, in gray [112]) and free (X-ray
derived, in green [122]) conformations of discodermolide. Heteroatoms are displayed as spheres:
O in red and N in blue. The two conformations are quite similar except for the lactone moiety.
(Reprinted with permission from [112]. Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim)

It has been noted that the global shape of other taxoid site ligands, such as PTX,
DTX or epothilones, can be described as consisting of a cyclic core and a side-
chain tail [124]. Although DDM structure is not cyclic and hence its conformation
is less restricted, it seems that DDM folds in such a way to resemble the shape of
the other drugs.

The similarity of its bioactive and X-ray conformations had been anticipated on
the basis of SAR data and of its structural homology to dictyostatin [125]. Dictyostatin
(Fig. 16) is another MT-stabilizing agent that competes with PTX and has a similar
effect on MT dynamics [125]. The preferred solution structure of the conformation-
ally constrained dictyostatin overlays quite closely the tubulin-bound conformation of
DDM, suggesting that they interact in a similar way with MT (Fig. 19). This hypoth-
esis was further supported by the synthesis of a macrocyclic DDM/dictyostatin
hybrid, that displays considerable antiproliferative activity [126].

Regarding the orientation of DDM in the B-tubulin binding site, the INPHARMA
methodology was applied to a mixture of tubulin, EpoA and DDM [112]. NOESY
spectra of the mixture showed a number of interligand cross-peaks. Given that DDM
and EpoA compete with PTX for tubulin binding [127], simultaneous binding to
tubulin can be ruled out and these NOE peaks can be regarded as protein-mediated
peaks. Therefore, according to the principle of INPHARMA, these NOE peaks con-
firm that DDM and EpoA bind to the same binding site on tubulin and they can be
used to determine the relative orientation of the two ligands in the binding site. Due to
the weak intensity of these peaks, quantitative interpretation with full-relaxation-matrix
(FRM) calculations was not possible. Instead, a pharmacophore model was proposed
on the basis of the interligand NOEs and SAR data (Fig. 20).



The Tubulin Binding Mode of MT Stabilizing and Destabilizing

Fig. 19 Overlay of the NMR-derived bioactive conformation of DDM (gray) and the solution
conformation of free Dictyostatin (magenta) [125]. (Reprinted with permission from [112].
Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)

Fig. 20 Stereoview of the common pharmacophore model for EpoA (green) and discodermolide
(gray) derived from INPHARMA NMR and literature SAR data. Heteroatoms are displayed as
spheres: O red, S yellow, and N blue. In this model, the C20-C24 tail of DDM is on the same side
as the section C10-C13 of EpoA, the carbamate group and the lactone ring occupy similar posi-
tions as the 7-OH group and C3-C4 unit of EpoA, respectively, while the C8—C15 segment of
DDM corresponds to the C15—-C18 region of the side chain of EpoA. (Reprinted with permission
from [112]. Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)
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According to this model, the side chain of EpoA overlaps with the C8-C15
segment of DDM, both segments containing unsaturated bonds. The proximity in
space of EpoA 7-OH and the DDM C19-carbamate group suggests a site for
H-bonding interaction with the protein. There is also a partial overlap between
the hydrophobic moieties C10-C13 of EpoA and C20-C24 tail of DDM. In a
previous study, a common pharmacophore had been derived by molecular mod-
eling [106], that proposed that the C20—C24 tail of DDM corresponds to the side
chain of EpoA. However, this model is not compatible with the observed interli-
gand NOEs between the side chain of EpoA and the methyl groups of the C1-C11
stretch of DDM.

Finally, based on the fact that DDM conserves its activity in cell lines with muta-
tions F270V and A364T, it was proposed that the C20—C24 tail of DDM occupies
the same hydrophobic pocket that interacts with the C2 benzoyl side chain of PTX
(Fig. 15). This pocket is formed by residues from helices H6 and H7 and is not
occupied by EpoA neither in the EC- [26] nor in the NMR-derived [76] structures
of the tubulin/EpoA complex. Studies of DDM bound to MTs are covered in the
review by Diaz, Andreu and Jimenez-Barbero in this book [128].

