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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

2
O, D

2
O, DMSO), cofactors (divalent ions, as 

for example Mg2+, 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



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 
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  Macrolide-Based Microtubule-Stabilizing 
Agents – Chemistry and Structure–Activity 
Relationships 
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e-mail:   karl-heinz.altmann@pharma.ethz.ch   

   Abstract   This article provides an overview on the chemistry and structure–activity 
relationships of macrolide-based microtubule-stabilizing agents. The primary focus 
will be on the total synthesis or examples thereof, but a brief summary of the current 
state of knowledge on the structure–activity relationships of epothilones, laulimalide, 
dictyostatin, and peloruside A will also be given. This macrolide class of compounds, 
over the last decade, has become the subject of growing interest due to their ability to 
inhibit human cancer cell proliferation through a taxol-like mechanism of action. 

   Keywords   Anticancer,   Dictyostatin,   Epothilone ,  Laulimalide,   Macrolide , 
 Peloruside A  
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  Abbreviations 

   9-BBN    9-borabicyclo[3.3.1]nonane 
    Ac    acetyl   
  acac    acetylacetonate   
  AIBN    2,2’-azobisisobutyronitrile   
  Ar    aryl   
  Bn    benzyl   
  Boc     tert -butoxycarbonyl   
  BOM    benzyloxymethyl    
  cat    catalytic    
  CBS    Corey-Bakshi-Shibata   
  Cp    cyclopentadienyl   
  CSA    camphorsulfonic acid   
  CuTC    copper(I) thiophenecarboxylate   
  dba    dibenzylidene acetone   
  DCC     N,N -dicyclohexylcarbodiimide   
  DDQ    2,3-dichloro-5,6-dicyano-1,4-benzoquinone   
  de    diastereomeric excess   
  DEAD    diethyl azodicarboxylate   
  DET    diethyl tartrate   
  DIAD    diisopropyl azodicarboxylate   
  DIBALH    diisobutylaluminum hydride   
  DIP    diisopinocampheyl   
  DMA     N,N -dimethyl acetamide   
  DMAP    4-(dimethylamino)pyridine   
  DMB    3,4-dimethoxybenzyl   
  DMDO    3,3-dimethyldioxirane   
  DME    1,2-dimethoxyethane   
  DMF     N,N -dimethylformamide   
  DMP    Dess-Martin periodinane   
  DMSO    dimethyl sulfoxide   
  Dppf    1,1’-ferrocenylbis(diphenyl-phosphine)   
  dr    diastereomeric ratio   
  EBTHI    ethylenebis(tetrahydroindenyl)   
  EDCI    1-ethyl-3-(3-dimethylaminopropyl)carbodiimide monohydrochloride   
  EDTA    ethylenediaminetetraacetic acid   
  ee    enantiomeric excess   
  Epo    epothilone   
  equiv    equivalent(s)   
  HBTU     O -benzotriazolyl- N,N,N’,N’ -tetramethyl-uronium-hexafluoro-phosphate   
  HMPA    hexamethylphosphoric triamide   
  HOBt     N -hydroxybenzotriazole   
  HWE    Horner-Wadsworth-Emmons   
  Ipc    isopinocampheyl   
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  KHMDS    potassium hexamethyldisilazide   
  LDA    lithium diisopropylamide   
  LHMDS    lithium hexamethyldisilazide   
   m -CPBA     m -chloroperoxybenzoic acid   
  MOM    methoxymethyl   
  Ms    methanesulfonyl (mesyl)   
  NaHMDS    sodium hexamethyldisilazide   
  NIS     N -iodosuccinimide   
  NMO     N -methyl morpholine   
  NMP    1-methyl-2-pyrrolidinone   
  PDC    pyridinium dichromate   
  PMB    4-methoxybenzyl   
  PPTS    pyridinium  p -toluenesulfonate   
  Py    pyridine   
  RCM    ring-closing metathesis   
  Red-Al    sodium bis(2-methoxyethoxy)aluminium hydride   
  rt    room temperature   
  TBAF    tetrabutylammonium fluoride   
  TBS     tert -butyldimethylsilyl   
  TBDPS     tert -butyldiphenylsilyl   
  TEMPO    2,2,6,6-tetramethyl-1-piperidinyloxy   
  TES    triethylsilyl   
  Tf    trifluoromethanesulfonyl (triflyl)   
  TFA    trifluoroacetic acid   
  THF    tetrahydrofuran   
  THP    tetrahydropyran-2-yl   
  TIPS    triisopropylsilyl   
  TMS    trimethylsilyl   
  TMSE    2-(trimethylsilyl)ethyl   
  Tol    4-methylphenyl   
  Tr    triphenylmethyl   
  Tris    2,4,6-triisopropylbenzenesulfonyl   
  Troc    2,2,2-trichloroethyloxycarbonyl   
  Ts    tosyl, 4-toluenesulfonyl      

   1 Introduction  

 Macrolides – highly oxygenated and stereochemically elaborate polyketides with a 
macrocyclic lactone as a core structure [ 1 ] – have attracted a great deal of interest 
over the last decades, either for their structural complexity, as challenging and 
interesting targets for synthetic chemists, or due to their bioactivity and enormous 
potential as drug leads or future drugs, for instance as antibiotics (for reviews on 
macrolide antibiotics see [ 2 ,  3 ], or on tumor therapy [ 4 ,  5 ]). Among this chemically 
interesting structural class of compounds, some demonstrate very potent cancer cell 
inhibitory activity and therefore might represent promising lead structures for new 



44 B. Pfeiffer et al.

chemotherapeutic agents. For most of these macrolides the modulation of the 
dynamics of the two major cytoskeletal proteins, tubulin and actin, are considered 
to be their predominant modes of action. In the following article we will focus on 
four groups of macrolide-based microtubule-interacting agents that are derived 
from the natural products epothilone A ( 1 ) and B ( 2 ), laulimalide ( 3 ), dictyostatin 
( 4 ), and peloruside A ( 5 ). 

O

OO

N

S

HO

OH

O
R

R = H: epothilone A (1)
R = Me: epothilone B (2)

21

1

15

13

6

9

22
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OH
19 O

H

O

O

HO

H H

OH

H15
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dictyostatin (4)

O O

OH
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OH

OH

1
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16

21

OH

O

O

O

OH

OMe

OMe

OH

HO

MeO
OH

1 3
5

2

9
7

11

13

(+)−peloruside A (5)

 Among these four groups of compounds, the epothilones have received the most 
attention so far (for a recent review on the chemistry and biology of epothilone see 
[ 6 ,  7 ]). They were isolated from the cellulose-degrading myxobacterium  Sorangium 
cellulosum  Soce90 as part of a joint research effort between the groups of 
Reichenbach and Höfle at the Gesellschaft für Biotechnologische Forschung 1 in 
Braunschweig, Germany, in the late 1980s [ 7 – 9 ]. Today at least seven epothilone-
derived agents have entered clinical evaluation in humans as potential anticancer 
drugs with one derivative obtaining FDA approval last year for the treatment of 
breast cancer [ 7 ,  10 ]. In contrast to epothilones, laulimalide, dictyostatin, and 
peloruside A are all of marine origin and were isolated from a variety of sponges, 
or organisms associated with them [ 4 – 12 ]. These natural products act on the tubulin/
microtubule system in a similar way as the previously discovered microtubule-
stabilizing agent taxol (paclitaxel, Taxol ® )2 [ 11 – 15 ]. 

 1 Now Helmholtz Centre for Infection Research. 

 2 The name Taxol ®  is a protected trademark of Bristol-Myers Squibb and it refers to the drug paclit-
axel in its final clinical formulation. Paclitaxel is identical with the compound “taxol” as it was first 
reported in the scientific literature in 1971 by Wani et al. [ 12 ]. As this occurred long before the drug 
Taxol ®  was introduced to the market we prefer to maintain the name taxol for the compound 
throughout this article. This should not be considered as an infringement of the BMS trademark. 
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OH

OH
O

OO

O
O

O

O
O

O

OH

NHO O

taxol

 Taxol was the first compound identified to act on tubulin as a so-called microtubule-
stabilizing agent and is arguably one of the most important anticancer drugs 
brought into the clinic in the last two decades [ 16 ]. Taxol is a complex diterpene 
and was first isolated in 1971 from the bark of the Pacific yew  Taxus brevifolia  by 
Wani et al. [ 17 ]. After evaluation by the National Cancer Institute it was prioritized 
for preclinical development in 1977. Horwitz et al. [ 18 ,  19 ] in 1979 discovered the 
– at that time – unique mechanism of action, which involves the stabilization of 
microtubules under otherwise destabilizing conditions [ 16 ]. At the same time micro-
tubule-stabilizing agents are able to promote the polymerization of soluble tubulin 
into microtubules or microtubule-like polymeric structures in the absence of factors 
that are normally required to initiate and sustain the polymerization process [ 20 –
 24 ]. At the cellular level the effect of microtubule-stabilizing agents on microtubule 
dynamics leads to cell cycle arrest in mitosis and triggers cell death through apop-
tosis [ 20 – 24 ]. Mitotic arrest is associated with anomalous spindle formation, thus 
clearly associating inhibition of cell proliferation with disturbance of microtubule 
functionality. It is often assumed that apoptosis induced by microtubule-stabilizing 
agents is a direct consequence of G2/M  arrest , which in turn would be a prerequisite 
for growth inhibition and cell death. However, Horwitz and co-workers in a series 
of recent experiments elegantly demonstrated that the situation is certainly more 
complex [ 25 ,  26 ]. Thus, the treatment of human cancer cells with low concentra-
tions of microtubule-stabilizing drugs can lead to mitotic slippage (i.e. aberrant 
mitosis after formation of multipolar spindles) and subsequent cell cycle arrest in 
G1. Apoptosis then occurs from this arrested G1 state. On the other hand, higher 
drug concentrations lead to a protracted mitotic block from which the cells eventually 
exit without division, thus forming tetraploid G1 cells [ 26 ], which will then undergo 
apoptosis. Based on these results it is clear that  entry  of cells into mitosis is a 
fundamental prerequisite for cell killing by microtubule-stabilizing agents, but that 
apoptosis does not necessarily occur from a G2/M arrested state.  

 2 Epothilones 

  As indicated above, epothilones are microtubule-stabilizing agents that were discov-
ered by Höfle and Reichenbach at the “Gesellschaft für Biotechnologische Forschung 
(GBF)” in Braunschweig, Germany in 1987. In a screen for antifungal agents Höfle 
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and Reichenbach identified epothilone A (Epo A) and B (Epo B) as bioactive 
components from extracts of the cellulose-degrading myxobacterium  Sorangium 
cellulosum  Soce90, collected along the Zambezi river in southern Africa [ 7 – 9 ]. 
Although the activity of epothilones against human cancer cells was known for sev-
eral years before, it was not until 1995 that Bollag et al. identified these compounds 
as being microtubule-stabilizing agents with a “taxol-like” mechanism of action [ 13 ]. 
Interestingly, epothilones offer some distinct advantages over taxol, which makes 
them extremely valuable lead structures for further development into anticancer 
drugs. Their low susceptibility to P-glycoprotein (Pgp)-mediated drug efflux let 
epothilones retain near to full activity against Pgp-overexpressing, taxol-resistant cell 
lines [ 13 ,  27 – 29 ]. In addition, they are unaffected by certain tubulin mutations that 
render taxanes inactive and they also show better water-solubility. They can thus be 
administered without the use of problematic formulation vehicles such as Cremophor 
EL ®  (polyethoxylated castor oil), which are believed to be responsible for negative 
side effects in taxane treatment [ 16 ]. 

  2.1 Synthesis of Natural Epothilones 

 After publication of the absolute configuration of Epo A and B in 1996 [ 30 ], the 
first total syntheses were presented by the groups of Danishefsky, Nicolaou, and 
Schinzer in a matter of months [ 31 – 40 ]. First generation approaches to the synthe-
sis of epothilones made use of three different types of macrocyclization reactions 
(Fig.  1 ), namely RCM (ring closing metathesis) for the formation of a C12–C13 
double bond ( A ), macrolactonization ( B ), or the formation of the C2–C3 bond 
through intramolecular aldol reaction ( C ). This was then usually followed by 
deprotection of the hydroxyl functionalities and epoxidation of the double bond 

  Fig. 1    First-generation strategies for the total synthesis of epothilones (PG = protecting group)       
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between C12 and C13. In a second synthesis of Epo A by Nicolaou et al. [ 34 ] 
(Scheme 1), the dianion of carboxylic acid  6  reacted with α-chiral aldehyde  7  to 
yield aldol product  8  as the major isomer (dr = 2:1). Esterification of acid  8  with 
side chain fragment  9  yielded RCM precursor  10  in 45% overall yield from  6 . 
Subsequent RCM then furnished a mixture of  11  (50%) and its  E -isomer (35%). 
After chromatographic separation and TBS-deprotection with CH 

2
 Cl 

2
 /TFA the 

unsaturated  12  was finally epoxidized with  m -CPBA in CH 
2
 Cl 

2
  to afford Epo A ( 1 ) 

in 55% yield.   
 Recent syntheses have been exploiting several other methods to build up the 

macrocycle. In Mulzer’s second generation synthesis the epoxide moiety is intro-
duced at an earlier stage before the macrocycle is closed [ 41 ,  42 ], while RCM of an 
already epoxidized substrate was shown by Sun and Sinha [ 43 ] to be yet another 
option. Numerous other approaches have been explored in the syntheses of a host 
of closely related epothilone analogs, where RCM between C9 and C10 as well as 
C10–C11 have been employed to close the macrocycle and generate unsaturated 
derivatives, which could in turn be reduced to the saturated compounds [ 44 ,  45 ]. 
Forming the C12–C13 bond via alkyne metathesis has been another very inventive 

  Scheme 1 a    2.2 equiv LDA, THF −78 → −40 °C, 0.5 h. then 1.2 equiv of  7  in THF −78 → −40 °C, 
0.5 h.  b  2.0 equiv  9 , 1.5 equiv DCC, 1.5 equiv DMAP, toluene, 25 °C, 12 h.  5  (45% overall yield 
from  6 ) and (6 S ,7 R )-diastereomer of  10  (25% overall yield from  6 ).  c 10  (0.006 M in CH 

2
 Cl 

2
 ) 15 

mol% Grubbs first generation catalyst, 25 °C, 8 h, 50% plus  trans -isomer of  11  (35%)  d  TFA (20 
vol%), CH 

2
 Cl 

2
 , 0 °C, 4 h, 98%.  e  1.1 equiv  m- CPBA, benzene, 0 °C. 20 h,  1  (55%) and 

12α,13α-epoxide (20%) plus regioisomeric epoxide  13  (20%) [ 32 ]       

OHC

CO2H
O OTBS

CO2H
OTBS

HO

O

N

S

OH

O

OO

N

S

HO

OR

O

OO

N

S

HO

OH

O

OO

N

S

HO

OR

O

O

OO

N

S

HO

OH

O

a)

b)

c)

d) e)

+

7

6

8

9

10: R = TBS

311

11: R = TBS
12: R = H



88 B. Pfeiffer et al.

strategy to control elegantly  E/Z -selectivity of the double bond between C12 and 
C13. This strategy devised by Fürstner et al. paves the way to the required  
Z -selectivity between C12 and C13, which can be achieved by catalytic reduction 
of the triple bond [ 46 ,  47 ].  

  2.2 C12–C13 Modifications 

 A large part of the early work on the epothilone SAR was focused on structural 
variations around the epoxide moiety of the natural compounds. One of the most 
important results that emerged from those early studies was the fact that “deoxye-
pothilones” (Epo C and D) possess potent biological activity similar to that of the 
epoxide containing compounds [ 36 ,  40 ,  48 – 50 ]. Although Epo C and Epo D can 
also be isolated from the fermentation broths of myxobacteria [ 51 ] it was only 
because of their availability as synthetic intermediates on the way to Epo A and B 
that their favorable in vitro pharmacological profiles became obvious. The IC 

50
 s of 

Epo D for human cancer cell growth inhibition are in the low nanomolar range and 
it retains full activity against Pgp-overexpressing multidrug-resistant cells. Intrigued 
by its promising properties after in vitro profiling, extensive in vivo studies were 
conducted by the Sloan Kettering group showing that compound  14  (Epo D) is a 
highly effective antitumor agent [ 52 ,  53 ] in mouse models of human cancer.  14  has 
entered clinical trials in humans, but the clinical development of the compound was 
recently terminated [ 54 – 56 ]. At the same time the BMS group was able to demonstrate 
that access to the deoxyEpos is also possible via semisynthesis [ 57 ]. The efficient 
deoxygenation protocols they developed for Epo A as well as Epo B allow a one 
step transformation of these compounds into the respective deoxy-congeners Epo 
C and D (Scheme 2).  

  Scheme 2 a     WCl 
6
 ,  n -BuLi, 78%.  b  TBS-OTf, 2,6-lutidine, CH 

2
 Cl 

2
 , 0 °C.  c  Benzyltriethylammonium 

chloride, 50% NaOH (aq), CHBr 
3
 , 45 °C (ca. 30%).  d  Bu 

3
 SnH, AIBN, 70 °C.  e  20% TFA/CH 

2
 Cl 

2
 , 

−15 °C [ 57 ]       
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 At the same time, the Danishefsky group, who did not have access to biologically 
produced Epo B, continuously improved their synthetic strategy towards Epo D. 
The aim of these efforts at that time was to deliver sufficient material for extensive 
in vivo studies and eventual clinical trials, which required a concise and scalable 
synthesis of  14 . Selectivity-enhancing elements of a new macrolactonization-based 
approach (Scheme 3) were an improved aldol reaction for the formation of C6–C7 
bond (dr = 5.5:1) and a highly selective reduction of a keto-group using Noyori 
methodology to introduce the chiral center at C3 [ 58 ,  59 ].  

 This strategy was also applied to the synthesis of Epo F (21-hydroxy-Epo B), but 
was accompanied by unexpected side reactions in the Noyori reduction step [ 60 ]. 
As a consequence, the Danishefsky group developed an alternative protocol to 
establish the chiral center at C3, which relied on aldol chemistry developed by 
Duthaler and co-workers (Scheme 4). This methodology could be successfully 
employed to elongate aldehyde  23  with  tert -butyl acetate to provide the desired 
aldol product with >20:1 selectivity. This aldol product could then be elaborated 
into the Suzuki-Miyaura precursor  24  and ultimately into dEpo F ( 25 ).  

 Apart from giving improved access to the natural products Epo B and Epo D, 
Nicolaou’s second generation approach to epothilones was also optimized for the 
production of C26-modified analogs of Epo B. Epo C and D (produced by semisyn-
thesis) have also served as precursors for cyclopropyl epothilones such as  15  
(Scheme 2). The IC 

50
  value of  15  against the human colon carcinoma cell line HCT-

116 is 1.4 nM, compared to 4.4 nM and 0.8 nM for Epo A ( 1 ) and Epo B ( 2 ), 

  Scheme 3 a    LDA, -120 °C, 50–60%.  b  Troc-Cl, py, 0 °C.  c   p -TsOH, acetone, 87% (two steps).  d  
9-BBN; Cs 

2
 CO 

3
 , Pd(dppf) 

2
 Cl 

2
 , Ph 

3
 As, DMF, water, ca. 75%.  e  0.5 M HCl–MeOH, 85%.  f  

[RuCl 
2
 (( R )-BINAP) 

2
 ][Et 

3
 N], H 

2
 , 1200 psi, MeOH, HCl, 82–88% (de >95%).  g  TES-OTf, 2,6-luti-

dine, −78 °C → rt.  h  0.1 M HCl–MeOH, 70–77% (two steps).  i  2,4,6-Cl 
3
 C 

6
 H 

2
 C(O)Cl, Et 

3
 N, 

DMAP, 78%.  j  SmI 
2
  (cat) NiI 

2
 , −78 °C, 90–95%.  k  HF·py, 0 °C, 98% [ 247 ]       
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respectively [ 57 ]. This finding indicates that the epoxide ring of the natural epothi-
lones rather than acting as a hydrogen bond acceptor or a reactive electrophile merely 
serves to stabilize the proper bioactive conformation of the macrolactone ring.