3.1.2 Laulimalide Binding Site

Laulimalide [129, 130] and peloruside A [131] are compounds of marine origin that
enhance MT assembly and retain activity in multidrug-resistant cell lines (Fig. 21)
[14, 15, 132]. Previous work showed that laulimalide and peloruside A compete for
the same or overlapping binding sites [15] but none of them inhibits the binding of
taxoids to MT [14, 15]. Moreover, both laulimalide and peloruside A act synergisti-
cally with taxoid site drugs, like PTX, EpoA, EpoB, DDM and others such as dic-
tyostatin, eleutherobin and cyclostreptin, while taxoid site drugs do not synergize
with each other [133]. These observations suggest that laulimalide and peloruside
A share a common binding site on tubulin that is distinct from the taxoid binding
site. Although the location of this binding site has not yet been definitely identified,

6 Laulimalide 7 Peloruside A

Fig. 21 Structures of the MT-stabilizing agents Laulimalide and Peloruside A
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one study based on computational simulations proposed that the preferred laulimalide
binding site occupies the position of the S9—S10 loop extension of the o subunit of
tubulin, i.e., a position equivalent to the taxoid site of B-tubulin [16]. The same
computational study also found that interaction of laulimalide and peloruside
A with the taxoid site on B-tubulin is also energetically favorable, regarding it as a
potential secondary binding site.

Laulimalide

The conformation of laulimalide in the free state has been studied by X-ray
crystallography [129, 130] and solution NMR spectroscopy [64, 134].

In the work by Paterson [134], NMR spectra were recorded in CD,OD that was
selected as a close mimic of the biologically relevant aqueous media. Molecular
dynamics simulations constrained with the experimental *J . and NOE NMR data
converged to a family of closely related conformations (within kcal mol-1), that
closely resemble the X-ray conformation. Overall, the molecule adopts a flattened
conformation, with the macrolide and the side chain lying in the same plane
(Figs. 22 and 23). It seems from this analysis that the C14—-C20 and C1-C3 regions
are relatively rigid and in agreement with SAR data, showing loss of antimitotic
potency upon modification of these segments. In contrast, the C9—C12 segment and
the side chain are more flexible.

A series of 11-demethyl analogues (Fig. 24) with modification or truncation of
the side chain displayed reduced antimitotic potency [134]. The same kind of con-
formational analysis was applied to these derivatives based on molecular modeling
restrained by NMR J and NOE data. Interestingly, the conformation of the macro-
cycle was not perturbed by these chemical modifications on the side chain, high-
lighting the essential role of the side chain for activity (Fig. 25).

In contrast, NAMFIS deconvolution of the NMR data in DMSO-d6 followed by
post-NAMEFIS energy evaluation (see below) identified 15 laulimalide conforma-
tions belonging to five classes with populations in the range 7-27% [64]. NMR

Fig. 22 Top and side views of laulimalide X-ray structure [129]. The molecule adopts a flattened
conformation
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Fig. 23 Overlay of selected conformers of laulimalide within 2 kcal mol! of the global minimum
determined from molecular modeling and NMR data in CD,OD solution. These low-energy con-
formations closely resemble the X-ray conformation. (Reprinted with permission from [134].
Copyright 2005 Elsevier)

Fig. 24 Laulimalide 11-demethyl analogues with modified side chains [134]

experimental data consisted of 8 °J _ couplings and 79 interproton distances derived
from ROESY experiments recorded at several mixing times. The data deconvolu-
tion was complemented with a post-NAMFIS energy evaluation to discard those 7
out of 22 conformers that were neither energetically nor chemically reasonable.
This energy check was required because relatively high energy deviations from the
global minimum (6.2 kcal mol™') were allowed during the initial conformational
search. The high energy deviation was allowed in order to not miss chemically
reasonable structures.

The Supine motif (Fig. 26) is the most populated family (34%) and comprises
six conformers. This motif is relatively flat and resembles the X-ray structure,
although none of its family members matches it exactly. The Convex (Fig. 26) is
the second most populated motif (30%). It is fairly similar to the Supine class but
its macrocyclic ring is more curled than in the Supine motif.