Apart from deoxy and cyclopropyl analogs of epothilones an additional very 
potent class of analogs are derived from the non-natural 12,13- trans  analog of Epo 
A, which was first obtained as a side product in the synthesis of epothilones.  Trans -
Epo A ( 36 ) was first reported to be virtually equipotent with Epo A on an ovarian 
(1A9) and breast cancer (MCF-7) cell line by Nicolaou et al. [38], but the stereo-
chemistry of the active epoxide isomer remained unassigned. To address this ques-
tion and also to provide a synthetic basis for the development of additional analogs 
with a  trans -epoxide moiety the group at Novartis (Altmann and co-workers, now 
at the ETH Zürich) devised a stereoselective synthesis of  trans -Epo A (Scheme 5) 
[ 61 ]. The key steps of this synthesis are a highly stereoselective aldol reaction 
between Schinzer ketone  26  and aldehyde  27  (>20:1 selectivity) and the B-alkyl 
Suzuki coupling between olefin  29  and  trans -vinyl iodide  30  to produce  31  in 61% 
yield. While the elaboration of compound  32  into  trans -deoxy Epo A ( 34 ) was 
straightforward (38% over four steps), the final stereo- and regioselective epoxida-
tion was rather problematic. Although selectivity in this step was good (8:1–10:1), 
employing catalyst  35  [ 62 ,  63 ], the product could only be obtained in low yield 
(27% for an 8:1 mixture of isomers, 54% based on recovered starting material, 11% 
of the desired isomer after HPLC-purification). In this context it should be men-
tioned that the aldol reaction between aldehyde  7  (Scheme 1) and Schinzer ketone 
 26  provides an epothilone A precursor with excellent selectivity (dr = 24:1).  

 (12 S , 13 S )- trans -Epo A ( 36 ) is a strong inducer of tubulin polymerization in 
vitro and exhibits potent antiproliferative activity, whereas its (12 R ,13 R )-isomer is 
at least 500-fold less active.  36  in fact shows slightly higher growth inhibitory activity 
than Epo A and this rank order of activity was observed over a wide range of human 
cancer cell lines (e.g. IC 

50
 -values against the human epidermoid carcinoma cell 

  Scheme 4 a    LDA, −78 °C, 85%, dr = 4:1.  b  TrocCl, py, CH 
2
 Cl 

2
 , 0°C, 99%.  c  THF/water (cat) 

TsOH, 88%.  d  CpTiCl(OR) 
2
  (R = 1,2:5,6-di- O -isopropylidene-α- l -glucofuranos-3- O -yl), THF, 

−78 °C, 89%, dr >20:1.  e  TESCl, imidazole, DMF, 96% [ 248 ]       
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lines KB-31/KB-8511 are 2.0/1.8 nM for Epo A ( 1 ) and 1.0/0.8 nM for  36 , respec-
tively) [ 61 ]. 

 After the assignment of the absolute configuration of the epoxide moiety in 
 trans -Epo A ( 36 ), Nicolaou et al. developed a convergent approach for the synthesis 
of a series of side chain modified  trans -cyclopropyl Epo A analogs [ 64 ]. Given the 
poor yields obtained in the direct cyclopropanation of Epo C and D [ 57 ], Nicolaou’s 
synthesis relied on the early stereoselective introduction of the cyclopropane 
moiety (Scheme 6) via Charette cyclopropanation. The side chain was introduced 
as a single building block in a Nozaki-Hiyama-Kishi coupling. Although the stere-
ogenic center at C15 was still undefined at that point, subsequent oxidation with 
DMP and stereoselective reduction furnished the desired configuration, thus leading 
to the aldol precursor  47 . Ketone  48  effected high aldol selectivity, which led to 
essentially one isomer (as determined by  1 H-NMR spectroscopy). The  trans -
cyclopropyl-Epo A derivatives synthesized in this manner, including a number of 
pyridine-based analogs, all showed highly potent biological activity, which in some 
cases was even comparable with that of Epo B.  

 A fundamentally different approach for substituting the C12–C13 region with 
other functionalities is the disruption of the polyketide backbone by the introduc-
tion of an amide bond as a polar isostere for the  cis  double bond in the deoxy 
epothilone series [ 65 ,  67 ]. While these amide-based analogs proved to be virtually 
inactive [ 65 ,  67 ], 12-aza-analogs with higher activity could be obtained by removal 
of the C13 keto group of the amide moiety and substitution of N12 with alkyl- or 

  Scheme 5 a    LDA, THF, −78 °C, 82%  b  (1) Olefin  29 , 9-BBN, THF, rt; (2) Cs 
2
 CO 

3
 , PdCl 

2
 (dppf) 

2
 , 

Ph 
3
 As, vinyl iodide  30 , DMF, −10 °C→ rt, 63%.  c  LiOH (6 equiv),  i -PrOH/water 4:1, 50 °C, 85%. 

 d  TBAF, THF, 64%.  e  2,4,6-Cl 
3
 C 

6
 H 

2
 C(O)Cl, Et 

3
 N, DMAP, THF/toluene, 61%.  f  TFA/CH 

2
 Cl 

2
 , 

91%.  g  Oxone ® ,  35  (30 mol%) (cat) Bu 
4
 NHSO 

4
 , K 

2
 CO 

3
 , CH 

3
 CN/DME/0.05 M Na 

2
 B 

4
 O 

7
 ·10 H 

2
 O 

in 4 × 10 −4  M Na 
2
 EDTA 2:1:2, rt, 1 h, 27% (dr ca.8:1; 50% recovered starting material) [ 61 ]       
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  Scheme 6 a    DME, Et 
2
 Zn, CH 

2
 I 

2
 , CH 

2
 Cl 

2
 , 98% (ee >90%).  b  Et 

3
 N, SO 

3
 ·py, CH 

2
 Cl 

2
 /DMSO 4:1, 

0 °C.  c  MeOCH 
2
 PPh 

3
 Cl, NaHMDS, THF, −40 °C → 25 °C, 81% (two steps).  d  TBAF, THF, 25 

°C.  e  NaH, BnBr, THF/DMF 5:1, 0 °C → 25 °C.  f  (cat) HCl, acetone/water 9:1, 50 °C. 
 g  NaHMDS, TMSCl, THF, 58% (four steps).  h  (NCO 

2
 K) 

2
 , HOAc, MeOH, py, 25 °C.  i  Ac 

2
 O, 

Et 
3
 N, DMAP, CH 

2
 Cl 

2
 , 0 °C.  j  20% Pd(OH) 

2
 /C, H 

2
  (1 atm), EtOAc/EtOH 1:1 25 °C, 98% (three 

steps).  k  DMP, CH 
2
 Cl 

2
 , 0 °C → 25 °C.  l  CrCl 

2
 , (cat) NiCl 

2
 , DMSO, 25 °C, 91% (two steps). 

 m  DMP, CH 
2
 Cl 

2
 , 0 °C → 25 °C, 83%.  n  (–)-DIPCl, Et 

2
 O, −15 °C → 25 °C, 84%.  o  TBS-OTf, 

2,6-lutidine, CH 
2
 Cl 

2
 , −78 °C, 91–100%.  p  DIBAL, CH 

2
 Cl 

2
 , −78 °C, 93–96%.  q  DMP, CH 

2
 Cl 

2
 , 25 

°C.  r  LDA, THF, −78 °C, 4 min, 70%.  s  TBS-OTf, 2,6-lutidine, CH 
2
 Cl 

2
 , −25 °C → 25 °C, 94%. 

 t  HF·py, py, 0 °C → 25 °C.  u  DMP, NaHCO 
3
 , CH 

2
 Cl 

2
 , 25 °C.  v  NaClO 

2
 , 2-methyl-2-butene, 

NaH 
2
 PO 

4
 ,  t -BuOH/water 4:1, 25 °C,  w  TBAF, THF, 25 °C.  x  2,4,6-Cl 

3
 C 

6
 H 

2
 C(O)Cl, Et 

3
 N, THF, 

0 °C, then DMAP, toluene, 75 °C, 53% (five steps).  y  25% TFA in CH 
2
 Cl 

2
 , 25 °C, 73% [ 64 ,  94 ,  95 ]       
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alkoxycarbonyl groups. This kind of modification leads to analogs in which the 
carbonyl oxygen atoms of the N-substituent might adopt the role of the epoxide 
oxygen in natural epothilones (Scheme 7).  

 The “azathilones”  54  thus obtained can retain significant antiproliferative 
activity against human cancer cells, with IC 

50
  values <100 nM in the most favorable 

cases investigated so far (compounds  54a ,  54c  and  54f ) [ 65 ,  66 ]. In particular, 
 tert -butyl carbamate  54a  proved to be only 15-fold less active than Epo A against 
the human cervix carcinoma cell line KB-31 (IC 

50
  ~30 nM vs 2.1 nM for Epo A), 

making it roughly equipotent with Epo C. Activity against Pgp-overexpressing cell 
lines is somewhat compromised for all of these “azathilone” derivatives, which 
probably mirrors a general trend observed for more polar epothilone analogs to 
show higher susceptibility to Pgp efflux.  
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  2.3 C9–C11 Modifications 

 Another structural sub-domain of the epothilone scaffold, where structural modifi-
cation has led to interesting effects on the antiproliferative activity of the resulting 
analogs, is the C9–C11 trimethylene segment. Initial efforts towards derivatiza-
tion in this region were focused on changes in ring-size by introducing and remov-
ing methylene units in the C9–C11 segment (e.g.  55  and  56 ) [ 50 ,  68 ]. All of these 
initial analogs showed substantially decreased activity. Also investigated was the 
stabilization of the purported bioactive conformation in this region, based on phar-
macophore modeling. The design of such analogs (e.g.  57 ) originated from the 
basic hypothesis that the C9–C11 region represents the site of highest conforma-
tional mobility in the epothilone macrocycle, implying that the introduction of 
appropriate conformational constraints in this part of the structure should lead to 
analogs with improved biological activity [ 69 ,  70 ]. However, compound  57  proved 
to be completely inactive. The reasons for the loss in activity can only be speculated 
about; they might be due to the incompatibility of the bulky phenylene moiety with 
the spatial requirements of the tubulin binding site. 
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  Scheme 7 a    Ms-Cl, Et 
3
 N, CH 

2
 Cl 

2
 , 0 °C, 1 h, 91%.  b 52 , MeOH, 70 °C, 24 h, 30%.  c  Boc 

2
 O, Et 

3
 N, 

CH 
2
 Cl 

2
 , rt, 2 h, 49%.  d  LiOH (6 equiv),  i -PrOH/water 4:1, 55 °C, 16 h, 83%.  e  (1) 2,4,6-Cl 

3
 C 

6
 H 

2
 C(O)

Cl, Et 
3
 N, THF, 0 °C, 15 min; (2) dilute with toluene, add to solution of DMAP in toluene, 75 °C, 

3 h, 90%.  f  HF·py, THF, rt, 17 h, 22% [ 65 ,  97 ]       
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 In contrast to these disappointing findings, more recent studies have shown 
that other types of modifications in the C9–C11 region are well tolerated. In 
particular, the introduction of  trans -double bonds between C9 and C10 or C10 
and C11, respectively, has proven to be an attractive approach to enhance anti-
proliferative activity in vitro as well as in vivo. The pharmacological profiles of 
these didehydro compounds in some cases were found to be superior to those 
of their saturated congeners Epo B and D. Access to this class of epothilones is 
possible either via isolation from the fermentation products of bacterial strains 
[ 71 ,  72 ] or by total chemical synthesis as demonstrated by the Danishefsky 
group [ 45 ,  73 – 78 ]. 

 Thus, the unsaturated compound Epo 490 ( 58 ) was first isolated as a minor 
fermentation product from a strain of  Myxococcus xanthus  which had been 
genetically modified such as to express the epothilone polyketide synthase from 
 Sorangium cellulosum . After further engineering of the (Epo D producing) respective 
 Myxococcus  strain and deactivation of an enoyl reductase, which is responsible for 
the reduction of the C10–C11  trans -double bond, it was possible to obtain a strain 
which produces Epo 490 ( 58 ) as the major product [ 79 ]. The activity of this Epo 
analog is only three- to fourfold lower than that of Epo D against a variety of human 
cancer cell lines [ 79 ]. 

HO
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epothilone 490 (58) R = Me: 59
R = CF3: 60
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 The corresponding Epo C derived doubly unsaturated compound Epo 475 (with-
out the methyl group at C12) had previously been isolated from the cultures of 
myxobacterium  Sorangium cellulosum  by Höfle and Reichenbach and had been 
proven to possess potent antiproliferative activity against a mouse fibroblast cell 
line [ 51 ]. The total synthesis of Epo 490 has been reported by Danishefsky et al. 
based on their second generation synthesis of Epo D and employing RCM for ring-
closing between C10 and C11. While exhibiting potent in vitro cytotoxicity, in vivo 
experiments gave disappointing results. There was practically no observable effect 
on xenograft tumors in mice and further investigation showed that the overall phar-
macokinetic properties were unfavorable [ 45 ,  73 ,  80 ]. 

 Subsequent research by the Sloan-Kettering group showed that Epo 490 was not 
the only interesting epothilone analog with unsaturation between C9 and C11. In 
fact they discovered what they called a “highly promising family of second generation 
epothilones”. Building on the macrocycle formation through RCM between C9 and 
C10, they were able to provide  trans -9,10-didehydro-analogs of Epo D and B (e.g. 
 59 ,  61 ) (Scheme 8) [ 44 ,  45 ,  76 ].  
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 The two compounds were superior to the parent epothilones D and B in cellular 
proliferation assays and thus represented highly promising candidates for further 
investigation and development. In light of these findings an optimized synthetic 
route to 9,10-didehydro analogs was developed by Danishefsky and co-workers 
[76]. While their first synthesis of C9–C10 unsaturated epothilones was hampered 
by selectivity problems in the RCM step (extrusion of the thiazole side chain), they 
were able to carry out  E -selective RCM with a ketone precursor  67 . This allowed 
for a late introduction of the thiazole side chain, thus preventing the RCM prob-
lems. Other crucial steps of this sequence are two aldol reactions to furnish the 
stereocenters at C6/C7 and C3 respectively. The first of these reactions uses chiral 
pool derived aldehyde  17  and ketone  22 , whose aldol reaction gave the desired 
diastereomer in a 85:15 ratio. As expected the Duthaler aldol reaction [ 81 ] of  63  
with  tert- butyl acetate provided the desired aldol product with excellent selectivity 
(>20:1). The RCM reaction with triene  67  eventually furnished  68  with high 
 E -selectivity, which could then be converted into the respective 9,10-didehydro-
analog of Epo D ( 59 ) and also Epo D ( 14 ) itself. Biological evaluation of  59  and  61  
showed that the in vitro antiproliferative activity of both these compounds was 
improved compared to Epo D and B (IC 

50
 : 0.9 nM for  59  vs 3.6 nM for Epo D ( 14 ) 

  Scheme 8 a    LDA, THF, −90 °C (78% based on aldehyde).  b  TBS-OTf, 2,6-lutidine, CH 
2
 Cl 

2
 , −40 → 

−20 °C, 97%.  c  (cat)  p -TsOH/water, THF/water (4:1), 64 °C, 98% (two steps, 95%).  d   tert -butyl 
acetate, LDA, CpTiCl(OR) 

2
  ( R  = 1,2:5,6-di- O -isopropylidene-α- l -glucofuranos-3- O -yl), Et 

2
 O, −78 °C, 

86% (dr >20:1).  e  TESCl, imidazole, DMF, 0 °C → rt, 98%.  f  H 
2
 , Pd/C (10%), EtOH, 83%.  g  TPAP, 

NMO, CH 
2
 Cl 

2
 , 95%.  h  MePPh 

3
 I,  n -BuLi, THF, −78 → −5 °C, 78% (four steps, 60%).  i  TES-OTf, 

2,6-lutidine, CH 
2
 Cl 

2
 , 0 °C → rt.  j  EDCI, DMAP, CH 

2
 Cl 

2
 ,  65 , 0 °C → rt (81% two steps).  k  Grubb 

second generation catalyst, toluene, 110 °C, 20 min, 78%.  l  KHMDS,  69 , THF, −78 → −20 °C, 76%. 
 m  HF·py, THF, 97% (two steps, 74%).  n  TrisNHNH 

2
 , Et 

3
 N, ClCH 

2
 CH 

2
 Cl, 50 °C, 91% [ 76 ]       
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[ 45 ,  76 ,  78 ]. This improved activity can be accounted for by considering recent 
spectroscopic findings, which hint at  anti -periplanar conformations around the 
C9–C10 and C10–C11 bonds in the tubulin-bound structure of epothilones [ 82 ]. 
Further evidence, which corroborates this hypothesis is the decreased activity of the 
 cis -9,10-didehydro-Epo D, which is ~30-fold less active than Epo D [ 83 ]. (Note 
that the compound assumed to be  trans  in [ 83 ] was later found to be the  cis -isomer 
[ 84 ].) Apart from the promising in vitro results initial experiments also hinted at 
improved in vivo activity of  59  and  61  over Epo D and B, respectively. Both 
compounds have shown to exhibit potent antitumor activity in the human breast 
cancer model MX-1, where the effect of  59  has been ascribed to the combined 
effects of enhanced antiproliferative activity and plasma stability in rodents [ 76 ,  80 ]. 
Although the development of  59  as a potential drug candidate might be hampered 
by the fact that in these experiments  59  was associated with significant toxicity [ 44 ] 
the compound is now being evaluated in the clinical setting (phase I clinical trials 
as KOS-1584). 

 One remarkable extension of this work and probably the most promising result 
generated in the context of 9,10-didehydro epothilones is the discovery of the 
extremely favorable pharmacological profile of “fludelone”( 60 ), the C26-trifluoro 
analog of  59 . Synthesized based on the same strategic principles (Scheme 8) as with 
 59 , this fluoro analog exhibits a remarkably broad therapeutic index in in vivo 
xenograft models. In contrast to  59 , fludelone could be administered at higher doses 
because of its excellent tolerability and in MX-1 xenografts effected complete 
tumor disappearance without relapse [ 44 ]. Another advantage of fludelone seems 
to be the high oral bioavailability. Because of its excellent antitumor effects in vivo 
(the observed in vitro activity is somewhat smaller than for its non-fluorinated 
parent compound  59 ) fludelone might eventually be recognized as a major milestone 
in epothilone-based anticancer drug discovery.  

  2.4 C1–C6 Modifications 

 The clinically most relevant modification of the epothilone macrocycle so far has 
been the replacement of the lactone oxygen by a nitrogen to produce Epo B lactam 
 71  (Scheme 9) [ 85 ]. This modification was reportedly designed in order to overcome 

  Scheme 9 a    [Pd(PPh 
3
 ) 

4
 ], NaN 

3
 , 45 °C, 60–70%.  b  Me 

3
 P, 71%.  c  EDCI, HOBt, 65% [ 85 ]       
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the limited plasma stability of Epo B in rodents [ 85 ]. However, despite its limited 
plasma stability, Epo B exhibits very potent antitumor activity in mice and its 
deoxy analog Epo D has been found to be significantly more stable in human than 
in rodent plasma [ 15 ,  86 ,  87 ], this indicating that lactone-based macrocycles 
(including Epo B itself) may not be metabolically unstable in humans. This observation 
is corroborated by the fact that Epo B has entered phase III clinical trials. A semisyn-
thetic approach to BMS-247550 ( 71 ) has been developed (Scheme 9) by the BMS 
group which exploits the fact that the ester at C1 is allylic in nature, thus rendering 
it easily cleavable by Pd-catalysis [ 85 ]. Reaction of Epo B ( 2 ) with NaN 

3
  in the 

presence of [Pd(PPh 
3
 ) 

4
 ] proceeds with complete retention of configuration at C15 

and without affecting the remaining functionalities of the molecule to provide  70 . 
The azide group could then be reduced to the amine, which was cyclized to yield 
the macrolactam. In addition to this three step semisynthetic approach, the 
Danishefsky group has also devised a synthetic strategy towards epothilone lactams 
[ 88 ]. BMS-247550 ( 71 ) is a potent inducer of tubulin polymerization, but its anti-
proliferative activity is about one order of magnitude lower than that of Epo B [ 85 , 
 89 ]. In addition, the compound shows significantly reduced activity against multid-
rug-resistant cancer cell lines, thus indicating that  71  is a substrate for the Pgp-
efflux pump [ 89 ]. In October of 2007 BMS-247550 (Ixempra ® , ixabepilone,  71 ) 
then was the very first epothilone-derived compound to obtain FDA approval for 
the use in patients with metastatic or locally advanced breast cancer [ 10 ].  