The Cobra motif (Fig. 27) is characterized by the bending of the side chain such
that its dihydropyran ring lies over the center of the face of the macrolide ring. All but
one of the conformers of this class possess unreasonably high energies according to
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Fig. 25 Solution conformation of 11-demethyl-laulimalide 8a in comparison to laulimalide
6 (top) and to its side-chain analogues 8b—d (bortom). The conformation of the macrolide ring is
nearly unperturbed by these chemical modifications. (Reprinted with permission from [134].
Copyright 2005 Elsevier)

Fig. 26 Laulimalide crystal structure (green) overlapped with the most populated members of the
Convex (left side, blue) and Supine (right side, orange) families. (Reprinted with permission from
[64]. Copyright 2005 American Chemical Society)

post-NAMFIS DFT calculations and are ruled out on this basis. The other two
classes (Concave and Stretch — Fig. 28) differ from the X-ray conformation,
although not as much as the Cobra motif. By contrast with Paterson’s proposal
[134], inspection of the NAMFIS solution ensemble suggests that the segment
C12-C20 is the most flexible part of the macrocycle.



V.M. Sénchez-Pedregal and C. Griesinger

Fig. 27 Members of the Cobra class identified by NAMFIS. Only the top-left structure was found
to be energetically reasonable by post-NAMFIS DFT calculations. (Reprinted with permission
from [64]. Copyright 2005 American Chemical Society)

Fig. 28 The laulimalide Stretch motif differs from the Supine motif in that its side chain stretches
away from the lactone ring. (Reprinted with permission from [64]. Copyright 2005 American
Chemical Society)

As has been described under the subheading NAMFIS Deconvolution Analysis
above, NAMFIS analysis cannot guarantee that a particular single conformation is
present in the solution ensemble. Still, the method ensures that very similar con-
formers representative of the same family exit in the ensemble. In the case of lauli-
malide, it can be argued whether the low populated Concave and Cobra motifs may
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not exist in DMSO based on the uncertainty values obtained initially for the con-
former populations. However, a detailed analysis of the standard deviations pro-
vided narrower error limits and finally confirmed that the five families are present
in the ensemble [64].

Peloruside A

The conformation of peloruside A (Fig 21) has been determined both in the absence
and in the presence of tubulin in water solution [17]. Previously, its conformation
had been studied in CDCI, [131, 135]. The large values of J couplings in water
solution suggest that peloruside A conformation is well defined. Conformers
present in water solution were identified by combining NMR data and molecular
modeling. A computer conformational search provided a number of candidate con-
formations. Analysis of their match to the experimental ROESY-derived interpro-
ton distances indicated that only two conformational families exist in solution
(Fig. 29). Conformers A and B differ mainly in the C10-C15 region. Molecular
dynamics simulations indicate that both conformers are moderately flexible along
the backbone, in agreement with the observed H2/H3, H3/H4 and H13/H14 cou-
pling constants, that display values typical for conformational averaging. Ensemble
average calculations using ROESY data and a set of 300 conformers of the A and
B families led to the conclusion that both conformations are in equilibrium in water
solution, with B somehow more populated than A [17].

As part of the same study, the bioactive conformation of peloruside A bound to
MT was determined by means of tr-NOE experiments. It must be noted that the
tubulin form used for these experiments is significantly different from that reported
in the studies of EpoA [76] and DDM [112]. The tr-NOE experiments with peloruside
A were done in the presence of tubulin assembled into MT and stabilized with

Fig. 29 Superposition of the two low-energy conformations of peloruside A in water solution.
In green, conformer A. In black, conformer B. Key, H2, H3, and H11 hydrogens are shown in
yellow, while O2 and O11 are in red. (Reprinted with permission from [17]. Copyright 2006
American Chemical Society)
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GMPCPP. While the EpoA and DDM experiments report on the early events of
ligand binding to nonpolymerized tubulin, the peloruside A experiments report on
its association to polymerized MT. Transferred NOESY data were analyzed quan-
titatively following the FRM approach and were consistent with the B conforma-
tion. The binding epitope of peloruside A was deduced from STD experiments, that
with short saturation times (<500 ms) displayed signal enhancements of protons
H2, HS, H17, H19-H24, and the three methoxy rings.