 Other intriguing structural modifications in the C1–C6 domain are connected 
to variations at C3. Initially the hydroxyl group attached to C3 had been proposed to 
be a site for hydrogen bonding with the carbonyl group at C1, which might lead to 
stabilization of the proper bioactive conformation by acting as a conformational 
constraint. More detailed investigations and the synthesis of 3-deoxy-3-cyano 
derivatives  73a  and  73b  clearly showed that this conformational constraint is not 
mandatory for activity [90]. While intramolecular H-bonding with the carbonyl 
group at C1 is not possible any more in these cyano analogs, they nevertheless 
exhibit potent antiproliferative activity. Thus  73a  is only twofold less potent than 
Epo A against the human colon carcinoma cell line HCT-116. 
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 Interestingly, the corresponding 3- R -isomers of  73  no longer show any significant 
activity, neither in the tubulin polymerization assay nor in experiments with the 
human colon carcinoma cell line HCT-116 [ 90 ]. In the case of 3-deoxy-2,3-didehydro-
Epo B ( 72b ), the decrease in activity was similar to that of  73b . It was fourfold less 
active than Epo B. 
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 Analogs with a saturated C2–C3 bond, i.e. without any bond conformational 
constraint between C2 and C3, have recently been investigated by Altmann and 
co-workers as part of a more comprehensive program directed at the development 
of hypermodified epothilone analogs and, ultimately, of new scaffolds for microtu-
bule inhibition. The overall synthetic strategy for the production of these analogs 
had been previously developed for the synthesis of  trans -Epo A as well as a family 
of new side chain modified epothilone analogs (Scheme 5) [ 61 ,  91 ]. 

 The western half of the molecule was obtained by aldol reaction between 
ketoester  74  and α-chiral aldehyde  27 . Subsequent Suzuki-Miyaura coupling to 
form the C11–C12 bond, saponification and cleavage of the TES-protecting group 
yielded the precursor for macrocyclization  77 . Yamaguchi macrolactonization was 
followed by protecting group removal and provided 3-deoxyEpo D. The desired 
target epothilone  78  was obtained after selective (9:1) epoxidation with the MeReO 

3
 /

H 
2
 O 

2
 /water system (Scheme 10). The IC 

50
  values for inhibition of human cancer cell 

growth for 3-deoxyEpo B ( 78 ) are still in the nanomolar range as could be demon-
strated with the human cervix carcinoma cell lines KB-31 and KB-8511. ( 78 ; IC 

50
  

[nM]: KB-31: 7.4; KB-8511: 4.0. Epo B ( 2 ); IC 
50

  [nM]: KB-31: 0.29 KB-8511: 
0.22). These results are clear evidence for the fact that a hard conformational con-
straint around the C2–C3 bond is not necessary for potent biological activity.  

 In the context of the Altmann group’s efforts to develop epothilone analogs with 
a heteroatom-interrupted polyketide backbone, 4-aza analogs of Epo D ( 83 ) (Scheme 
11) were investigated. As in many other cases, analog design was based on the 
NMR-derived bioactive conformation of tubulin bound Epo A [ 82 ]. In the solution 
phase NMR-structure of Epo A as reported by Carlomagno et al. the conformation 
about the C4–C5 bond is  syn -periplanar and it appeared possible to efficiently mimic 
this geometry by introduction of an amide bond between N4 and C5. Modeling stud-
ies also indicated that a  cis -amide bond in this position should allow the replacement 

  Scheme 10 a    LDA, −78 °C, 58%.  b  TBS-OTf, 2,6-lutidine, −10 °C, 82%.  c  H 
2
 , Pd/C, MeOH, 

97%.  d   o -NO 
2
 -(C 

6
 H 

4
 )SeCN, Bu 

3
 P, NaHCO 

3
 , H 

2
 O 

2
 , rt, 69%.  e  (1) 9-BBN, THF, rt; (2)  76 , Cs 

2
 CO 

3
  

[PdCl 
2
 (dppf) 

2
 ], Ph 

3
 As, DMF, −10 °C rt, 55%.  f  LiOH,  i- PrOH/water (4:1), 60 °C, 98%.  g  

2,4,6-Cl 
3
 C 

6
 H 

2
 C(O)Cl, Et 

3
 N, THF, 0 °C.  h  HF·py, THF, rt, 90% (2:1 mixture of isomers at C15). 

 i  MeReO 
3
 , H 

2
 O 

2
 /py/water, rt, 72% (9:1 mixture of epoxide isomers) [ 91 ]       
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of the C1–C4 segment by various β-amino acids and thus give access to a large vari-
ety of analogs without major distortion of the bioactive conformation of the C5–O16 
segment. Structures of type  83  would thus be attractive targets for a combinatorial 
chemistry approach starting from the C21–C5 fragment  81 , which can easily be 
coupled to various β-amino acids. The synthetic route [ 92 ] to this precursor  81  com-
prises a stereoselective aldol reaction between acyl oxazolidinone  78  and chiral 
aldehyde  27 . The desired aldol product  79  could be isolated in 90% yield as a single 
isomer and was subsequently transformed into iodide  80 , which underwent smooth 
Negishi coupling with vinyl iodide  19 . After cleavage of the chiral auxiliary with 
LiOH in THF the key building block  81  was available for analog synthesis with 
β-amino acids. Coupling of acid  81  with racemic  N -methyl-β-alanine ( 82 ) followed 
by selective removal of the TBS-protecting group from O15, Yamaguchi macrolac-
tonization, and finally cleavage of the O7 TBS group gave a mixture of the target 
compounds, which could be easily separated at this stage to provide  83a  and  83b  as 
single isomers (Scheme 11).  

  Scheme 11 a  78,    Bu 
2
 BOTf, Et 

3
 N, CH 

2
 Cl 

2
 , 0 °C, 1 h; then addition of  27 , −78 °C, 3 h, 90%.  b  TBS-

OTf, 2,6-lutidine, 0 °C → rt, 4 h, 91%.  c  H 
2
 , Pd/C (10%), MeOH, rt, 6 h, 82%.  d  (1) MsCl, Et 

3
 N, 0 °C, 

30 min; (2) NaI, acetone, 50 °C, 3 h, 81% (two steps).  e  (1) Zn-Cu, 1,2-dibromoethane, TMSCl, 
DMA, TMS-OTf; (2)  19  [Pd(PPh 

3
 ) 

4
 ], benzene, 65 °C, 71%.  f  LiOH, H 

2
 O 

2
 , THF/water (4:1), rt, 3 h; 

70%.  g 82 , HBTU,  i- Pr 
2
 EtN, DMF, rt,3 h, 72%.  h  TBAF, HOAc, rt, 6 h, 65%.  i  LiOH, THF/water 

(7:1), rt, 6 h, 64%.  j  2,4,6-Cl 
3
 C 

6
 H 

2
 C(O)Cl, Et 

3
 N, THF, rt, 30 min; then DMAP, toluene, rt, 1.5 h, 

90%.  k  (1) HF·py, MeCN, rt, 6 h, 86%; (2) flash chromatography,  83a : 30%;  83b : 30% [ 92 ]       
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 Although the compounds of type  83  that have been synthesized so far lack any 
significant tubulin polymerizing or antiproliferative activity [ 92 ], it has to be noted 
that only few building blocks have been investigated as potential C1–C4 replacements 
in this pilot study.  

 2.5 Side-Chain Modifications 

 The structural sub-domain that has been modified most extensively for SAR studies 
on epothilone analogs is the unsaturated heterocycle-bearing side-chain. 
A highly efficient strategy for the synthesis of such analogs (e.g.  86 ) has been developed 
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by Nicolaou and co-workers and involved the coupling between stannanes of type 
 85  and vinyl iodide  84  as the key intermediate (Scheme 12) [ 93 – 95 ].  

 The synthesis of key vinyl iodide  84  involves an early asymmetric Brown allyla-
tion of aldehyde  87  to establish the stereocenter at C15 (Scheme 13). Subsequent 
Wittig reaction between  88  and ylide  89  then furnished the northern part of the 
epothilone scaffold. After functional group manipulations, aldehyde  90  was used in 
the highly selective aldol coupling (dr >10:1) with the lithium enolate of  48 . 

  Scheme 12 a     85 [Pd 
2
 (dba) 

3
 ]·CHCl 

3
 , CuI, AsPh 

3
 , 25 °C, 72% [ 96 ]       
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  Scheme 13 a     (+)-Ipc 
2
 B (allyl), Et 

2
 O, −100 °C, 91%  b  TBSCl, imidazole, DMF, 0 °C → 25 °C, 

84%.  c  (1) OsO 
4
 , NMO, THF/ t- BuOH/water (5:5:1), 0 °C → 25 °C, 89%; (2) NaIO 

4
 , MeOH/water 

(2:1), 0 °C, 0.5 h, 92%.  d 89 , benzene, reflux, 92%.  e  DIBAL, THF, −78 °C, 71%.  f  TrCl, DMAP, 
DMF, 80 °C, 94%.  g  HF·py, py/THF, 0 °C, 67%.  h  SO 

3
 ·py, Et 

3
 N, DMSO/CH 

2
 Cl 

2
  (1:1), 0 °C, 98% 

(crude).  i  LDA, THF, −78 °C → −40 °C;  90 , THF, −78 °C; AcOH, −78 °C → 0 °C, 74%.  j  TBS-
OTf, 2,6-lutidine, CH 

2
 Cl 

2
 , 20 °C → 0 °C, 90%.  k  HF·py, py/THF, 0 °C, 84%.  l  (COCl) 

2
 , DMSO, 

Et 
3
 N, CH 

2
 Cl 

2
 , −78 °C → 0 °C, 98%.  m  NaClO 

2
 , 2-methyl-2-butene, NaH 

2
 PO 

4
 ,  t- BuOH/water 

(9:2), 25 °C, 100%.  n  TBAF, THF, 0 °C → 25 °C, 95%.  o  Et 
3
 N, 2,4,6-Cl 

3
 C 

6
 H 

2
 C(O)Cl, DMAP, 

THF, 84%.  p  HF·py (25% v/v), THF, 0 °C → 25 °C, 86%.  q  (+)-diethyl-(L)-tartrate [Ti( i- PrO) 
4
 ], 

 t- BuOOH, CH 
2
 Cl 

2
 , M.S. (4 Å), −30 °C, 2 h, 67%.  r  TsCl, Et 

3
 N, DMAP, CH 

2
 Cl 

2
 , 0 °C → 25 °C. 

 s  NaI, acetone, 25 °C, 75% (two steps).  t  NaBH 
3
 CN, DMPU, 45 °C, 70%.  u 94  [PdCl 

2
 (MeCN) 

2
 ], 

DMF, 25 °C, 66% [ 93 ,  94 ,  97 , 208–210]       
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Cleavage of the primary TBS-ether in the resulting aldol product followed by oxi-
dation of the primary hydroxyl group then yielded aldehyde  91 . The carboxylic 
acid was generated with NaClO 

2
  and underwent smooth Yamaguchi macrolactoni-

zation to provide fully protected macrolactone  92 . After deprotection at O-26 the 
free allylic hydroxyl group then allowed stereoselective installment of the epoxide 
moiety through directed Sharpless asymmetric epoxidation. Due to the lability of the 
epoxide moiety reduction at C26 was carried out by transforming  93  to the iodide 
followed by reduction with NaBH 

3
 CN. Remarkably, virtually all of the stereochemi-

cal issues that were associated with the earlier syntheses were solved by this approach. 
The double bond between C12 and C13 is formed with high  E -selectivity; likewise 
the selectivity of the aldol reaction is high and selective epoxidation of the allylic 
alcohol obtained by removal of the trityl group from 92   is achieved by applying 
Sharpless’ conditions. A particularly remarkable aspect of this route is the stability of 
the vinyl iodide moiety attached to C15, which proved to be sufficiently resistant to 
all reaction conditions it was exposed to in the course of macrocycle construction. 
With this central intermediate in hand it was now possible to attach various side-
chains via Stille-type coupling of  84  with the respective aromatic stannanes (e.g.  94 ). 
This provides rapid access to a large number of side-chain modified analogs.  

 SAR studies on side-chain-modified epothilone analogs have shown that sub-
stituents at the 2-position of the thiazole moiety were well tolerated as long as these 
functionalities are sufficiently small [ 49 ,  89 ,  96 – 100 ]. Analogs such as  95  [ 101 , 
 102 ] have been found to exhibit enhanced potencies. One of the most important 
findings for side-chain-modified epothilones is the fact that a nitrogen atom in the 
heterocycle has to be located in the  ortho -position to the vinyl linker. Thus, studies 
by the TSRI and Novartis groups on pyridine analogs  96  and  97 , in which the nitro-
gen atom was moved to the  meta - and  para -positions, have demonstrated that these 
compounds exhibit considerably lower activity than  95  [ 94 ]. 
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 This finding also shows that potent biological activity is not confined to five-
membered ring analogs as long as the proper position of the nitrogen atom within 
the heterocycle is conserved. The distinct drop in activity that is observed when 
the nitrogen atom is in  meta - or  para -position can be accounted for by the available 
structural information on tubulin bound Epo A. In a complex between a two-dimensional 
tubulin polymer sheet and Epo A the thiazole nitrogen atom was found to be 
involved in a hydrogen bond with His 227 of β-tubulin [ 103 ]. However, recent work 
by Altmann and co-workers on epothilone analogs related to  95  shows that the cor-
relation between nitrogen positioning and tubulin-polymerization activity might be 
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more complex. As will be discussed in more detail below, their data indicate that 
the position of the side chain nitrogen atom in these analogs, while important for 
cellular activity, may not be crucial for the interaction of epothilones with the tubu-
lin/microtubule system. This conclusion is in line with the binding model of 
Carlomagno and co-workers [ 104 ], which does not invoke a hydrogen bond 
between the thiazole nitrogen and βHis227, but rather involves a π–π-stacking 
interaction between the thiazole and the imidazole rings. This assumption is further 
supported by the potent activity of a phenyl-based analog of Epo B (replacement of 
the thiazole moiety by a simple phenyl ring), where the hydrogen bonding capability 
of the side chain has been abrogated [ 67 ]. 

 As indicated above, Nicolaou and co-workers have also prepared a number of 
side-chain-modified cyclopropyl analogs of epothilone, whose synthesis is explained 
in Scheme 14 for pyridine derivative  110  [ 96 ]. Therein the stereoselective introduc-
tion of the cyclopropyl moiety was achieved early on by applying Charette 
conditions on the geraniol isomer nerol ( 98 ), yielding cyclopropane  99  in 80% 
yield with 95% ee [ 105 ]. After protection of the hydroxyl group, ozonolysis and 
reductive workup monoprotected diol  100  was obtained. Transformation to the 
iodide  101  followed by Enders asymmetric alkylation with (–)-SAMP hydrazone 
( 102 ) proceeded with 87% yield. Subsequent cleavage of the auxiliary provided 
aldehyde  104 , which then underwent selective aldol reaction (dr >14:1) with ketone 
 48  to form alcohol  105 .  

 Alcohol  105  was then converted over several steps, including a Wittig based 
homologation, to the key aldehyde  106 . Key intermediate  106  then can be coupled 
to various vinyl iodides (e.g.  107 ) using Nozaki–Hiyama–Kishi conditions [ 106 , 
 107 ]. Subsequent deprotection yields seco acid  108  as a 1:1 mixture of the two 
C15-epimers. Yamaguchi macrolactonization of  108  leads to the 1:1 mixture of the 
resulting diastereoisomers. Chromatographic separation led to the desired isomer 
 109  which, after final deprotection, provides the cyclopropyl epothilone analog 
 110 . 

 Vinyl iodide  84  (Scheme 13) has also served as an intermediate for 
Nicolaou’s synthesis of 20-desmethyl-20-methylsulfanyl-Epo B  (86;  ABJ879) 
[ 108 ], a compound which had also been prepared by the Novartis group by 
means of semisynthesis [ 108 ]. ABJ879 induces tubulin polymerization in vitro 
with slightly higher potency than Epo B and taxol and it shows markedly higher 
antiproliferative activity. The average IC 

50
  value for growth inhibition across a 

panel of drug-sensitive human cancer cell lines has been reported as 0.9 nM for 
ABJ879 vs 0.24 nM for Epo B and 4.7 nM for taxol [ 108 ]. Activity against 
cancer cells over expressing the Pgp efflux pump is fully retained like it is the 
case for Epo B. Due to these intriguing properties ABJ879 has entered phase I 
clinical trials as a potential follow-up compound for EPO906 [ 108 ], but the 
clinical development of the compound has recently been terminated. Building 
on their established “vinyl iodide strategy” the Nicolaou group subsequently 
expanded their work on side-chain-modified epothilone analogs to 
a series of new, mainly five-membered, heterocycles with differing positions 
and numbers of nitrogen atoms (e.g.  111 ) [ 93 ]. As an additional potency 
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  Scheme 14 a    80% yield, 95% ee.  b  NaH, BnBr, DMF, 0 → 25 °C, 12 h, 100%.  c  O 
3
 , CH 

2
 Cl 

2
 /

MeOH (4:1), −78 °C; then NaBH 
4
 , −78 → 25 °C, 1 h, 83%.  d  MsCl, Et 

3
 N, CH 

2
 Cl 

2
 , 25 °C, 1 h.  e  

NaI, acetone, 25 °C, 12 h (91% for two steps).  f  LDA,  102 , THF, 0 °C, 6 h; then  101 , −98 → −10 
°C, 14 h, 87%.  g  MeI, reflux, 3 h.  h  HCl (3 M)/pentane (1:1), 25 °C, 3 h (91% for two steps). 
 i  LDA,  48 , THF/Et 

2
 O (1:1), −78 °C, 1 h; then −40 °C, 0.5 h; then  104  at −78 °C, 5 min, 80%. 

 j  TBS-OTf, 2,6-lutidine, CH 
2
 Cl 

2
 , −20 °C, 1 h.  k  HF·py, py/THF (1:2), 0 °C, 8 h (86% for two 

steps). l (COCl) 
2
 , DMSO, CH 

2
 Cl 

2
 , −78 °C, 5 min, 20 min; then Et 

3
 N, −78–0 °C.  m  NaClO 

2
 , 

NaH 
2
 PO 

4
 , 2-methyl-2-butene,  t- BuOH/THF/water (4:2:1), 25 °C, 1 h.  n  TMSE-OH, EDCI, 

DMAP, DMF, 25 °C, 12 h (73% for three steps).  o  Pd(OH) 
2
 /C (10 wt%; 10%), H 

2
 , EtOH/EtOAc 

(1:1), 25 °C, 2 h, 89%.  p  (COCl) 
2
 , DMSO, CH 

2
 Cl 

2
 , −78 °C, 5 min, 20 min; then Et 

3
 N, −78 → 0 °C, 

99%.  q  MeOCH 
2
 PPh 

3
 Cl,  n -BuLi, THF, 0 °C, 1 h, −78 → 0 °C, 2 h, 79%.  r  PPTS, dioxane/water 

(9:1), 70 °C, 12 h, 81%.  s  CrCl 
2
 , NiCl 

2
 , 4- t- BuPy,  107 , DMSO, 25 °C, 24 h.  t  TBAF, THF, 25 °C, 

2 h, 42% yield for two steps.  u  Et 
3
 N, 2,4,6-trichlorobenzoyl chloride,  108 , THF, 0 °C, 1 h; then 

DMAP, toluene, 75 °C, 3 h, 33%.  v  TFA/CH 
2
 Cl 

2
  (20% v/v), 25 °C, 3 h, 48% [ 109 ,  164 ]       
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enhancing functionality lipophilic substituents such as methyl and methylthio 
groups were attached to the heterocycles, which was based on the good results 
obtained with  86 . 
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 The SAR data generated from these experiments with functionalized imida-
zole, pyrazole, triazole and tetrazole rings [ 93 ] provided new insights into the 
effects of side-chain modifications and hint at the importance of the electron 
density in the heterocycle for high antiproliferative activity. Surprisingly, the 
imidazole-based analog  112  was associated with a substantial loss in activity, 
despite the fact that its side-chain is part of the eleutherobin and sarcodyctin scaf-
folds, both potent natural product microtubule inhibitors. Triazole as the side-
chain heterocycle led to an equally disappointing activity profile, while 
tetrazole-based analog  113  proved almost equally potent as Epo B. The fact that 
the analogous 2-substituted thiazole derivative is about 100-fold less active than 
 113  highlights the important role that electron density distribution in the ring 
plays in tubulin affinity. 
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 The most active variant of these side-chain-modified epothilone analogs is 
compound  114 , which incorporates a pyrazole ring and at the same time both of the 
above mentioned potency enhancing functional groups (methyl, methyl thio). With 
its striking activity profile,  114  is one of the most potent epothilones that have been 
synthesized to date [ 93 ]. Thus, the compound exhibits a remarkable 17-fold increase 
in activity against both the 1A9 parental and the 1A9/A8 EpoA-resistant cell lines 
and an even more impressive 78-fold increase in potency against the taxol resistant 
1A9/PTX10 cell line, relative to the potency of naturally Epo B. Apart from these 
monocyclic side-chain structures Nicolaou’s recent study [ 93 ] also included analog 
 115  and purine substituted analogs (e.g.  116 ) as representatives of a class of 
extended side-chain epothilones, which were designed to probe the effect of addi-
tional rings and the ability of the tubulin receptor pocket to accommodate bulkier 
substituents [ 93 ]. A series of bicyclic aromatic thiazole replacements was synthe-
sized, again based on the Pd-catalyzed cross coupling approach depicted in Scheme 
13. These benzothiazole- (e.g.  115 ) and purine-based (e.g.  116 ) analogs exhibit 
remarkable cytotoxicity across a broad range of cell lines (e.g. IC 

50
 -values against 

the human epidermoid carcinoma cell lines KB-31/KB-8511 are 0.21 nM/0.08 nM 
for  115  and 0.36 nM/6.21 nM for  116 ) [ 93 ]. Both  115  and  116  show higher activity 
than Epo B, with benzothiazole analog  115  being significantly more active than Epo 
B in many of the cell lines that were investigated. These findings suggest that addi-
tional steric bulk in the epothilone side-chain is well tolerated as long as it is 
located in the northeastern quadrant of the structure. Increased susceptibility to 
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Pgp efflux as observed for  116  mirrors the findings of the Altmann group, which 
indicate that dimethyl benzimidazole-based side-chains (see below) make the 
respective epothilone analogs substrates for the Pgp-efflux pump. Interestingly 
these results are not in line with the substantial loss in biological activity, which 
has been reported for analogs incorporating bulky substituents at the 2-position of 
the thiazole in Epo B [ 89 ,  100 ]. 

 In the course of attempts to rationally design Epo B analogs that surpass the 
activity of the parent compound, the outstanding biological profiles of cyclopropyl 
epothilones were considered to be viable targets and the combination with other 
activity-enhancing features seemed very promising. This led to the synthesis of 
cyclopropyl-based  trans -analogs of Epo A and B with modified side-chains, based 
on strategies depicted in Schemes 6 and 13 (employing geraniol instead of nerol as 
a starting material) [ 64 ,  96 ]. For  trans -cyclopropyl Epo A analogs the access to a 
small library was possible employing different heteroarylated vinyl iodides such as 
 45  and  117–119 . 
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 One major conclusion that can be drawn from these studies is that  trans -cyclopropyl 
epothilones do not uniformly show increased activity. In fact  trans -cyclopropane 
analogs of Epo B show significantly decreased activities [ 109 ] compared to the 
corresponding  trans -Epo A derivatives or the  cis- cyclopropyl-Epo B’s. As anticipated, 
the potency enhancing methylsulfanyl substituent in the thiazole side-chain led to 
the analog with highest activity  111 . This cyclopropane analog of ABJ879 ( 86 ) 
binds to stabilized microtubules with 27.4-fold greater affinity than Epo B and has 
been found to be a more potent antiproliferative agent in vitro than either Epo B or, 
in some cases, ABJ879 ( 86 ). Its high antiproliferative activity is believed to be the 
result of a synergistic effect of the  cis -cyclopropane moiety and the methylsulfanyl 
substituent. Experiments with sterically more demanding alkylsulfanyl substituents 
(SCH 

2
 CH 

3
 , S(CH 

2
 ) 

2
 CH 

3
 , SCH 

2
 CF 

3
 , SCH 

2
 -furane) show markedly diminished activity 

relative to Epo B, thus underlining that steric bulk beyond the heterocyclic side- 
chain has to be confined to the northeastern quadrant of the molecule to preserve 
high biological activity. 

 While all of the above side-chain modifications aim at the variation of the 
heterocyclic moiety alone, the group at Novartis (Altmann and co-workers now 
at ETH Zürich) has designed a different type of side-chain modification, which 
comprises the entire side-chain structure. By taking into account the results of 
solution NMR studies, this design aimed at mimicking the side-chain conformations 
in the bioactive (i.e. tubulin-bound) structure of epothilones, which is characterized 
by a transoid arrangement of the C16–C17 double bond [ 102 ,  110 ]. In a first 
series analogs of Epo B and D were synthezised, in which the natural 
(2-(2-methyl-thiazol-4-yl)-1-methyl)-ethenyl side-chain was replaced by a number 
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of benzo-fused aromatic heterocycles. Synthetic access to these analogs relied on 
the same general strategy as the one that had been developed for the synthesis of 
 trans -Epo A in the same group [ 61 ]. 

 Thus, as exemplified in Scheme 15 for quinoline-based analogs  123a  and  124a 
[110] , one of the key steps in the construction of the macrocycle was the Suzuki–
Miyaura coupling of vinyl iodide  121  with the C1–C11 fragment  120  to form the 
C11–C12 bond. After ester hydrolysis and TBS-deprotection the obtained seco-
acid  122  was cyclized in a Yamaguchi-type macrolactonization to yield the respec-
tive 12,13-deoxy compounds  123 a, which could then be epoxidized with the 
MeReO 

3
 /H 

2
 O 

2
  system [ 111 ]. This yielded  123a  with approx. 6:1 selectivity in 37% 

yield after HPLC purification. For the benzothiazole analog  124b  epoxidation was 
accomplished with dimethyldioxirane at –50 °C.  
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 The in vitro antiproliferative effects of these Epo B and Epo D analogs are 
generally higher than those of the corresponding parent epothilones, with the activity 
increase being more pronounced for the Epo D congeners  123a–c . The reason for this 
activity differential between deoxy analogs and epoxides is not clear since further 
studies of similar compounds have revealed a very complex picture of the effects of 

  Scheme 15 a    (1) olefin  120  9-BBN, THF, rt, 4 h; (2)  121  Cs 
2
 CO 

3
  [PdCl 

2
 (dppf) 

2
 ], Ph 

3
 As, DMF, 

−10 °C-rt, 16 h, 90%.  b  LiOH,  i PrOH/water (4:1), 50 °C, 7 h, 84%.  c  TBAF, THF, rt, 18 h, 84%. 
 d  (1) 2,4,6-Cl 

3
 C 

6
 H 

2
 C(O)Cl, Et 

3
 N, THF, 0 °C, 15 min; (2) dilution with toluene, addition to a solu-

tion of DMAP in toluene, 75 °C, 3 h, 70%.  e  HF·py, THF, rt, 17 h, 73%.  f  (1) MeReO 
3
 , H 

2
 O 

2
 , py/

CH 
2
 Cl 

2
 , rt, 17 h; (2) H 

2
 , Ra-Ni, EtOH, rt, 37% [ 110 ]       
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these rigidified side-chain modifications. Thus it may be assumed that the 
enhancement in cellular activity of  123a–c  is not related to more efficient interactions 
with the microtubule system (this point is discussed in more detail below). 

 In an extensive lead optimization program directed at the improvement of 
the therapeutic window of epothilones without compromising their high activity the 
group at Schering AG equally identified the side-chain at C15 (in addition to the C6 
position of the molecule) as one of the key positions for the tuning of tolerability 
and efficacy. This research has led to the identification of a C6-allylated analog of 
compound  124b , ZK-Epo (sagopilone), which was chosen for clinical development 
from about 350 active analogs on the basis of its promising preclinical profile [ 112 ]. 
Currently ZK-Epo is being evaluated in Phase II clinical studies and thus represents 
the first fully synthetic epothilone analog in clinical development. The synthesis of 
ZK-Epo (Scheme 16) [ 112 ] is based on a convergent approach, which includes the 
early Wittig coupling of fragments  125  and  126  to form the C12–C13 double bond 
unselectively in a ratio of 1:1 (after separation the  E -isomer was subsequently con-
verted to a  E/Z -mixture by photochemical isomerization). Selective aldol reaction 
between aldehyde  127  and the C1–C6 fragment  128  furnished the macrolactoniza-
tion precursor  130 , which was cyclized via Yamaguchi reaction and, after TBS-
protecting group removal, epoxidized with DMDO at –78 °C to yield ZK-Epo 

  Scheme 16 a    NaHMDS, THF, 0 °C → rt, 83% (1:1 mixture of  Z - and  E -isomers).  b  (cat) 
 p -TsOH, EtOH, rt, 43% (86% for mixture of  Z-  and  E -isomers).  c  (COCl) 

2
 , DMSO, CH 

2
 Cl 

2
 , −78 

°C; then Et 
3
 N, −78 °C → 0 °C, crude.  d 128 , LDA, ZnCl 

2
 , THF, −70 °C, 64%.  e  (cat)  p -TsOH, 

EtOH, rt, 97%.  f  TBDMS-OTf, 2,6-lutidine, CH 
2
 Cl 

2
 , −70 °C → 0 °C, 96%.  g  CSA, CH 

2
 Cl 

2
 , 

MeOH, rt, 80%.  h  (1) (COCl) 
2
 , DMSO, CH 

2
 Cl 

2
 , −78 °C; then Et 

3
 N, −78 °C → 0 °C, crude; (2) 

NaOCl 
2
 , NaH 

2
 PO 

4
 , 2-methyl-2-butene, THF/water/ t- BuOH, 0 °C → 15 °C, 85%.  i  (1) TBAF, 

THF, rt, crude; (2) 2,4,6-Cl 
3
 C 

6
 H 

2
 C(O)Cl, Et 

3
 N, THF, 0 °C, 60%.  j  HF·py, hexafluorosilicic acid, 

THF, rt, 87%.  k  DMDO, acetone/CH 
2
 Cl 

2
 , −78 °C, 71% + 10% β-epoxide [ 112 ]       
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( 132 ). The in vitro biological properties of ZK-Epo are reported to be superior to 
those of Epo B, one major advantage over Epo B being the lower resistance factors in 
experiments with multidrug-resistant cancer cells [ 112 ]. The compound also showed 
significant antitumor activity in a number of mouse xenograft models without induc-
ing any profound body weight loss. However it should be noted that no tumor 
regressions were observed at these nontoxic doses.  

 Because of the apparent generality of the potency-enhancing properties of the 
rigidified side-chains discussed above [ 93 – 95 ,  110 ], Altmann and co-workers 
carried out a more comprehensive program on the effects of this type of modifica-
tion in various epothilone scaffolds. Synthesis of dimethyl benzimidazole-based 
analogs of Epo A,  trans  Epo A, Epo C and  trans  Epo C revealed that the favorable 
effect that is connected with this more rigid side-chain is not confined to analogs 
of Epo B [ 113 – 115 ]. All of the above analogs are potent inducers of tubulin 
polymerization and possess more potent antiproliferative activity against drug 
sensitive cancer cells than the respective parent compound. In particular,  134  is 
one of the few Epo A-derived compounds that have Epo B-like antiproliferative 
activity against drug sensitive cancer cells. The solubility properties connected 
with the benzimidazole analogs are the most favorable in aqueous medium of the 
analogs with bicyclic heterocycles in their side-chains. Interestingly this enhanced 
polarity is also connected to lower cellular activity of these compounds against 
MDR cell lines [ 91 ,  113 ]. A similar effect was also observed for lactam analogs 
of epothilones (see above). 
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 To counteract this undesired effect, 3-deoxy analogs of the Epo A-derived as 
well as the  trans  Epo A-derived benzimidazole based scaffolds  133  and  135  were 
synthesized and screened for their activity profiles. Although loss of the 
3-hydroxy functionality is associated with (a limited) drop in potency, the pro-
moting effect of the side-chain can almost completely compensate for this 
decrease. It has to be noted that in spite of significant structural deviations from 
the original product lead, the activity of  135  (IC 

50
  [nM]: KB-31: 3.16 ± 0.55; 

KB-8511: 7.60 ± 2.44) is still similar to that of Epo A, Epo D and taxol. It might 
thus be considered the first representative of a new structural class of microtubule 
stabilizers, whose overall pharmacological profile may be distinct from that of 
Epo A and B and more closely related analogs.

To overcome the increased Pgp-susceptibility Altmann and co-workers 
replaced the polar epoxide functionality by the more lipophilic cyclopropane 
moiety, which led to the syntheses of cyclopropane analogs  136  and  137  [ 113 ]. 
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 Compound  137  was synthesized according to Scheme 17. This comprised a key 
Suzuki-Miyaura coupling between  138  and  139 . Using precursor  140  with the 
unnatural ( R )-configuration at C15 instead of the natural ( S )-configuration, it was 
possible to effect highly selective directed cyclopropanation. This necessitated 
macrolactonization to be conducted under Mitsunobu conditions to introduce the cor-
rect ( S )-stereocenter at C15. Analog  136  was obtained in an analogous way [ 113 ].  

 Since cyclopropanation of the unsaturated precursor of  137  proved to be 
extremely difficult under a number of different reaction conditions and produced 
only 1:1 mixtures at best, the substrate-directed method with  140  was favored, 
even if the Mitsunobu esterification was somewhat lower yielding than the usual 
Yamaguchi esterification. The cyclopropane-based analogs  136  and  137  retain 
high potency against drug-sensitive KB-31 cells and also show full activity 
against the multidrug-resistant cell line KB-8511. This illustrates impressively 
how the polarity adjustment through introduction of an isosteric cyclopropane 
ring instead of the epoxide moiety can efficiently eliminate susceptibility to Pgp 
related drug efflux. 

 In light of the highly favorable properties of benzimidazole-based epothilone 
analogs it seemed interesting to probe the effect of a rigidified side-chain moiety 
in combination with one of the above mentioned “azathilones” (Scheme 7) [ 66 ]. 
Although not as active as the parent polyketide-based epothilones, some of 

  Scheme 17 a     Ref. [ 114 ] .  b  (1) Et 
2
 Zn, CH 

2
 I 

2
 , TFA, −13 °C, 30 min; (2)  140 , −13 °C, 20 min, 

77%; (3) LiOH,  i- PrOH/water (4:1), 60 °C, 3 h, 91%.  c  PPh 
3
 , DIAD, toluene, −13 °C, 90 min, 

46% (65% based on recovered starting material).  d  HF·py, MeCN, rt, 2 h, 42% (after HPLC puri-
fication, 83% crude)       
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these compounds had proven to be interesting chemotypes with activities in the 
region of ~30 nM for compound  54a , making it roughly equipotent with Epo C. 
Thus, the Altmann group has devised synthetic routes towards “azathilone” 
analogs of type  148 , which include bicyclic aromatic moieties connected to C15 
[ 66 ] (Scheme  18).  

 Starting from Schinzer ketone  26 , highly selective aldol coupling with PMB-
protected aldehyde  142  yielded, after TBS-protection,  143 . Subsequent reductive 
PMB cleavage, oxidation, Wittig olefination and final elaboration of C1 to the 
carboxylic acid furnished the esterification precursor  144 . Following esterification 
of  144  with alcohol  145 , RCM-based ring closure of  146  was achieved with com-
plete  E -selectivity in the presence of Grubbs second generation catalyst. Subsequent 

  Scheme 18 a   26,  LDA, -78 °C, 5 h, then addition of  142 , -90 °C, 75 min, 76%, dr 8:1.  b  PPTS, 
MeOH, rt, 20 h, 86%.  c  1. TBS-OTf, 2,6-lutidine, −78 °C → rt, 1.5 h; 2. flash chromatography; 
76%.  d  (1) H 

2
 /Pd-C, MeOH, RT, 20 h; (2) TPAP, NMO, 4-Å MS, CH 

2
 Cl 

2
 , rt, 1 h; 3. MePPh 

3
 Br, 

LiHMDS, THF, 0 °C, 1.5 h, 79% (three steps).  e  CSA (1.0 equiv), CH 
2
 Cl 

2
 /MeOH 1:1, 0 °C, 1 h, 

87%.  f  PDC (11 equiv), DMF, rt, 64 h, 85%.  g 145 , DCC (1.2 equiv), DMAP (0.3 equiv), CH 
2
 Cl 

2
 , 

0 °C, 15 min, rt, 15 h, 60%.  h  Grubbs second (0.15 equiv, incremental addition), CH 
2
 Cl 

2
 , reflux, 

8 h, 85%.  i  HF·py, py/THF, rt, 4 h, 70%.  j  KO 
2
 C-N = N-CO 

2
 K (excess), AcOH, CH 

2
 Cl 

2
 , 31%, pure 

 148  obtained through purification by preparative HPLC       
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TBS-deprotection yielded the unsaturated “azathilone”  147 , which could be trans-
formed into saturated  148  using in situ generated diimide to reduce the double bond 
between C9 and C10. Although compounds  148  and its unsaturated precursor  147  
could be generated via this RCM-based synthetic strategy, the low yielding double 
bond reduction was an unfavorable drawback (Scheme  18).  

 As a consequence, and in order to enable the preparation of sufficient quantities 
of material for eventual in vivo experiments, a more efficient synthesis was required. 
Since initial in vitro biological profiling of C9–C10 unsaturated analog  147  had 
proven to be disappointing (see below), the new approach (Scheme 19) did not 
comprise RCM chemistry but rather relied on macrolactonization of saturated seco 
acid  152 . The latter was constructed by reductive amination of aldehyde  151  with 
amine  150 , followed by selective cleavage of the primary TBS-protecting group. 
After oxidation to the acid, selective removal of the TBS-protecting group at C15 
and Yamaguchi-type macrolactonization, compound  148  could be obtained by 

  Scheme 19 a     H 
2
 /Pd-C, EtOAc, rt, 62 h, 86%.  b  HN 

3
 , DEAD, PPh 

3
 , THF, 0 °C, 25 min, rt, 30 min, 

96%.  c  H 
2
 /Pd-C, MeOH, rt, 3 h, 92%.  d  (1)  151  (1.1 equiv), NaBH(OAc) 

3
  (1.6 equiv), AcOH (2.0 

equiv), 4-Å MS, rt, 2.5 h; 2) Boc 
2
 O, Et 

3
 N, THF, 0 °C, 45 min, 60% (two steps).  e  CSA (1.1 equiv), 

CH 
2
 Cl 

2
 /MeOH 1:1, 0 °C, 3 h, 80%.  f  PDC (15 equiv), DMF, rt, 24 h, 50%.  g  TBAF (6 equiv), THF, 

rt, 24 h.  h  2,4,6-Cl 
3
 C 

6
 H 

2
 C(O)Cl, Et 

3
 N, THF, 0 °C, 20 min, then diluted with toluene and added to a 

solution of DMAP in toluene, 75 °C, 1 h, 44% (two steps).  i  HF·py, py/THF, rt, 2.5 h, then prepara-
tive HPLC, 40%.  j  ZnBr 

2
  (4.0 equiv), CH 

2
 Cl 

2
 , rt, 2.5 h, quant.  k  CH 

3
 CH 

2
 OC(O)Cl, Et 

3
 N, THF, 

0 °C, 30 min.  l  HF·py, py/THF, rt, 3.5 h, then preparative HPLC, 32% (two steps) [ 66 ,  99 ]       
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simultaneous HF·pyridine deprotection at O3 and O7. Stunningly, the biological 
activity of  148 , was comparable with Epo A ( 148 : IC 

50
  [nM]: A549 (lung): 1.9; 

HCT-116 (colon): 1.6; PC-3M (prostate): 2.3; KB-31 (cervix): 0.34; Epo A: IC 
50

  
[nM]: A549 (lung): 3.2; HCT-116 (colon): 2.2; PC-3M (prostate): 3.4; KB-31 (cer-
vix): 2.15) [ 66 ]. This constitutes a >60-fold increase compared with thiazolyl vinyl 
derivative  54a . Against the background of 2- to 15-fold increased in vitro activity 
for polyketide-derived benzimidazole-containing epothilone analogs, these num-
bers are highly impressive and hint at the potential of azathilones for further tuning 
of their potency. Surprisingly, unsaturated compound  147  showed significantly 
lower potency than  148 , which is in marked contrast to the results previously 
obtained for 9,10-unsaturated analogs of Epo B and D (see above). 