Finally, the NMR-derived bioactive conformation was docked onto the
EC-derived coordinates of tubulin in an attempt to find the laulimalide/peloruside
binding site. The EC-derived coordinates of tubulin (PDB entry 1TUB) were used
for the docking. The preferred binding region was found in the o subunit, in a site close
to that found previously in the computational study by Pineda et al. [16]. This binding
site is formed by helix H7, and loops S9-S10 and H1-S2 (Fig. 30). It is remarkable

Fig. 30 Taxoid site on B-tubulin and predicted peloruside site on o-tubulin. a Surface representation
(view from the inner side of the microtubule) of a tubulin dimer with PTX (red) bound to -tubulin
(green) and peloruside A (orange) bound to the predicted site in o-tubulin (blue). b View of the
peloruside binding site. Hydrogen bonds are represented as yellow dashed lines, and the residues
involved in these bonds are labeled. Some secondary structure elements are also labeled. ¢ View of
the taxol binding site. Some secondary structure elements are labeled. In panels b and ¢, H7 is
colored in orange, and the N-terminal and intermediate domains are colored in green and blue,
respectively. (Reprinted with permission from [17]. Copyright 2006 American Chemical Society)
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that this model does not propose any contact between peloruside A and the a-tubulin
loop equivalent to the B-tubulin M loop. The MT stabilizing effect of PTX and
EpoA had been attributed to contacts of the ligand to the M loop, that lock its posi-
tion thus enhancing the establishment of lateral contacts [11, 26, 76]. The peloruside
model suggests that the MT stabilizing effect of laulimalide-site ligands may be
caused by locking tubulin in its straight conformation rather than by directly
contacting structural elements involved in lateral contacts.

3.2 Microtubule-Destabilizing Agents

3.2.1 Vinca Domain
Taltobulin I (HTI-286)

Taltobulin I (HTI-286, Fig. 31) is a synthetic analogue of the marine natural product
hemiasterlin [136]. HTI-286 is a potent inhibitor of MT formation [137] and is
undergoing clinical trials for the treatment of cancer [1].

HTI-286 binds to the tubulin heterodimer and induces formation of 13-membered
tubulin rings [138]. Photoaffinity labeling with analogues of HTI-286 mapped to
residues of a-tubulin close to the interdimer interface [139]. Competitive binding
assays with dolastatin-10, cryptophycin A, vinblastine, PTX and colchicines, indicate
that the hemiasterlins bind in a subsite of the Vinca domain, which is located at the
interdimer interface [28].

The bioactive structure of HTI-286 was investigated by NMR in solution using
a200:1 ligand:tubulin ratio [47]. NMR relaxation-compensated STD enhancements
were indicative of strong protein contacts with the aromatic protons and weak inter-
action with the fert-butyl group, in agreement with SAR data. Additional STD
experiments with two analogues of HTI-286 support these results and suggest that
the tert-butyl group occupies a spacious cavity in the binding site and hence does
not make close contacts to the protein.
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Fig. 31 Structures of the MT-destabilizing agents Hemiasterlin and its analogue Taltobulin
1 (HTI-286)

“f
A\
N

Hemiasterlin, R=

—



V.M. Sénchez-Pedregal and C. Griesinger

Some discrepancies between the initial STD enhancements and SAR data of
HTI-286 initiated the authors to use a relaxation-compensated modification of the
STD experiment. Initially, when a typical saturation time of 1s (relatively long satu-
ration time) was used, weak STD was observed for all fert-butyl (H10) and gem-
dimethyl groups (H4/5 and H14/15). However, this was inconsistent with SAR that
indicated that the H14/15 and H4/5 gem-dimethyl are required for activity. Besides,
the stronger STD of H13 and H16 suggested a closer interaction than with H4/5,
while SAR indicate that the olefin does not establish close contacts with the protein.
As explained under the subheading Saturation Transfer Difference (STD) NMR
above, there may be different T1 relaxation times in the ligand that distort the STD
effect. Following the suggestion of Yan et al. [46] this problem can be alleviated by
measuring STD spectra with reduced saturation times. Full STD build-up curves
were therefore measured with increasing saturation times. In the end, the 350 ms
STD indicated close contacts for both gem-dimethyls H4/5 and H14/15, while H10
remained displaying weak STD (i.e., not close contact). Thus, the initial discrep-
ancy between STD and SAR could be resolved by the STD experiment with shorter
saturation times.