 Recent SAR studies on the position of the nitrogen atom in the heterocycle in 
bicyclic side-chain derivatives by the Altmann group have shed new light on the 
interesting relationship between the position of the nitrogen atom in the heterocycle 
and biological activity [ 115 ]. While previous studies by the Nicolaou/Altmann 
groups with simple pyridine-substituted side-chains (see above) had suggested a 
requirement for the positioning of the nitrogen atom in a position  ortho  to the 
attachment point to the vinyl linker, the recent studies by Altmann and co-workers 
with bicyclic side-chains (compounds  123b ,  155 ,  156 ) indicate these correlations to 
be much more complex. Thus, while both isomers within compound pairs  123b / 155  
and  123a / 156  exhibit virtually identical effects on tubulin polymerization, they 
show very different antiproliferative activities. On the other hand, the isomers  123b  
and  123a , with a “natural”  meta  positioning of the nitrogen atom relative to the 
connection between the macrolactone and the side-chain, are >50-fold more potent 
than their respective isomers  155  and  156  in cellular proliferation assays [ 115 ]. 
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 Based on this differential one may assume that nitrogen positioning in the hete-
rocyclic side-chain of these compounds is of significant importance for cellular 
activity but does not profoundly impact the interactions with the tubulin target. On 
the other hand, no activity differential was observed for epoxide-containing analogs 
 124a  and  157 , either at the level of tubulin polymerization in vitro or at the level of 
cancer cell growth inhibition. These findings clearly illustrate that factors other 
than tubulin-polymerizing activity must have a pronounced impact on the cellular 
activity of Epo D analogs  123b / 155  and  123a / 156 . As indicated above, these data 
appear to favor the Epo A binding model of Carlomagno [ 104 ] over the EC-derived 
model [ 103 ], as the former does not invoke a specific hydrogen bond between the 
thiazole nitrogen in epothilones and βHis227. However, specific structural data for 
the complexes of the above analogs with tubulin/microtubules will be required, in 
order to confirm (or reject) this assumption. 
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 Another group of side-chain modified epothilone analogs has recently been 
reported by the group at Kosan [ 116 ]. In these analogs the vinyl linker between the 
macrolide and the aromatic heterocycle was removed and a (2-substituted) thiazol-
4-yl moiety was directly attached to C15 [ 116 ]. Since the direct attachment of the 
thiazole ring to the macrocycle had already been reported by Danishefsky [ 50 ] to lead 
to a significant loss in activity, the side-chain modification was combined with the 
potency-enhancing 9,10-dehydro modification of the macrolactone ring. Since direct 
attachment of the thiazole to C15 leads to a repositioning of the vital thiazole nitrogen 
atom, aromatic heterocyclic extensions were introduced in the 2-position of the thia-
zole ring. The aim of these biaryl analogs was to reestablish the interaction between 
His227 and a basic nitrogen atom (in this case the nitrogen atom of the aromatic 
extensions) that has been suggested to be required for high-affinity tubulin binding of 
natural epothilones [ 103 ]. Remarkably the activity loss observed by Danishefsky [ 50 ] 
could be compensated for to some extent by introduction of these extensions in com-
pounds  158 – 161 , which show IC 

50
  values against the human breast cancer cell line 

MCF-7 of 40, 52, 34, and 38 nM respectively. Although still 50-fold less active than 
natural epothilones, there is significant room for further modifications of these com-
pounds, which might lead to still more potent congeners of this class. 
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 In a very recent publication, Tillekeratne et al. [ 117 ] reported the synthesis of 
two constrained Epo D analogs  162  and  163 . By introducing a methylene bridge 
between C14 and C17 the mobility of the aromatic side-chain was reduced while 
the flexibility of the C1–C8 region of the macrolactone was preserved. Analog  163  
showed high cellular antiproliferation activity in leukemia cell lines ( 163 : GI 

50
  

[nM]: CCRF-CEM: 2.7; SR: 2.9) while being virtually inactive on breast (MCF-7) 
and ovarian (SK-OV-3) cancer cell lines normally associated with epothilone anti-
proliferative activity. In spite of this interesting cellular profile it remains to be seen 
what effect these analogs have on tubulin-polymerization. 
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  3 Laulimalide 

 In 1988 Crews and co-workers [ 118 ] isolated a cytotoxic macrolide from the 
sponge  Cacospongia mycofijiensis  and elucidated its structure by NMR. The com-
pound was named fijianolide B ( 3 ). The same compound was discovered in an 
independent investigation by Moore, Scheuer and co-workers [ 119 ] of the 
Indonesian sponge  Hyatella  sp. and the nudibranch  Chromodoris lochi , which was 
found grazing on that sponge. The compound was termed laulimalide ( 3 ) by Moore 
and Scheuer and this is the name commonly used today. Laulimalide was subse-
quently also reisolated from the Okinawan sponge  Fasciospongia rimosa  and from 
a sponge in the genus  Dactylospongia  [ 120 ,  121 ]. In all these cases a structural 
variant of laulimalide ( 3 ), the rearrangement product isolaulimalide (fijianolide A, 
 3A ) was also obtained from the corresponding crude extracts. The rearrangement 
of laulimalide ( 3 ) to isolaulimalide ( 3A ) readily takes place in an acidic environment. 
Laulimalide was rapidly identified as a potent antiproliferative agent [ 11 ,  118 ,  119 , 
 122 ] but, as has been the case for other microtubule-stabilizing agents, it took 
several years before its molecular target was identified as the tubulin/microtubule 
system [ 11 ]. 
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  3  leads to notably longer microtubules than those induced by taxol despite its 
somewhat lower potency for the induction of tubulin polymerization (EC 

50
  values 

of 4.32 µM and 1.44 µM for  3  and taxol, respectively) [ 11 ]. Laulimalide was also 
found to inhibit the growth of the human ovarian cancer cell line SKOV-3 with an 
IC 

50
  of 11.5 nM which is six times less potent than taxol (IC 

50
 : 1.7 nM). It was, 

however, found to be 800-fold more potent than taxol against the multidrug-resistant 
SKVLB line. These findings were confirmed in a subsequent study by Pryor 
et al. [ 122 ], who also established that  3  did not bind to the taxol site on β-tubulin, 
which has been confirmed by some recent studies [ 123 – 125 ]. In a subsequent study, 
Hamel and co-workers showed that laulimalide and taxol not only occupy different 
binding sites on tubulin but also induce tubulin polymerization in a highly synergistic 
fashion [ 123 ]. Remarkably, similar synergistic effects were also observed for 
combinations of laulimalide with epothilone A or discodermolide, while no such 
synergy occurred for any combination of drugs that are known to share the taxol 
site (taxol, discodermolide, epothilone A/B). However, no synergistic effects 
between laulimalide and taxol had originally been reported to occur at the cellular 
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level [ 122 ]. In a more recent finding by Mooberry and co-workers it was demon-
strated that laulimalide acts synergistically with both taxol or 2-methoxy-estradiol 
(2-ME) in the growth inhibition of A549 lung or MDA-MB-435 breast carcinoma 
cells and the same is true for two synthetic laulimalide analogs [ 126 ]. Most recently, 
laulimalide has also been reported to inhibit human umbilical vein endothelial cell 
(HUVEC) tubule formation and vascular endothelial growth factor (VEGF)-
induced HUVEC migration [ 127 ], both of which are key components of the ang-
iogenic process. 

 With the elucidation of the absolute configuration of laulimalide ( 3 ) [ 128 ], syn-
thetic work towards the total synthesis of  3  started immediately [129-156, 166], and 
further intensified when laulimalide was identified as a microtubule-stabilizing 
agent [ 11 ]. As a result of these efforts, 11 total syntheses from various research 
groups have been reported at this point in time (for an excellent review on the 
chemistry of laulimalide up to 2003 see [129]). 

 The first total synthesis of laulimalide was successfully completed by Gosh and 
Wang [ 146 ] in 2000, who later refined their synthesis [147-148]. The synthesis 
based on the assembly of the two building blocks  165  and  166  by Julia olefination, 
elaboration of the coupling product  164  into laulimalide ( 3 ) via HWE-based ring 
closure and Sharpless epoxidation (Scheme 20).  

 The synthesis of fragment  165  proceeded through lactone  167  (obtained in seven 
steps starting from Roche ester), which was converted first to chiral alcohol  168  and 

  Scheme 20    Gosh’s improved retrosynthesis [ 147 ,  148 ]       
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then to iodide  169  in six steps with moderate overall yield of 37%. 169 was then 
used to alkylate α-phenylsulfonyl-lactone  171  to give intermediate  170  as a 4.2:1 
mixture of diastereoisomers. Over three steps the  exo -methylene group at C13 was 
introduced, leading to intermediate  172  in good 72% overall yield. Some protective 
group manipulations and a Swern oxidation provided the key aldehyde  165  
(Scheme 21) [ 146 ].  

 The synthesis of the building block  166  (Scheme 22) started from glycidyl ether 
 173  which was converted to the homoallylic ether  174  which could be converted 
smoothly to the dihydropyran  175  with Grubbs first-generation Ru catalyst. After 
deprotection of  175  and oxidation of the resulting primary alcohol, Corey-Fuchs 
chemistry led to the dibromo olefin  176 . The alkynyl anion derived from  176  was 
then coupled with aldehyde  177 , however only with low stereoselectivity ( syn/anti = 
1.8:1).  177  itself was accessible through a four step synthesis starting also from 
 173 . Oxidation of  178  followed by reduction with  L -selectride delivered the pure 
 syn -diol  179 . Subsequent selective reduction of the triple bond to  E -geometry and 
a PMB protection group shift furnished building block  166  with an overall yield of 
42% from  179  (Scheme 22) [ 146 ].  

 Coupling of the two fragments  165  and  166  by Julia chemistry involved lithia-
tion of  166  and treatment of the resulting dianion with aldehyde  165 (Scheme 20) . 

  Scheme 21 a    DIBAL-H, –78 °C then CSA, EtOH, 23 °C.  b  montmorillonite K-10, CH 
2
  = 

CHOTBS, 23°C.  c  NaBH 
4
 , MeOH, 0 °C, 54%.  d  TBSCl, imidazole, DMF, 23 °C, 75%.  e  (1) Li, 

NH
3
, 95%; (2) I 

2
 , PPh 

3
 , imidazole, 96%.  f 171 , NaH, DMF, 0 °C then iodide  169 , 60 °C, 89%.  g  

Red-Al, THF, 0 °C.  h  PhCOCl, Et 
3
 N (cat) DMAP.  i  Na(Hg), Na 

2
 HPO 

4
 , MeOH, −20 °C → 23 °C, 

72%.  j  MOMCl,  i- Pr 
2
 NEt, 23 °C.  k  DDQ, pH 7 buffer, 23 °C, 81%.  l  DMSO, (COCl) 

2
 ,  i- Pr 

2
 NEt, 

−60 °C, 85%       
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Peracylation and Na/Hg exposure furnished a 3.4:1 mixture of olefination products, 
from which the desired isomer  180  could be separated in reasonable yield (34%). 
After acylation of  180  with  bis (2,2,2-trifluoroethyl)phosphonoacetic acid under 
Yamaguchi conditions, followed by TBS deprotection and oxidation, ring closure 
was finally achieved through a Still-Gennari modified HWE olefination, which led 
to a 1:2 mixture of  Z/E  macrolactones in 84% combined yields. UV irradiation of 
the  E -isomer led to an overall improvement for the yield of the  Z -isomer  181  from 
28 to 47%. Finally the fully protected  181  was converted to laulimalide ( 3 ) with an 
overall yield of 22% over three steps, including the regioselective Sharpless epoxidation 
of the C16–C17 double bond, providing the first synthetic sample of laulimalide 
(Scheme 23) [ 146 ].  

 Following the first total synthesis a number of alternative approaches to 
laulimalide were reported in close succession 1 year later by the groups of Mulzer 

  Scheme 22 a     Isopropenyl magnesium bromide, CuCN (10 mol%), THF, −78 °C → 23 °C, 94%. 
 b  KH (cat) 18-Crown-6, allyl bromide, THF, 0 °C → 23 °C, 100%.  c  Grubbs first (2 mol%), 
CH 

2
 Cl 

2
 , 23 °C.  d  CSA, MeOH, 81%.  e  (COCl) 

2
 , DMSO, Et 

3
 N, CH 

2
 Cl 

2
 , −78 °C → 0 °C.  f  CBr 

4
 , 

PPh 
3
 , CH 

2
 Cl 

2
 , 0 °C → 23 °C, 67%.  g   n- BuLi, −78 °C, 1 h and 23 °C, 1 h then  177 , −78 °C, 64%. 

 h  Dess-Martin, CH 
2
 Cl 

2
 , 23 °C, 81%.  i   L -selectride, THF, −78 °C, 87%.  j  Red-Al, THF, −20 °C, 

81%.  k  CF 
3
 CO 

2
 H, CH 

2
 Cl 

2
 , 23 °C.  l   p -MeO-Ph-CH(OMe) 

2
 , CSA, CH 

2
 Cl 

2
 , 23 °C, 71%.  m  DIBAL-H, 

CH 
2
 Cl 

2
 , −78 °C, 74%       
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  Scheme 23 a     166, n- BuLi, −78 °C, 15 min, then 165  , −78 °C → −40 °C, 2 h.  b  Ac 
2
 O, Et 

3
 N (cat) 

DMAP.  c  Na(Hg), Na 
2
 HPO 

4
 , MeOH, −20 °C → 23 °C, 34%.  d  (CF 

3
 CH 

2
 O) 

2
 P(O)CH 

2
 CO 

2
 H, 

Cl 
3
 C 

6
 H 

2
 COCl,  i- Pr 

2
 NEt, DMAP.  e  AcOH/THF/water (3:1:1), 23 °C, 99%.  f  DMP, CH 

2
 Cl 

2
 , 23 °C, 

79%.  g  K 
2
 CO 

3
 , 18-Crown-6, −20 °C → 0 °C, 84%.  h   hν , Et 

2
 O, 50 min, 66%.  i  PPTS,  t -BuOH, 

84 °C, 45%.  j  Ti(O i- Pr) 
4
 , (+)-DET,  t- BuOOH, −20 °C.  k  DDQ, pH 7, 23 °C, 48%       
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[ 149 –151 ] and Paterson [ 153 ]. One of Mulzer’s three approaches was a fully stere-
oselective [ 150 ] synthesis which will be discussed below. Retrosynthetically, 
macrocyclization was to be achieved through intramolecular allyl transfer in seco 
intermediate  183 . The latter, which includes the entire carbon skeleton of lauli-
malide, was envisioned to be formed by a Still-Gennari modified HWE olefination 
between  184  and  185  (Scheme 24).  

 The building block  184  was synthesized starting from the commercially available 
ethyl hydrogen ( R )-3-methylglutarate  186  (Scheme 25) and transformed to the 
homoallylic alcohol  187  by reduction, oxidation, asymmetric Brown allylation 
[139, 152, 158–160 ] and dimethyl amide formation. The dihydropyran moiety was 
elaborated by RCM after transketalization of 187 with acrolein diethylacetal. The 
stereoselective introduction of the two carbon side-chain at C5 was achieved by 
reaction of the RCM product (a cyclic acetal) with TBS vinyl ether. The resulting 
aldehyde was reduced and the alcohol protected as a TES ether to give amide 188. 
The latter   was subsequently converted to the methyl ketone  189  in high yields 
(90%). Treatment of  189  with PhNTf 

2
  [ 161 ,  162 ] provided the enoltriflate as a 

single regioisomer which was coupled with trimethylsilyl methylmagnesium chlo-
ride under Kumada conditions [ 163 ,  164 ] to afford allylsilane  190  in excellent 
yield. Final removal of the TES group and subsequent oxidation led to the C3–C14 
fragment  184  (Scheme 25).  

 The phosphonoacetate building block was easily derived from a previously 
reported C15–C27 fragment [ 136 ]. Thus, TBDPS protected intermediate  192 , 



Macrolide-Based Microtubule-Stabilizing Agents 39

  Scheme 24    Retrosynthetic analysis of Mulzer and Enev [ 150]        
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  Scheme 25 a     BH 
3
 ·Me 

2
 S, 99%.  b  DMP oxidation, 96%.  c  (–)-Ipc 

2
 B-allyl, 87%.  d  Me 

2
 NH, EtOH, 

98%.  e  Acrolein-diethylacetal, TsOH, toluene, 92%.  f  4 mol% Grubbs catalyst, CH 
2
 Cl 

2
 , 87%.  g  

CH 
2
  = CHOTBS, LiClO 

4
 , 92%.  h  (1) NaBH 

4
 , MeOH, 0 °C, 99%; (2) TESCl, py, 92%.  i  MeLi, 

Et 
2
 O, −75 °C, 90%.  j  KHMDS, C 

6
 H 

5
 NTf 

2
 , THF, 80%.  k  5 mol% Pd(PPh 

3
 ) 

4
 , LiCl (5 equiv), 

TMSCH 
2
 MgBr (2 equiv), Et 

2
 O, 96%.  l  K 

2
 CO 

3
 , MeOH, 0 °C, 98%.  m  DMP oxidation 90%       
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which is accessible in two steps with 91% yield from the glycidyl ether  191 , was 
first converted over three steps into the alcohol  193  and subsequently into methyl 
ester  194 . The latter was converted into a β-oxophosphonate by reaction with 
dimethyl methylphosphonate, which was then reacted with aldehyde  195  to yield 
 E -enone  196 , thereby introducing the C21–C22 double bond of  3 . Reduction of the 
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enone under Luche conditions [ 165 ] followed by MOM protection of the alcohol 
formed and THP deprotection led to propargylic alcohol  197  with the correct stere-
ochemistry at C20.  197  was converted to intermediate  198  by stereoselective 
reduction of the triple bond, oxidation of the resulting  E -allylic alcohol and subse-
quent acetalization  with commercially available ( R,R )-(+)-pentane-2,4-diol. The 
synthesis of building block  185  was completed by TBDPS deprotection and sub-
sequent acylation with  bis (2,2,2-trifluoroethoxy)-phosphinylacetyl chloride 
(Scheme 26).  

 Fragment assembly (Scheme 27) involved the treatment of deprotonated  185  
with aldehyde  184  at −78 °C, carefully avoiding excess of base. Under these reac-
tion conditions  199 , comprising the complete laulimalide skeleton, was obtained as 
a single isomer in 85% yield. The latter cyclized through an intramolecular 
Hosomi-Sakurai reaction providing macrolactone  200  in an excellent yield (85%). 

  Scheme 26 a     Ethyl propiolate,  n- BuLi, BF 
3
 ·OEt 

2
  (each 3 equiv), then 191, THF, 30 min, −78 °C, 

100%.  b  TBDPSCl (1.3 equiv), imidazole, DMF, 5 h, 100%.  c  DIBALH (2.2 equiv), CH 
2
 Cl 

2
 , 1 h, 

−78 °C, 91%.  d  Dihydropyran, TsOH, 20 min, 96%.  e  DDQ (1.2 equiv), CH 
2
 Cl 

2
 /water (20:1), 30 

min, 97%.  f  (1) SO 
3
 ·pyr, TEA, CH 

2
 Cl 

2
 , 30 min; (2) NaClO 

2
  (3 equiv), KH 

2
 PO 

4
 , 2,3-dimethylbut-

2-ene: t -BuOH (1:1), 1 h; (3) CH 
2
 N 

2
 , Et 

2
 O, 80%.  g  Dimethyl methylphosphonate (2.5 equiv), 

 n- BuLi, then 194, THF, 3 h, −78 °C, 91%.  h   n- BuLi then water, then 195, THF/Et 
2
 O (1:1), 0 °C 

→ rt, 2 h, 80%.  i  NaBH 
4
  (1.0 equiv), CeCl 

3
 , MeOH, 5 min, 67% (plus 20% mixed regioisomers). 

 j  MOMCl (20 equiv), DIPEA, DMF, 3 h, 90%.  k  2.5% HCl (aq.), MeOH, 0 °C → rt, 30 min, 
100%.  l  Red-Al ®  (1.2 equiv), Et 

2
 O, rt, 24 h, 84%.  m  DMP oxidation, 96%.  n  ( R , R )-(+)-2,4-

pentanediol (1.8 equiv), montmorillonite K-10, toluene, 98%.  o  TBAF, THF, 82%.  p  
(CF 

3
 CH 

2
 O) 

2
 P(O)CH 

2
 COCl (1.6 equiv), DMAP, −78 °C → 0 °C, 98%       
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  Scheme 27 a     KHMDS, –78 °C, 40 min, then  184 , 1.2 equiv, 20 min, 82%.  b  EtAlCl 
2
  (2 equiv), 

−50 °C → 0 °C, 82%.  c  DMP oxidation, 90%.  d  TsOH, CHCl 
3
 , 80%.  e  Me 

2
 BBr, −78 °C, 20 min, 

96%. f (+)-DIPT,  t -BuOOH, Ti(O- i -Pr)
4
, CH

2
Cl

2
, -20 °C, 2 h, 70%       
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Removal of the γ-hydroxy ether at C15, MOM deprotection, and finally Sharpless 
epoxidation then gave the desired laulimalide ( 3 ).  

 In a more recent approach to the total synthesis of laulimalide ( 3 ), Uenishi et al. 
[ 166 ] involved a Sakurai-Hosomi coupling of fragments  201  and  202  and Yamaguchi 
macrolactonization for ring closure (Scheme 28). The synthesis also features a new 
approach to the construction of the dihydropyran moiety.  

 Fragment  201  was prepared by first coupling building blocks  203  and  204  
through a HWE olefination followed by diastereoselective reduction of the keto 
group to the β-alcohol  205  in reasonable yield (56% in two steps). Mitsunobu-based 
esterification of  205  with benzoic acid yielded (under inversion) a 1:1 mixture of C21 
and C23 benzoates  206 , which after TBDPS cleavage was subjected to Pd 0 -catalyzed 
intramolecular  O -allylation to furnish  208  together with the unreacted benzoate  207  
which only underwent Pd 0 -catalysed intramolecular  O -allylation after ester cleavage 
and subjection to [PdCl 

2
 (CH 

3
 CN) 

2
 ]. After cleavage of the acetonide, oxidation of 

the PMB ether led to  209 . TBS protection at C20 followed by reductive benzyli-
dene acetal opening, oxidation of the primary alcohol and Wittig olefination of the 
resulting aldehyde provided ester  210  in a reasonable yield (66% over four steps). 
Ester reduction and final Dess-Martin oxidation gave the desired fragment  201  with 
excellent yield (92% over two steps) (Scheme 29).  

 Fragment  202  was synthesized starting from the homoallylic alcohol  211  
which was converted to allylic alcohol  212  via TBS protection, osmylation and 
subsequent diol cleavage, and Ni/Cr-promoted coupling [ 167 ,  168 ] of the 
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  Scheme 28    Retrosynthetic analysis of (−)-laulimalide ( 3 ) by Uenishi et al. [ 166 ]       
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resulting aldehyde with ( E )-4-benzoyloxy-1-iodo-1-butene. Dess-Martin oxi-
dation, followed by enantioselective reduction and TBS deprotection then led 
to the diol  213  which was subjected to Pd II -catalyzed ring formation to give the 
desired pyran  214  exclusively (Scheme 30) (for 5-endo-trig cyclization in 
dihydrofuran synthesis see [ 169 ]).  

 Cleavage of the benzoate ester in  214 , oxidation of the resulting alcohol to the 
corresponding aldehyde, homologation of the latter to the 1,1-dibromoalkene  215 , 
debromination with  n -BuLi and reaction of the resulting lithioalkyne with parafor-
maldehyde, and finally protection of the resulting propargylic alcohol furnished 
 216 . PMB removal followed by Dess-Martin oxidation and dibromo olefination led 
to intermediate  217  in 68% yield. 1,1-Dibromo-1-alkene  217  was subsequently 
crosscoupled in high yield (86%) with TMS-CH 

2
 MgCl and finally treated with 

PPTS to provide fragment  202 . 
 The two fragments  201  and  202  were then assembled through a Sakurai-Hosomi 

reaction promoted by SnCl 
4
 . The reaction resulted in a mixture of diastereomeric 

alcohols which by an oxidation, stereoselective reduction cascade was converted 
into the single diastereomer  218  (Scheme 31). After silylation of  218  the propargylic 
hydroxyl group was deprotected chemoselectively and the resulting primary alcohol 
was converted to the seco acid  219  in three steps. Yamaguchi macrolactonization, 
global silyl deprotection and partial reduction of the C2–C3 triple bond afforded 
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desoxylaulimalide  220  which was finally converted to laulimalide ( 3 ) via Sharpless 
epoxidation.  

 Following the development of laulimalide chemistry, various non-natural [ 152 , 
 170 – 176 ] and natural [ 177 ] analogs have been reported over the course of the past 
few years. As for epothilone, it was shown for laulimalide ( 3 ) that the C16–C17 
epoxide moiety seems not to be an absolute requirement for the induction of tubulin 
polymerization and cytotoxic activity [ 122 ,  152 ,  170 ,  171 ]. The synthetic interme-
diate  220  (Scheme 31) incorporating a  trans -C16–C17 double bond still showed 
tubulin-polymerization activity and had an IC 

50
  for MCF-7 cells of 89 nM ( 3 : 3.8 

nM) [ 152 ]. On the other hand, isolaulimalide and natural analogs thereof have lost 
most of the activity of laulimalide [ 11 ,  177 ]. A similar loss of activity can be 
observed when replacing the C2–C3 double bond by a triple bond or a  trans -double 
bond [ 152 ,  171 ]. 

 Acylation or methylation of the C20-hydroxyl group did result in a 100-(resp. 
200-)fold loss of activity, while acylation of the hydroxyl group at C15 only led to 
ca. a ten-fold decrease in activity compared to  3  [ 172 ]. However, these analogs still 
show potent antiproliferative activity with IC 

50
 s in the 30–300 nM range. 

  Scheme 29 a     K 
2
 CO 

3
  THF/water (1:1), rt, 70%.  b  NaBH 

4
 , CeCl 

3
 ·7 H 

2
 O, MeOH, -78 °C → rt, 

80%.  c  DEAD, Ph 
3
 P, PhCOOH, benzene, rt, 81%.  d  TBAF, THF, rt, 86%.  e  [Pd 

2
 (dba) 

3
 ] (20 

mol%), neocuproine, toluene, rt, 89% (based on recovered  207 ).  f  K 
2
 CO 

3
 , MeOH, rt, 97%.  g  

[PdCl 
2
 (CH 

3
 CN) 

2
 ] (10 mol%), THF, 0 °C, 89%.  h  HCl, MeOH, rt, 89%.  i  DDQ, molecular sieves 

(4 Å), CH 
2
 Cl 

2
 , 0 °C, 87%.  j  TBSCl, imidazole, DMF, rt, 90%.  k  DIBAL-H, CH 

2
 Cl 

2
 , −78 °C, 83%. 

 l  DMP, 96%.  m  Ph 
3
 PCHCOOMe, benzene, rt, 92%;  210  →  201 : ( k  ) 98%; ( l ) 94%       
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  Scheme 31 a     SnCl 
4
 , CH 

2
 Cl 

2
 , −78 °C, 86%.  b  DMP, 86%.  c  BH 

3
 . THF complex ( R )-CBS, THF, 

−40 °C, 92%.  d  TBSCl, imidazole, DMF, rt, 95%.  e  K 
2
 CO 

3
 , MeOH/THF (3:1), rt, 93%.  f  (1) 

DMP; (2) DDQ, CH 
2
 Cl 

2
 /buffer (pH 7) (2:1), 0 °C, 80%.  g  NaClO 

2
 , 2-methyl-2-butene, NaH 

2
 PO 

4
 , 

THF/ t- BuOH (1:2), 0 °C, 98%.  h  Yamaguchi lactonization, 88%.  i  HF⋅py, CH 
3
 CN, rt, quant.  j  

Lindlar cat, H 
2
 , quinoline, EtOAc/1-hexene (1:1), rt, 77%.  k  Sharpless epoxidation conditions 

(+)-diisopropyl tartrate, 80%       
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  Scheme 30 a     TBSCl, imidazole, DMF, rt, 97%.  b  (1) (cat) OsO 
4
 , NMO, THF/water (5:1), 

rt; (2) NaIO 
4
 , THF/water (5:1); (3) ( E )-4-benzyloxy-1-iodo-1-butene, NiCl 

2
 /(cat) CrCl 

2
 , DMSO, 

rt, 75%.  c  DMP, 91%.  d  BH 
3
 . THF complex ( S )-CBS, THF, −40 °C, 99% (dr >97:3).  e  TBAF, 

THF, rt, 85%.  f  [PdCl 
2
 (CH 

3
 CN) 

2
 ] (15 mol%), benzoquinone, THF, −5 °C, 60%.  g  K 

2
 CO 

3
 , MeOH, 

rt, 92%.  h  DMP, 90%.  i  CBr 
4
 , PPh 

3
 , CH 

2
 Cl 

2
 , 0 °C, 94%.  j   n- BuLi, THF, −78 °C; then (HCHO) 

 n 
 , −78 

°C → 0 °C, 83%.  k  (O t- Bu)Ph 
2
 SiCl, Et 

3
 N, CH 

2
 Cl 

2
 , rt, 99%.  l  DDQ, CH 

2
 Cl 

2
 /buffer (pH 7) (10:1), 

rt, 87%.  m  (1) DMP; (2) CBr 
4
 , PPh 

3
 , CH 

2
 Cl 

2
 , 0 °C, 78%.  n  (cat) Pd(OAc) 

2
 , PPh 

3
 , Me 

3
 SiCH 

2
 MgCl, 

THF, 50 °C, 86%.  o  PPTS, THF/CH 
3
 CN (9:1), rt, 99%       
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 Particularly interesting is the finding that the removal of the methyl group at C11 
only causes a 10- to 20-fold [ 175 ,  176 ] loss in antiproliferative activity ( 3 : IC 

50
  

(MDA-MB-435) = 5.7 ± 0.6 nM;  221 : IC 
50

  (MDA-MB-435) = 49.0 ± 2.3 nM; 
[ 176 ]). Also, 11-desmethyllaulimalide ( 221 ) retains significant tubulin polymeriz-
ing activity in vitro [ 175 ], thus providing an interesting starting point for the design 
and evaluation of simplified laulimalide analogs. 
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 Side-chain modifications such as those reported by Paterson et al. [ 175 ] (e.g. 
 222–224 ) while still exhibiting tubulin-polymerizing activity seem to have lost their 
cytotoxic activity almost completely. Similar observations regarding cytotoxicity 
were made by Mooberry, Crews and co-workers for side-chain-modified analogs 
recently isolated from natural sources [ 177 ]. 

 As for other microtubule-stabilizing agents, attempts have been made to deter-
mine the conformation of laulimalide in solution. Paterson et al. have investi-
gated the conformation of  3  and  221  in MeOH-d 

4
  solution by  1 H-NMR and 

constrained MD simulations and found similar conformations, resembling the 
X-ray structure of laulimalide [ 128 ], for both  3  and its analog  221  [ 178 ]. A com-
bination of NMR experiments and NAMFIS deconvolution analysis of laulimal-
ide ( 3 ) in DMSO-d 

6
  by Thepchatri et al. has led to somewhat different 

conclusions. They identified five major structural families in conformational 
equilibrium [ 179 ], one of which closely resembles the solid-state structure of  3  
[ 128 ]. However, almost 40% of the low energy structures are distinctly different 
from the solid-state conformation. Likewise the findings of Thepchatri et al. 
[ 179 ] regarding the flexibility of the C12–C20 region are not congruent with 
Paterson’s results, which had suggested this region to be rather rigid. 
It remains to be seen how these conformational proposals will compare to the 
tubulin-bound conformation once this becomes available.  

  4 Dictyostatin  

 Like laulimalide ( 3 ), dictyostatin ( 4 , also called dictyostatin-1) is a microtubule-
stabilizing polyketide of marine origin. It was first isolated in 1994 by Pettit et al. 
from a sponge of the genus  Spongia  sp., collected off the coast of the Maldives in 



4646 B. Pfeiffer et al.

the Indian Ocean [ 180 ]. Dictyostatin was found to inhibit the growth of murine 
P388 lymphocytic leukemia cells at sub-nanomolar concentrations (ED 

50
  approx. 

0.7 nM). However, synthetic efforts following this interesting finding, were hampered 
by the fact that the complete absolute configuration of dictyostatin ( 4 ) remained 
unassigned. 

 While the exact configuration at C16 and C19 was yet unknown, Curran, Day 
and co-workers in 2002 [ 181 ] recognized the notable structural similarities between 
 4  and the dictyostatin-like linear polyketide discodermolide    2253 , which had been 
isolated some years earlier from the deep-water Caribbean sponge  Discodermia 
dissoluta  [ 182 ]. The notion of the structural similarity of discodermolide and 
dictyostatin has recently been re-enforced by conformational studies by Sánchez-
Pedregal et al. [ 104 ]. 

dictyostatin (4)

O O
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HO
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HO
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O
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O O

HO

OH

OH

 Reflecting their interest in discodermolide analogs Curran and co-workers pre-
pared dictyostatin-discodermolide hybrids such as  226 , which showed a significant 
ability to displace taxol from microtubules, thus providing a first hint at  4 ’s poten-
tial microtubule-stabilizing properties [ 181 ]. It was not, however, until almost a 
decade later that dictyostatin was unambiguously established as a microtubule-sta-
bilizing agent [ 14 ]. In 2003, Wright and co-workers reported the re-isolation of dic-
tyostatin from a sponge of the family  Corallistidae  in the Caribbean and showed that 
it potently induced tubulin polymerization in vitro and further showed other typical 
features of compounds interfering with microtubule dynamics such as bundling of 

 3 The chemistry of discodermolide is discussed in another chapter of this volume by I. Paterson. 
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interphase microtubules, cell cycle block in G2/M with anomalous spindle forma-
tion, and the induction of apoptosis [ 14 ]. Dictyostatin was found to inhibit the 
growth of human cancer cells even more potently than taxol and, even more impor-
tantly, to retain most of its activity in multidrug-resistant cell lines [ 14 ]. Two subse-
quent studies not only confirmed these findings, but also showed dictyostatin to have 
an equal if not higher potency than discodermolide to promote tubulin polymeriza-
tion and to stabilize microtubules [ 123 – 125 ,  183 ]. Competition of dictyostatin for 
microtubule binding has been shown with taxol [ 123 – 125 ,  183 ], epothilone B [ 183 ], 
and discodermolide [ 183 ], suggesting that  4  binds to the taxol binding site on the β-
subunit of tubulin. The re-isolation of dictyostatin [ 14 ] has also led to the complete 
stereochemical determination of dictyostatin ( 4 ) [ 184 ], applying Murata’s method of  
J -based configuration analysis [ 185 ] in combination with extensive NOESY experi-
ments [ 184 ]. 

 With the absolute configuration at hand it was only a matter of time until the first 
total synthesis of dictyostatin was to be accomplished. Paterson et al. [ 186 ] as well 
as Curran and co-workers [ 187 ] succeeded almost simultaneously. Up until today 
four total syntheses from four different research groups have been reported [ 186 –
 189 ] and several partial syntheses indicate that additional total syntheses of  4  will 
be reported in the near future [ 190 – 194 ]. 

 Apart from the recent total synthesis of Phillips and co-workers [ 188 ], which 
used an intramolecular Still-Gennari-modified HWE olefination to connect C2 
and C3, all successful attempts for the synthesis of dictyostatin so far are based 
on the use of the Yamaguchi protocol for closure of the macrolactone ring [ 186 , 
 187 ,  189 ]. 

 As stated above, the first total synthesis of dictyostatin was accomplished by 
Paterson et al. [ 186 ] employing Yamaguchi macrolactonization as well as Still-
Gennari modified HWE olefination and a Stille coupling as key steps (Scheme 32). 
All three reactions represent possible modes of ring closure and this approach 
offers considerable synthetic flexibility in the synthesis. The strategy further relied 
on a late-stage stereoselective reduction of the enone  227 , controlled by the confor-
mation of the macrocycle. The construction of the northern half of  227  (i.e.  228 ) 
was based on the coupling of two building blocks derived from a common precur-
sor  231  by HWE olefination. The southern half was subsequently elaborated 
through attachment of the C4–C10 subunit ( 229 ) by Still-Gennari-HWE olefination 
and through Stille coupling for the C1–C3 subunit ( 230 ) (Scheme 32).  

 The synthesis of the northern half  228  as shown in Scheme 33 started with the 
conversion of the common precursor  231  (which is available on a multigram scale 
in five steps from Roche ester [ 195 ]) into the iodide  232  over three steps followed 
by alkylation of the Myers propionamide  233  [ 196 ] yielding  234  with excellent 
diastereoselectivity (dr = 19:1; 88% yield). The reductive removal of the pseu-
doephedrine auxiliary and subsequent oxidation with Dess-Martin periodinane 
provided aldehyde  235  (83% yield over two steps), which was then coupled to  236  
by HWE olefination yielding enone  237  in excellent yield (92%).  236  is accessible 
from  231  in nine steps [ 195 ,  197 ,  198 ]. The conversion of enone  237  to the triol  238  
involved conjugate reduction using Stryker’s reagent ([Ph 

3
 PCuH] 

6
 ) followed by 
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  Scheme 32    Retrosynthetic analysis for dictyostatin by Paterson et al. [ 186 ]       
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oxidative removal of the two PMB protecting groups and 1,3- syn -selective reduc-
tion, which again proceeded with excellent diastereoselectivity (dr >20:1). A final 
three-step sequence involving protecting group manipulations and a final oxidation-
step furnished the required C11–C26 building block  228 .  

 The choice of the specific C4–C10 subunit  229  was guided by concerns about 
the epimerizable center at C12 in  228 , which should be addressed by the use of the 
mild Still-Gennari modified HWE to link  228  and  229 . The required phosphonate 
 229  was prepared starting from alcohol  239  (Scheme 34). Silyl ether formation, 
ozonolysis and Takai methylenation provided  E -vinyl iodide  240 . After selective 
cleavage of the primary TBS-ether, oxidation of the resulting alcohol afforded acid 
 241  which was converted to  229  using the Ghosez reagent (Me 

2
 C = C(Cl)NMe 

2
 ) 

[ 199 ].  228  and  229  were then readily coupled with a selectivity of 5:1 for the 
desired  Z -enone  242 . The dictyostatin backbone  243  was then finally assembled 
through a copper-mediated, Liebeskind-type Stille coupling [200] of  242  with  Z -
alkenyl stannane  230 . TIPS removal and Yamaguchi macrolactonization yielded 
enone  227  which, after Luche reduction and subsequent global deprotection, pro-
vided dictyostatin ( 4 ) in 3.8% overall yield (Scheme 34).  

 Compared to the synthesis of Paterson et al. [ 186 ], Curran and co-workers envis-
aged a synthesis with stereochemical flexibility as a key design element, reflecting 
the uncertainties existing at the time with regard to the absolute configuration 
(Scheme 35). In addition, the design of a less convergent strategy was preferred to 
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  Scheme 33 a    TBS-OTf, 2,6-lutidine, CH 
2
 Cl 

2
 , 0 °C → rt, 15 min, 100%.  b   p -TsOH, THF/water, 

24 h, 93%.  c  PPh 
3
 , I 

2
 , imidazole, toluene, 0 °C, 15 min, 86%.  d  (1)  233 , LiCl, LDA, THF, -78 °C 

→ rt; (2)  232 , THF, 0 °C → rt, 18 h, 88%, dr 19:1.  e  (1) LDA, BH 
3
 NH 

3
 , THF, 0 °C; (2)  234 , THF, 

0 °C → rt, 18 h.  f  DMP, NaHCO 
3
 , CH 

2
 Cl 

2
 , 0 °C, 2 h, 79% over two steps.  g  (1)  236 , Ba(OH) 

2
 ·8 

H 
2
 O, THF, 1 h; (2)  235 , 40:1 THF/water, 20 h, 92%.  h  [Ph 

3
 PCuH] 

6
 , toluene/water rt, 2 h.  i  DDQ, 

pH 7 buffer, CH 
2
 Cl 

2
 , 0 °C, 6 h.  j  Zn(BH 

4
 ) 

2
 , Et 

2
 O, −30 °C, 2 h, 66% over three steps.  k  TBS-OTf, 

2,6-lutidine, −78 °C → 0 °C, 30 min, 91%.  l  TBAF, AcOH, THF, rt, 24 h, 100%.  m  TEMPO, 
PhI(OAc) 

2
 , CH 

2
 Cl 

2
 , rt, 18 h       
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facilitate the subsequent preparation of analogs. This was to be accomplished by 
introducing both diene moieties after the coupling of all fragments [ 187 ].  

 The key intermediate  244  was to be assembled from the three main fragments 
 245 ,  246  and  247 , whose synthesis had been accomplished previously in the con-
text of the synthesis of discodermolide ( 225 ) [ 23 ,  201 – 205 ] (Scheme 35). 