The bound conformation (Fig. 32) was determined from tr-NOESY data and
restrained simulated annealing calculations. The NMR-derived bioactive conforma-
tion resembles the crystal structure of free hemiasterlin methyl ester [140].
The main difference is the displacement of the aromatic ring due to a rotation of
60° of its bonding axis. Besides, the NMR conformation is more compact than the
X-ray structure.

A binding pose of HTI-286 was derived from iterative docking guided by experi-
mental data from SAR and competitive inhibition, photoaffinity labeling, STD, and
tr-NOE experiments (Fig. 33) [138]. Initially, a number of binding poses was gener-
ated by following computational procedures guided by all available experimental
data, with the exception of NMR data. As a final step, the best scoring poses were
compared to the experimental NMR STD and tr-NOE data, that had not been used
to drive the prediction.

Fig. 32 Stereoview of the NMR-derived tubulin-bound conformation of HTI-286. (Reprinted
with permission from [47]. Copyright 2006 Elsevier)
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Fig. 33 Best HTI-286 binding pose and its interactions with tubulin. a Overview of the o/f3-
tubulin complex used in the docking studies and the best binding pose for HTI-286. The Vinca-
binding region (175-213) of the 3 subunit is colored purple, and the remaining region of 3-tubulin
is colored pink. The photoaffinity cross-linking regions of probes 1 and 2 are colored orange and
yellow, respectively, and the remaining region of a-tubulin is colored green. HTI-286 and GDP
are shown in CPK representation, where GDP is colored blue, while HTI-286 is colored by atom
type. b Surface view of HTI-286 docked to the B-tubulin portion of the interdimer interface,
emphasizing the binding pocket. The yellow-colored carbon atoms are poised for intramolecular
interactions, and the fert-butyl carbons are colored purple. (Reprinted with permission from [138].
Copyright 2005 American Chemical Society)

The selected binding pose scores well for HTI-286 and its analogues, agrees with
photoaffinity labeling, competition experiments and SAR data, and it is consistent
with the NMR-derived conformation. The model suggests that binding is driven by
Van der Waals interactions and the hydrophobic effect. As predicted from the STD
experiments, the fert-butyl group does not establish close contacts to the protein
because it occupies a spacious cavity in -tubulin, in the proximity of the nucleotide
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binding site. The large STD enhancement of the aromatic protons is consistent with
its z-stacking interaction with Phe351 of a-tubulin.

A different binding model had been proposed based on molecular modeling of
hemiasterlin [141]. The ligand conformation and the binding region are similar in
both models. However, the binding orientation in the model presented by Mitra
et al. is different and it is not compatible with labeling of residues a:203-280 by
the photoaffinity probe [139].

The NMR-based HTI-286 binding mode shows ligand-induced changes in the
longitudinal contacts at the interdimer interface. Interaction of the HTI-286 aro-
matic ring with a:Phe351 perturbs contacts between several Phe and Tyr residues
of the H9, S8, and S9 regions of a-tubulin. Also, distances between key residues of
helix H8 and strand S9 change. Upon ligand binding, the relative position of some
secondary elements (such as helices o:H8, a:H10, and B:H6), change, thus induc-
ing curvature in the complex, similarly to the reported X-ray structure of the T2R
complex [21]. Comparison of the tubulin-bound conformation of HTI-286 to a
minimized uncomplexed conformation suggests that the phenyl and gem-dimethyl
at C11 reorient upon binding (Fig. 34).

Interestingly, the initial tubulin coordinates used in the study of HTI-286 are
those of straight tubulin in 2D sheets (PDB entry 1JFF) [83]. The X-ray structure
of the T2R complex with vinblastine showed that the unpolymerized tubulin het-
erodimer is bent and that there are local conformational changes at the interdimer
interface in comparison with straight tubulin [13]. The discrepancy between the
experimental [12] and computationally predicted [31] binding modes of colchicine
has been attributed to the fact that the computational model was derived from

Fig. 34 Overlay of two HTI-286 conformations. The carbon atoms of the protein-bound confor-
mation and a low-energy conformation are colored white and green, respectively. (Reprinted with
permission from [138]. Copyright 2005 American Chemical Society)
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the coordinates of straight tubulin determined by EC [11] and was unable to pre-
dict the bending of tubulin. Even though the HTI-286 binding pose of Ravi et al.
is able to predict the curvature of tubulin, for future studies of Vinca domain ligands,
it would be interesting to start the docking from the coordinates of the T2R/vinblastine
complex, that is already bent and has a ligand bound into the Vinca domain [13].

N-Terminal Stathmin-Like Peptide I119L

The stathmin family of proteins destabilize MT [8]. The X-ray structures of com-
plexes of tubulin with the 91-residue long stathmin-like domain of RB3 reveal that
the RB3-SLD caps two tubulin heterodimers, thereby preventing the incorporation
of tubulin into MT [12, 13, 21]. Apparently, the longitudinal interactions are
impeded by the union of the SLD N-terminal cap domain to the a-subunit.

A series of small peptides were prepared in order to identify the minimal unit that
could mimic the effect of the N-terminal cap domain. The structure of the most
efficient (I19L, Fig. 35) was studied by NMR and molecular modeling [142]. The
concentration dependence of inhibition of tubulin polymerization suggested that
the peptides bind stoichiometrically to unpolymerized tubulin rather than to assem-
bled MT. It is well known that the stability of the tubulin/stathmin complex decreases
upon phosphorylation of stathmin [8]. In agreement with this, phosphorylated I19L
was found to be fourfold less efficient than its unphosphorylated form.

The structure of [19L was determined in aqueous solution at pH 6.8 by NMR
[142]. Chemical shift values and the scarcity of cross-peaks in NOESY and
ROESY spectra indicated that the peptide is mostly disordered in solution,
although it has a helical propensity at residues 10-14 (Fig. 36). The bound con-
formation was investigated by means of tr-NOESY and STD experiments using a
30:1 excess of peptide relative to tubulin. The presence of intense, negative cross-
peaks in the tr-NOESY spectrum proved that there is a fast binding equilibrium
(Fig. 36). Unspecific binding was ruled out based on the absence of tr-NOE peaks
in a control experiment where the protein was BSA instead of tubulin. The existence
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Fig. 35 Sequence of peptides from the N-terminal regions of human SLD and RB3-SLD. The
sequences of peptide I19L (fop) and the N-terminal B-hairpin of the T2R/colchicine complex
(down) are shown
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Fig. 36 Aliphatic/aromatic region of the NOESY spectra of I19L free and complexed with tubu-
lin at pH 6.8. a Peptide I19L (0.6 mM) in the absence of tubulin. b Same region of the tr-NOESY
spectrum of I19L in the presence of tubulin (30:1 ratio; 0.6 mM peptide and 20 uM tubulin).
Spectra were recorded at 600 MHz with a mixing time of 200 ms. (Reprinted with permission
from [142]. Copyright 2005 American Chemical Society)

of many medium- and long-range NOEs indicated that I19L adopts a well-defined
fold when bound to tubulin. Structure calculations using the 176 NOE constraints
provided the bound conformation of I19L (Fig. 37). The peptide adopts a beta-
hairpin fold that resembles that observed in the X-ray structure of the T2R/colchi-
cine complex [12]. However, there are some differences due to the mobility of the
C- and N-termini of the short peptide and around its bulge. The latter difference
is probably due to the better resolution of the NMR structure compared to the
crystal. Additional NMR STD experiments mapped the close contacts to tubulin
onto the methyl group of Alal9, the aromatic protons of Phe20, and the side
chains of Leu22 and Leu24 (Fig. 38).

Finally, the bound conformation of I19L was docked into the a-tubulin structure
determined from the T2R/colchicine crystal (Fig. 39). The peptide binds in a pocket
between helix H10 and B-strand S9 on a-tubulin. The residues identified by STD
interact with a number of tubulin hydrophobic side chains of H10 and S9. In ad<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>