 The building blocks were assembled by metalation of fragment  245  and the fol-
lowing addition of the Weinreb amide  247  to form an alkyne ketone (Scheme 36). 
The latter was asymmetrically reduced according to Noyori [ 206 ,  207 ] followed by 
Lindlar hydrogenation to yield  248  as a single isomer. TBS protection of the newly 
formed hydroxyl group, followed by cleavage of the primary TBS-ether and subse-
quent oxidation of the alcohol gave an aldehyde, whose HWE coupling with  246  led 
to the key intermediate  244 . After the reduction of the conjugated double bond in  244  
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  Scheme 34 a     TBS-OTf, 2,6-lutidine, CH 
2
 Cl 

2
 , −78 °C, 30 min.  b  (1) O 

3
 , CH 

2
 Cl 

2
 , −78 °C; (2) 

Ph 
3
 P, −78 °C → rt, 2 h.  c  CrCl 

2
 , CHI 

3
 , THF, dioxane, 0 °C, 18 h, 71% over three steps.  d  TBAF, 

AcOH, THF, rt, 14 h.  e  DMP, py/CH 
2
 Cl 

2
 , rt, 3 h.  f  NaClO 

2
 , NaH 

2
 PO 

4
 , 10:1  t- BuOH/water, 0 °C, 

2 h, 74% over three steps.  g  (1) Me 
2
 C = C(Cl)NMe 

2
 , CH 

2
 Cl 

2
 , rt, 15 min; (2) (F 

3
 CCH 

2
 O) 

2
 P(O)

CH 
2
 Li, THF, −100 °C, 1 h, 57%.  h 228 , K 

2
 CO 

3
  (10 equiv), 18-crown-6 (25 equiv), toluene, rt, 48 

h, 77%,  Z/E = 5:1.  i 230 , CuTC, NMP, rt, 1 h.  j  KF, THF, MeOH, rt, 2 h, 83% over two steps.  k  
2,4,6-Cl 

3
 C 

6
 H 

2
 C(O)Cl, NEt 

3
 , DMAP, toluene, 60 °C, 2 h, 77%.  l  NaBH 

4
 , CeCl 

3
 ·7 H 

2
 O, EtOH, −30 

°C, 70%.  m  HCl (3 N), MeOH, rt, 6 h, 87%       
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the ketone was reduced with NaBH 
4
 , resulting in a mixture of two epimers with a 

ratio of 2.4:1 (in favor of the desired alcohol). Following TBS protection and PMP 
acetal opening the terminal diene was introduced using similar procedures (Nozaki-
Hiyama reaction followed by Peterson-type  syn -elimination) as described in the 
synthesis of discodermolide [ 198 ] to give  249 . Detritylation of  249  followed by oxi-
dation and Still-Gennari olefination [ 208 ] gave fully protected seco acid  250 . PMB 
removal, saponification of the methyl ester, Yamaguchi lactonization, and final 
deprotection then provided  4  in 1% overall yield (Scheme 36).  

 The most recent total synthesis of dictyostatin by O’Neil and Phillips, while using 
some of the concepts already implemented in previous approaches, also introduced 
novel strategies for assembling  4  (Scheme 37) [ 188 ]. Thus, the formation of an inter-
mediate macrocycle by RCM was applied to form the C10–C11 bond of dictyostatin. 
RCM precursor was  253  assembled from building blocks  251  and  252  by ester bond 
formation under Yamaguchi conditions. The RCM gave selectively the desired  Z -
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  Scheme 35    Retrosynthetic analysis for dictyostatin by Curran and co-workers [ 187 ]       
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isomer  254 , which was then converted to  255  in five steps, involving, apart from 
protecting group manipulations, the reduction of lactone  254 , olefination of the 
resulting aldehyde with (carboethoxy)-methylentriphenylphosphorane and subse-
quent reduction to the allylic alcohol. Like Paterson et al. [ 186 ] and Curran and co-
workers [ 187 ], the C17–C18 connection was formed by applying HWE olefination 
to access an α,β-unsaturated ketone  256  at C19, which was then elaborated into the 
saturated alcohol  257  (in analogy to the reduction of Paterson’s intermediate  237 
(Scheme 33)  [ 186 ] and likewise achieving excellent diastereoselectivity in ketone 
reduction step (dr > 20/1)). Protecting group manipulations and acylation under 
Yamaguchi conditions led to precursor  258 , which was used in an intramolecular 
Still-Gennari olefination ( Z/E = 6.1:1) for ring closure providing, after final deprotec-
tion, dictyostatin ( 4 ) (Scheme 37) [ 188 ].  

 The synthesis by Ramachandran et al. [ 189 ] is based on forming 8 of the 11 
stereocenters of dictyostatin during the synthesis of the building blocks by pinene-
mediated crotylborations [ 209 ] and another two by Myers alkylation [ 196 ] and the 
use of Roche ester as a starting material. To assemble the various building blocks 
Ramachandran et al., similar to Paterson et al. [ 186 ], first linked the C11–C17 subu-
nit  259  by Julia olefination with the C18–C23 subunit  260  forming the northern 
half  261  of dictyostatin. The latter was elaborated into  262 , which connected with 
the C1–C9 subunit  263  by substrate-controlled vinyl zincate addition [ 210 ]. The 
desired epimer  264  was obtained as a single isomer, which could be converted into 
dictyostatin ( 4 ) in five steps,  including Yamaguchi macrolactonization for ring clo-
sure (Scheme 38) [ 211 ].  
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 b   t- BuLi;  c  Me 

2
 Zn;  d 263 , 80%       

 As indicated above, early work by Curran and co-workers [ 181 ] had shown 
that dictyostatin–discodermolide hybrid  226  showed measurable displace-
ment of taxol from microtubules, but was a significantly less potent growth 
inhibitor than  225  [ 181 ]. The concept of dictyostatin–discodermolide hybrids 
has recently been revived by Paterson et al. [ 212 ] who have prepared hybrid 
structure  265 . 

226

O O

HO

OH

OH

265

O O

HO

OH

OH OHOH

266

O O

OH

HO

OH

OH

 In comparison to  226 ,  265  relies heavily on the incorporation of the full C2–
C24 linear sequence of discodermolide ( 225 ) and on restraining of  265  in a con-
formation resembling the X-ray structure [ 213 ] and the bioactive conformation 
[ 104 ] of  225  through the cyclization of  265  via the ( Z )-enoate of dictyostatin 
[ 212 ].  265  showed significant antiproliferative activity against all cancer cell 
lines (GI 

50
  [µM]: MDA-MB231: 0.208; A549: 0.399; HT29: 0.170) with respect 

to  225  (GI 
50

  [µM]: MDA-MB231: 0.029; A549: 0.020; HT29: 0.015) [ 212 ] and 
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this encouraging result will certainly fuel further efforts in the field of dictyosta-
tin-discodermolide hybrids. 

 In the process of establishing their total synthesis of dictyostatin [ 187 ], Curran 
and co-workers also prepared several stereoisomers of  4  [ 214 – 216 ]. Of these, 
 bis-epi -diastereomer (6 S, 7 R )-dictyostatin (GI 

50
  [nM]: 1A9/Ptx22: 123 ± 25) was 

less active compared to dictyostatin (6 R ,7 S ; GI 
50

  [nM]: 1A9/Ptx22: 3.4 ± 0.7) 
itself, but the individual mono-epimers retained ((6 R ,7 R )-dictyostatin (GI 

50
  [nM]: 

1A9/Ptx22: 4.7 ± 0.6)), or even showed increased potency ((6 S ,7 S )-dictyostatin 
(GI 

50
  [nM]: 1A9/Ptx22: 0.81 ± 0.17)) [ 215 – 217 ]. On the other hand, the inversion 

of configuration at C16 led to a significant loss of activity (16- epi -dictyostatin 
(GI 

50
  [nM]: 1A9: 61 ± 6), dictyostatin (GI 

50
  [nM]: 1A9: 0.69 ± 0.8)). Removal of 

the methyl group attached to C16 was reported by Curran and co-workers not to 
cause any loss in antiproliferative potency (GI 

50
  [nM]: 1A9: 0.41 ± 0.52) [ 214 –

 216 ]. In contradiction to these findings, Paterson et al. reported 16-normethyldic-
tyostatin (IC 

50
  [nM]: AsPC-1: 170 ± 19) to be significantly less active when 

compared to dictyostatin in the cell lines investigated in their study (IC 
50

  [nM]: 
AsPC-1: 9.0 ± 5.6) [ 214 ]. 

 The activity of 19- epi -dictyostatin (GI 
50

  [nM]: 1A9: 21 ± 14) on the other 
hand, has been reported by Curran and co-workers to be lower than dictyostatin 
[ 215 ]. While a C15–C16 alkene moiety seems to be tolerated to some extent, 
all C2–C3- E -dictyostatin derivatives investigated so far are characterized by a 
complete loss of activity; however, most of these data stem from dictyostatin 
derivatives incorporating multiple modifications, thus making it difficult to 
assess the contribution of each individual structural change to changes in bio-
logical activity [ 214 ,  215 ]. More recent work by Paterson et al. [ 218 ] has 
addressed the effects of modifications at C9 more thoroughly. Thus, while the 
conversion of  4  to 9- epi -dictyostatin (IC 

50
  [nM]: AsPC-1: 410 ± 200) leads to a 

substantial drop of activity in all cell lines investigated compared to dictyosta-
tin (IC 

50
  [nM]: AsPC-1: 9.0 ± 5.6), 9-methoxy-dictyostation (IC 

50
  [nM]: AsPC-

1: 31 ± 9.2) remains very potent. 
 In a most recent study, Paterson et al. investigated the dictyostatin analog  266  

[ 219 ]. 10,11-Dihydrodictyostatin ( 266 ) was hereby found to show similar cytotox-
icity to taxol while being 2–3 times more active than discodermolide ( 225 ) but los-
ing 5- to 12-fold in activity compared to  4 . However, in common with discodermolide, 
the dictyostatin analog  266  showed significantly reduced activity against taxol-
resistant cell lines (e.g. NCI/ADR). Paterson et al. concluded from their data that 
the C10–C11 double bond of  4  does not seem to contribute significantly to the 
cytotoxic activity of dictyostatin ( 4 ) while, in accordance with results from satu-
rated discodermolide analogs [ 182 ,  213 ], it seems to be important for dictyostatin 
not being a substrate for the Pgp efflux pump [ 219 ]. 

 In summary, our understanding of the structure–activity relationships for dicty-
ostatin is still in its early stages, but it is beyond doubt that more data will emerge 
in the near future, as dictyostatin represents another interesting lead structure for 
anticancer drug discovery.  
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 5 Peloruside A  

 Peloruside A ( 5 ) is a polyoxygenated, polyketide-based 16-membered macrolide, 
that was first isolated from the New Zealand marine sponge  Mycale hentscheli  by 
Northcote and co-workers in 2000 [ 220 ]. While the structure of  5  and its relative 
configuration had been determined by a variety of spectroscopic methods, mainly by 
different NMR-techniques [ 220 ], the absolute configuration of the compound was 
recently determined by De Brabander and co-workers by means of total synthesis 
[ 221 ]. Based on De Brabander’s work the absolute configuration of peloruside A ( 5 ) 
is opposite to that originally proposed by Northcote and co-workers [ 220 ]. 

 As first shown by Miller and co-workers, peloruside A has potent paclitaxel-like 
microtubule-stabilizing activity and is cytotoxic at nanomolar concentrations [ 15 ]. 
In addition,  5  was shown by Miller and co-workers to arrest the cell cycle in the 
G2/M phase and to induce apoptosis in human cancer cells. Subsequent studies 
have revealed the compound to be less susceptible than taxol to multidrug resist-
ance arising from overexpression of the Pgp efflux pump and most probably not to 
bind to the taxoid binding site on β-tubulin [ 222 ]. This latter conclusion arises from 
several lines of evidence. E.g.  5  is not affected by mutations that affect the taxol 
binding to β-tubulin and the binding of  5  to crosslinked microtubules is not inhib-
ited in the presence of a fluorescent taxol analog (Flutax-2). In addition, laulimalide 
( 3 ) is able to displace peloruside A ( 5 ) from microtubules, thus indicating that  5  and 
laulimalide ( 3 ) may compete for the same or overlapping binding sites. Recent 
spectroscopic and computational work suggest the microtubule binding site of 
peloruside A to be located on α- rather than on β-tubulin [ 223 ,  224 ]. While the 
binding site of peloruside A on microtubules is as yet unknown, its tubulin-bound 
conformation has recently been determined by NMR-spectroscopy and the data 
show that the tetrahydropyran (THP) ring assumes a chair-like conformation [ 224 ]. 
Recent work has also demonstrated that peloruside A acts synergistically with a 
number of taxoid site agents on tubulin assembly; by contrast none of the taxoid 
site compounds showed any synergism with each other [ 225 ]. Likewise, synergistic 
effects were observed between peloruside A and either taxol or epothilone A in cell 
proliferation assays [ 226 ]. 

 While several stereoselective syntheses of fragments of peloruside A ( 5 ) have been 
reported [ 227 – 237  ], only two total syntheses of this natural product have been success-
fully completed so far, one by De Brabander [ 221 ] and one by Taylor [ 228 ,  237 ]. 

 Since only the relative configuration of peloruside A was known at the outset of 
their efforts, the first total synthesis by De Brabander and co-workers led to  ent -
peloruside A [ 221 ]. In contrast, the retrosynthetic analysis shown in Scheme 39 is 
based on the by now established absolute configuration.  

 De Brabander’s approach [ 221 ] involved an aldol reaction of aldehyde  267  with 
the methyl ketone  268  and macrolactonization as key steps in the synthesis.  267  
was to be constructed by aldol reaction of aldehyde  269  with the enolate of  270 . 
Taylor and co-workers’ approach involved aldol reaction between  271  and  272  with 
subsequent macrolactonization [ 228 ,  237 ]. 
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 The synthesis of building block  268  commences with the Zr-catalyzed enanti-
oselective ethylmagnesation reaction of dihydrofuran to provide homoallylic 
alcohol  273  [ 238 ]. The latter was acylated with methacryloyl chloride followed by 
ring-closing olefin metathesis (RCM) with second generation Grubbs catalyst [ 239 , 
 240 ], to furnish the α,β-unsaturated δ-lactone  275 . Treatment of  275  with methyl-
lithium and subsequent protection of the primary hydroxyl group as a TBS-ether 
finally gave the desired building block  276  (Scheme  40).  

 Building block  269  was prepared via the chiral homoallylic alcohol  277  obtained 
by Brown asymmetric allylation from 3-( p -methoxybenzyloxy)propanal [ 241 ]. 
Subsequent protection of the secondary hydroxyl group as TES-ether followed by 
dihydroxylation of the terminal double bond and diol cleavage gave aldehyde  278 , 
which was submitted to highly stereoselective Brown allylation with ( Z )-alkoxyal-
lylborane  279  at low temperature (dr >10:1). The resulting homoallylic alcohol was 
methylated with MeI/NaH to give  280 . Oxidative debenzylation with DDQ, oxida-
tion of the resulting primary alcohol to the aldehyde, aldol reaction with methyl 
ketone  270  and subsequent Dess-Martin oxidation then led to β-diketone  281 . 
Cleavage of the silyl ether in acidic toluene furnished dihydro-4-pyranone  282 , 
which was reduced diastereoselectively and in high yield to the corresponding 
dihydro-4-pyranol by Luche reduction. Subsequent hydroxy directed epoxidation 
with  m -CPBA in MeOH and in situ methanolysis produced the glycoside  283  as a 
single product. Subsequent regioselective methylation of the equatorial OH-group 
and proximate silylation of the axial OH-group led to  284  in 75% yield. This was 
followed by oxidative transformation of the double bond to a carboxyl group and 

  Scheme 39    Retrosynthetic approaches for the total syntheses of peloruside A ( 5 )       
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  Scheme 40 a     0.8 equiv of EtMgBr, 0.4 mol% ( S )-(EBTHI)-Zr-binol, THF, 99% ee. 
 b  CH 

2
 CMeC(O)Cl,  i -Pr 

2
 NEt, DMAP, CH 

2
 Cl 

2
 , 75%.  c  RCM, 10 mol% Grubbs second, CH 

2
 Cl 

2
  

(0.0025 M), 17 h reflux (50–70% + 20% dimer derived from  274 .  d  MeLi, THF, -78 °C or 
TMSCH 

2
 Li, pentane, -78 °C.  e  TBSCl, imidazole, DMAP, DMF (52–63% from  275 )       

O

OH

Et

a) O

Et

O

c)

O
Et

O

d), e)

OTBS

Et

O

b)

dihydrofuran
572472372

276

esterification of the acid with diazomethane to provide methyl ester  285 . 
Debenzylation of  285  by hydrogenolysis, oxidation of the primary alcohol to the 
aldehyde and a highly efficient allyl transfer reaction with allyldiethylborane 
provided homoallylic alcohol  286  as a single diastereoisomer. The latter was con-
verted to the corresponding (2-naphthyl)-methylidene acetal (which allowed the 
assignment of the stereochemical outcome at C11 by NOE analysis) followed by 
consecutive treatment with OsO 

4
  and NaIO 

4
  to furnish aldehyde  287  (Scheme 41).  

 Mukaiyama-type aldol reaction of aldehyde  287  with the enol silane derived 
from methyl ketone  276  afforded almost exclusively (80%, dr 14:1) the unexpected 
1,3- syn -β-hydroxy ketone, contrary to prior reports by Evans and co-workers [ 242 ], 
although this was not immediately recognized (Scheme 42). Methylation of the 
aldol product (to give  288 ) followed by CBS-reduction, ester hydrolysis and mac-
rolactonization gave  290  in 40–50% yield. At this point, a series of NOE correla-
tions between H11, H13, and H15 revealed the undesired ( S )-configuration of the 
stereocenter at C13 (Scheme 42).  

 In order to adjust the configuration at C13, homoallylic alcohol  286  was con-
verted to the β-hydroxy aldehyde and treated with the enolborinate derived from 
 276  which gave a separable 2:1 mixture of C13-epimers  291a  and  291b  (Scheme 43). 
At this stage, the absolute stereochemical outcome of the reaction was left unre-
solved and both epimers were advanced individually. Surprisingly, methylation of 
these two compounds  291a  and  291b  occurred with hydrolysis to the C9 hemiket-
als, but the hydroxyl group at C11 remained unaffected. Asymmetric reduction of 
enones  292a  and  292b  with BH 

3
 ⋅SMe 

2
  and ( S )- and ( R )- B -Me-CBS-oxazaborolidine, 

respectively, followed by saponification gave the carboxylic acids  293a/b  and 
 294a/b  (Scheme 43).  

 Remarkably, epimers  293b  and  294b , when treated with PPh 
3
  and diisopropyla-

zodicarboxylate either individually or as an equimolar mixture were converted to 
macrolactone  295 (Scheme 44) . According to De Brabander these findings consti-
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  Scheme 41 a     TES-OTf, 2,6-lutidine, CH 
2
 Cl 

2
 , 97%.  b  (cat) OsO 

4
 , NMO, acetone/water.  c  

Pb(OAc) 
4
 , py, CH 

2
 Cl 

2
  (78% from  277 ).  d 279 ,  s -BuLi, THF, –78 °C, 15 min, then (+)-Ipc 

2
 BOMe, 

then  278 , –95 °C, 3 h; 30% H 
2
 O 

2
 , NaOH, 16 h, rt, 91%.  e  NaH, MeI, DMF, −5 °C, 89%.  f  DDQ, 

CH 
2
 Cl 

2
 /water, 0 °C, 88%.  g  py⋅SO 

3
 , Et 

3
 N, DMSO, CH 

2
 Cl 

2
 , 0 °C, 87%.  h 270 , LDA, THF, −78 

°C, 94%.  i  DMP, CH 
2
 Cl 

2
 , −10 °C, 81%.  j   p -TsOH, toluene, rt, 92%.  k  NaBH 

4
 , CeCl 

3
 .7 H 

2
 O, 

MeOH, −30 °C.  l   m CPBA, NaHCO 
3
 , CH 

2
 Cl 

2
 /MeOH, 0 °C, 72% over two steps.  m   t -BuOK, 

MeI, THF, 0 °C.  n  TES-OTf, 2,6-lutidine, CH 
2
 Cl 

2
 , 75% over two steps.  o  (cat) OsO 

4
 , NMO, 

acetone/water.  p  Pb(OAc) 
4
 , py, CH 

2
 Cl 

2
 .  q  NaClO 

2
 , NaH 

2
 PO 

4
 , 2-Me-2-butene,  t -BuOH/water.  r  

CH 
2
 N 

2
 , Et 

2
 O, 0 °C, 80% from  284 .  s  H 

2
 , Pd/C (10%), MeOH, quant.  t  py.SO 

3
 , Et 

3
 N, DMSO, 

CH 
2
 Cl 

2
 , 0 °C, 90%.  u  Allyl-BEt 

2
 , Et 

2
 O, −10 °C, 94%.  v  TES-OTf, 2-naphthaldehyde, −78 °C, 

then 2,6-lutidine, TES-OTf, 0 °C, 81%.  w  (cat) OsO 
4
 , NMO, acetone/water.  x  NaIO 

4
  on sili-

cagel, CH 
2
 Cl 

2
 , 76% from  286        
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  Scheme 42 a     Enolsilane derived from  276  (TMS-OTf, Et 
3
 N, CH 

2
 Cl 

2
 , –10 °C), then  287  CH 

2
 Cl 

2
 , 

−78 °C, BF 
3
 ⋅Et 

2
 O, 2 h, 80% dr 14:1.  b  Me 

3
 OBF 

4
 , 1,8-bis(dimethlyamino)naphthalene, CH 

2
 Cl 

2
 , rt, 

92%.  c  ( S )-B-Me-CBS, BH 
3
 ⋅SMe 

2
 , CH 

2
 Cl 

2
 , −30 °C, 83% dr 13:1.  d  0.3 N aq. LiOH, THF, rt, 

quant.  e  PPh 
3
 , DIAD, THF, rt, 40–50%.  f  48% aq. HF, MeCN/water, rt, 88%       
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tute the first observation of a configuration-dependent mechanistic switch for a 
Mitsunobu lactonization which in the case of  293b , as suggested by De Brabander 
[ 221 ], would proceed via the usual alkoxyphosphonium intermediate (leading to 
inversion at C15), while an acyloxyphosphonium intermediate would be formed from 
 294b  (leading to retention of configuration at C15). On the other hand, Mitsunobu 
lactonization of  294a  followed by simultaneous cleavage of the MOM and silyl 
protecting groups in aqueous HCl furnished the desired peloruside A. The latter was 
formed from the major aldol isomer and proved to be  ent -(–)-peloruside A. Thus, the 
absolute configuration of the natural peloruside A is opposite to that originally pro-
posed for this compound by Northcote and co-workers [ 220 ] (Scheme 44).  

 The total synthesis of peloruside A ( 5 ) reported by Taylor and co-workers [ 228 , 
 237 ] departs from the readily available ( R )-oxazolidinone  296 , which was diastereo-
selectively alkylated with BOMCl and titanium tetrachloride [ 243 ] (Scheme 45). 
Exchange of the protecting groups and reductive removal of the chiral auxiliary with 
LiBH 

4
  gave chiral alcohol  297 . Oxidation to the corresponding aldehyde followed by 

Still-Gennari olefination [ 208 ] furnished the ( Z )-trisubstituted alkene  298  as the only 
isomer. Ester reduction, oxidation of the primary hydroxyl group to the aldehyde, 
and Brown asymmetric allylation provided alcohol  299  (77%, dr 97:3). Because of 
difficulties in the purification of  299 , an alternative access to  299  was developed that 
involved non-selective Grignard allylation. However, the resulting 1:1 mixture of diaster-



Macrolide-Based Microtubule-Stabilizing Agents 61

eoisomers was easily separable by flash chromatography and the undesired isomer 
could be converted to the desired product through Mitsunobu inversion (78% yield 
based on the intermediate aldehyde). Alcohol  299  was then protected as a  tert -butyl 
carbonate and subsequent NIS-mediated electrophilic cyclization of this homoallylic 
carbonate [ 244 ,  245 ] furnished the cyclic iodocarbonate  300 , which exhibited the 
desired 1,3- syn  relationship. Treatment of the  tert -butyl carbonate with either I 

2
  or 

IBr instead of NIS only gave complex mixtures of products. Exposure of  300  to basic 
methanol gave a  syn -epoxy alcohol that was converted to  syn -epoxy ether  301  by 
reaction with TBS–Cl. Epoxide opening with the lithium anion of 1,3-dithiane fol-
lowed by methylation of the hydroxyl group and subsequent removal of the dithiane 
then led to aldehyde  302 , which was further elaborated into methyl ketone  304  via 
1,3- anti  Mukaiyama aldol addition of enol silane  303  in 91% yield (dr = 8:1) fol-
lowed by MOM-protection of the resulting hydroxyl group (Scheme 45).  
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4
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 The construction of Taylor’s fragment  272  (Scheme 39) started from commer-
cially available ( S )-glycidyl tosylate  305 , whose treatment with lithiated 1,3-dithi-
ane followed by copper-catalyzed vinyl-Grignard addition, reaction of the 
resulting homoallylic alcohol with TES–Cl, and removal of the dithiane moiety 
led to aldehyde  306 (Scheme 46) . This aldehyde underwent diastereoselective 
aldol addition to oxazolidinone  307 , thus furnishing  308  as a single isomer.  308  
was elaborated into  309  by methylation with Meerwein’s salt followed by PMB 
→ MOM protecting group exchange and finally oxidative cleavage of the ter-
minal double bond with ozone. The PMB → MOM exchange was required, as 
the aldol reaction with MOM-protected oxazolidinone analog to  308  failed 
(Scheme 46).  

 Aldol reaction of aldehyde  309  and the Li-enolate derived from methyl 
ketone  304  gave a diastereoisomeric mixture that was oxidized by Dess-
Martin periodinane to the β-diketone (Scheme 47). Upon cleavage of the TES 
ether at C5 with  p -TsOH the dihydropyranone derivative  310  was formed 
spontaneously through an intramolecular condensation reaction as described 
by De Brabander [ 221 ] (Scheme 41). Desilylation of  310  followed by regiose-
lective reprotection of the primary hydroxyl group gave a carboxy protected 
seco acid; treatment of this intermediate with aqueous LiOH revealed the free 
seco acid which was cyclized under Yamaguchi conditions [ 211 ] to furnish 
lactone  311 . Stereoselective Luche reduction [ 246 ] at low temperature fol-

  Scheme 44 a     PPh 
3
 , DIAD, THF (0.05 M), rt, 47% from  293b  or  294b , 69% from  294a ;  b  4 N 

HCl, THF, rt,  295 : 65%,  ent-  5 : 65%       
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  Scheme 46 a     1,3-Dithiane,  n -BuLi, THF, 4 h, −78 °C.  b  CH
2
=CHMgBr, CuI, THF, 40 min, −40 

°C; 65%.  c  TESCl, imidazole, DMAP, DMF, 12 h, rt, 92%.  d  MeI, CaCO 
3
 , MeCN/water 9:1, 2.5 

h, 45 °C.  e  Oxazolidinone  307 , Bu 
2
 BOTf, Et 

3
 N, toluene, 2.5 h, −30 °C; 61% over two steps.  f  

Me 
3
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4
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2
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2
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2
 NEt, CH 

2
 Cl 

2
 , 

15, rt, 62% over three steps.  i  O 
3
 , PPh 

3
 , py, CH 

2
 Cl 

2
 , −78 °C, 91%       

OTs

O

OHC

TESO

a) - d)

O N OPMB

O
O

Bn

e) Aux*

O

PMBO

OH

TESO

f) - i) Aux*

O

MOMO

OMe

O

TESO

305 306

307

903803

  Scheme 45 a     TiCl 
4
 , Et 

3
 N, BOMCl, CH 

2
 Cl 

2
 , 0 °C, 2 h, 80%.  b  H 

2
  (1 atm), Pd/C, EtOH, 3 d, rt.  c  

TIPSCl, DMAP, Et 
3
 N, CH 

2
 Cl 

2
 , 5 h, rt, 95%.  d  LiBH 

4
 , H 

2
 O, Et 

2
 O, THF, 5 h, rt, 82%.  e  DMP, py, CH 

2
 Cl 

2
 , 

1 h, 0 °C.  f  18-crown-6, bis(2,2,2-trifluoroethyl)-1-(methoxycarbonyl) ethyl-phosphonate, KHMDS, 
THF, 1 h, −78 °C.  g  DIBAL-H, CH 

2
 Cl 

2
 , −78 °C, 90%.  h  DMP, py, CH 

2
 Cl 

2
 , 1 h, 0 °C.  i  (+)-Ipc 

2
 allylborane, 

pentane, 1 h, −100 °C, 75% over two steps.  j   n -BuLi, Boc-on, 4 h, 0 °C, 91%.  k  NIS, MeCN, 12 h, 0 
°C, 92%.  l  K 

2
 CO 

3
 , MeOH, 86%.  m  TBSCl, imidazole, DMAP, DMF, 12 h, rt, 92%.  n  1,3-dithiane, 

 n -BuLi, THF, HMPA, 85%.  o   t -BuOK, MeI.  p  MeI, Na 
2
 CO 

3
 , MeCN/H 

2
 O 9:1, 1.5 h, reflux, 90%.  q  

enol silane  303 , BF 
3
 ⋅Et 

2
 O, 30 min, −78 °C, 91% dr 8:1.  r  MOM–Cl, 88%       

O
N

O
O

Bn

OTIPS

OH

Et

OTIPS

Et CO2Me

a) - d) )i-)g)f,)e

OTIPS

Et
OH

892792692 299

OTIPS

Et
O

I

O O

j), k)

OTIPS

Et
OTBS

O

)p-)n)m,)l

OTIPS

Et
OTBS

MeO
CHO

300 301 302

OTMS

303
q), r)

OTIPS

Et OTBS

MeO

OMOM O

304



6464 B. Pfeiffer et al.

  Scheme 47 a    LDA,  309 , −78 °C.  b  DMP, py, CH 
2
 Cl 

2
 , 4 h, 0 °C, 85%.  c   p -TsOH, toluene, 3 h, 45 

°C, 60%.  d  HF·py, MeCN/water 5:1, 15 h, rt.  e  TIPSCl, imidazole, DMAP, CH 
2
 Cl 

2
 , 10 h, rt, 60% 

over two steps.  f  LiOH, H 
2
 O, THF, 40 min, 0 °C.  g  2,4,6-Cl 

3
 C 

6
 H 

2
 C(O)Cl, Et 

3
 N, toluene, DMAP, 

6 h, 90 °C; 51% over two steps.  h  NaBH 
4
 , CeCl 

3
 .7H 

2
 O, MeOH, 40 min, −60 °C.  i   m -CPBA, 

NaHCO 
3
 , CH 

2
 Cl 

2
 , 30 min, −30 °C, aqu. work-up, 52% over two steps.  j  Me 

3
 OBF 

4
 , 2,6-di- tert -

butyl pyridine, 0 °C.  k  4 N HCl, THF, 3 h, 0 °C, 43% over two steps       
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lowed by treatment with  m -CPBA in CH 
2
 Cl 

2
  yielded triol  312  with concomi-

tant loss of the C11-MOM protecting group. Regioselective methylation of 
the less hindered equatorial hydroxyl group and final global deprotection 
gave (+)-peloruside A ( 5 ) (Scheme 47).  

 No comprehensive structure–activity-relationships have so far been elaborated 
for this natural product. As an exception the NaBH 

4
  reduction product  313  has been 

described by Hood and co-workers [ 15 ]. This derivative was proved to be less 
active than peloruside A ( 5 ) with an IC 

50
  (HL-60) value of 221 ± 24 nM ( vs  7 ± 4 

nM for peloruside A). 
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  6 Conclusions and Outlook  

 The stabilization of cellular microtubules is a clinically relevant mechanistic prin-
ciple which underlies the therapeutic effects of two of the world’s most important 
anticancer drugs, taxol (Taxol ® ) and docetaxel (Taxotere ® ). In addition, a third 
microtubule stabilizer, the Epo B lactam BMS-247550 (Ixabepilone, Ixempra ® ) has 
recently been approved by the FDA for clinical treatment of human cancer. Apart 
from these clinically approved agents, a significant number of microtubule stabiliz-
ers are currently undergoing clinical trials in humans.

Until the discovery of the tubulin-polymerizing activity of epothilones in 1995, 
a taxol-like structure was considered a precondition for microtubule-stabilizing 
compounds. However, the last decade has witnessed the emergence of a significant 
number of new and structurally diverse microtubule-stabilizing natural products, 
which do not bear any structural resemblance with taxol and of which four are 
based on polyketide-derived macrolactone core structures. While all these mac-
rolide based microtubule-stabilizing agents share the ability to induce tubulin 
polymerization, differences exist between individual agents with regard to their 
interaction with tubulin. In particular, they do not all bind to a common microtubule 
binding site and this is likely the reason for synergistic effects that have been 
observed at the levels of tubulin polymerization in vitro, inhibition of cancer cell 
proliferation in vitro, and the suppression of tumor growth in vivo for some specific 
combinations of these agents, either between themselves or with taxol. 

 In the light of their potential medical relevance, it is not surprising that significant 
efforts have been made to develop and refine the synthetic organic chemistry of 
macrolide-based microtubule-stabilizing agents and total syntheses have been accom-
plished for every one of them. Given the fact that compound supply is usually limited 
for natural products of marine origin, total synthesis often is an important enabling 
technology for the comprehensive pharmacological profiling of new natural product 
leads. In addition, and equally important, the chemistry developed for these total 
syntheses also provides a basis for the generation of fully synthetic analogs for SAR 
studies, in spite of the complexity of these natural product leads. In this context it 
should be emphasized that many structural analogs of natural products are only acces-
sible through total synthesis. Thus, together with semisynthesis (which, however, 
requires the availability of significant amounts of a natural product as starting mate-
rial), total synthesis provides the basis for the elucidation of comprehensive struc-
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ture–activity relationships. Last but not least, the continuous improvement of existing 
synthetic methods can also serve as the means for the provision of material for clini-
cal studies, as is the case for ZK-Epo (sagopilone). 

 Nature has proven to be the most efficient provider of new microtubule-stabilizing 
agents by far with the majority of macrolide-based agents originating from marine 
organisms. As this resource is still far from exhaustive exploitation, new potent mac-
rolide-based microtubule stabilizers will undoubtedly continue to emerge in the 
future, which can serve as leads for the development of new anticancer drugs.   
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      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.  
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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 δ-lactone (C1–C5), one di- and one 
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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 δ-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 

50
  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 
50

  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 

50
 <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 β-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 

  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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 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 : E  ≥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 

2
 /NiCl 

2
 , 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 . 

  Fig. 3    Key disconnections employed in completed syntheses of discodermolide       
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  Scheme 1    Schreiber’s synthetic strategy       
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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 
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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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 β-hydroxy ketone to provide  39  [ 114 ], and installing 
the C7 stereocentre. A further 5 steps were then required to access the β-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  

  Scheme 4    Smith’s first-generation strategy       

O

OH

O

OH

OH O

HO

1

1 5

9

11

13

16
19

O

OTBS

EtS

21

24

OTBS

I

OTBS
OTBSO

I

O

PMP

9

28 29

14
15

N

OH

30

O

Me

OMe

21

31

O

H
1

8

O

NH2

Wittig olefination Negishi coupling

Zhao- Wittig
olefination

Evans aldol reaction

Evans aldol reaction

PMBO O

H

32

Yamamoto
olefination

dithiane addition

PMBO

PMBO



The Chemical Synthesis of Discodermolide 83

( 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 

  Scheme 5    Smith’s synthesis of C1–C8, C9–C14 and C15–21 subunits, and assembly of C8–C21 
intermediate       
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  Scheme 7    Smith’s second-generation strategy       
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  Scheme 6    Smith’s first-generation assembly of discodermolide       
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oxygens in forming an eight-membered chelate with the titanium Lewis acid, and 
after work-up and acid-catalysed δ-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 : E  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 

  Scheme 8    Smith’s synthesis of revised C1–C8 subunit       
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  Scheme 9    Completion of Smith’s second-generation synthesis       
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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 (Scheme10).  

 As detailed in Scheme11, 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 ( Z ) - olefin with substantially reduced selectivity (third generation = 4:1, 
 cf  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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 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 Scheme12. These modifications were designed to 
further increase the overall efficiency and convergency of their approach.  

  Scheme 10    Smith’s third-generation strategy       
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  Scheme 11    Smith’s third-generation synthesis       
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 As outlined in Scheme13, 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  (Scheme14). 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 12    Smith’s fourth-generation strategy       

  Scheme 13    Smith’s synthesis of the C15–C24 subunit       
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  2.3 Myles 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 

  Scheme 14    Completion of Smith’s fourth-generation synthesis       
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  Scheme 15    Myles’ synthetic strategy       
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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 Scheme17, 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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the Nozaki-Kishi coupling with  63 . In Myles’ initial synthesis of  ent-  1  employing 
1mol% NiCl 

2
 /CrCl 

2
  in DMSO, this coupling gave low yields and selectivity at C7 

(20–40%, 2.5:1dr). However, employing Kishi’s chiral  bispyridinyl ligand with 
20 mol% NiCl 

2
 /CrCl 

2
  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 δ-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 

  Scheme 16    Myles’ synthesis of C1–C7, C9–C15 and C16–C21 subunits       
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  Scheme 17    Myles’ subunit assembly and completion of discodermolide       
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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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 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 

2
 Zn/catalytic Pd(0), to aldehyde  83  (Scheme19) 

[ 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-

  Scheme 18    Marshall’s synthetic strategy       
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  Scheme 19    Marshall’s synthesis of the C1–C14 intermediate       
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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 

  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       

RO

cHex2BO

O OH

OHOH

OO

[3, 3], 82%

O

O

104

105

107

108

86%, >30 : 1 dr

OHOH
103

O

PMBO

O

16

9

14

PMBO

PMBO

cHex2BCl, Et3N

MeCHO;
 LiBH4

95%, >30 : 1 dr

6 steps, 75%

100: R = Bn
101: R = PMB

SePh

NaIO4; Δ

PMBO

Me4NBH(OAc)3
94%, >30 : 1 dr

3 steps, 81%

14

14

methacrolein

EtO OEt

SePh

H+

RO

O

106

MeO2C

OTBSO
95

OTBS

PMBO

O OAr

16
9

97: Ar = 2,6-dimethylphenyl

PMBOBnO

O

OBz

O

OBz

OH

O

TBSO H

99%, >30 : 1 dr

cHex2BCl, Me2NEt

17 102

109

PMBO O

H Br

SiMe3

OPMB

then KH, 98%,
 Z : E = >20:1

17

24

2117

110 92

111

2 steps, 84%

3 steps, 80%

CrCl2

TBSO

TBSO

TBSO

OPMB

17

24

98

H

O

cHex2BO

OBz

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 ( Z )-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   c   Hex 

2
 BCl for enolization of  95  gave the undesired (7 R )-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 π-facial bias of alde-
hyde  96 , the chiral (+)-Ipc 

2
 BCl reagent was employed and the desired (7 S )-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 δ-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–C5 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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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 (5 S )-adduct  130  with 20:1dr, arising from 
long-range 1,6-asymmetric induction from the remote C10 γ-stereocentre in the 
ketone component. Acid-promoted δ-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.  

  Scheme 24    Paterson’s second-generation strategy       
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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 β-ketophosphonate  131  and the C9–C24 aldehyde  132 .  
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 As outlined in Scheme 28, the synthesis of the β-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 

  Scheme 26    Paterson’s second generation subunit assembly and completion of discodermolide       
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  Scheme 27    Paterson’s third-generation strategy       
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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 S )-stere-
ocentre. Finally, global deprotection with concomitant δ-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-

  Scheme 29    Panek’s synthetic strategy       
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  Scheme 30    Panek’s synthesis of C1–C6, C7–C14 and C15–C24 subunits       
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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(O i  Pr) 

4
 ), 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  t  BuLi and 
transmetallation with Me 

2
 CuLi·LiCN , and subsequent 1, 2-cuprate transfer gave the 
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  Scheme 31    Panek’s subunit assembly and completion of discodermolide       
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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 

  Scheme 32    Ardisson’s synthetic strategy       
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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 ]. 

  Scheme 34    Ardisson’s subunit assembly and completion of discodermolide       
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  Scheme 35    Novartis synthetic strategy       
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  Scheme 36    Novartis large-scale synthesis of C1–C6, C9–C14 and C15–C21 subunits       
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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 

3
 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 2.5 kg 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 

4
  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 

2
 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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 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.   

  Scheme 37    Novartis fragment assembly and completion of discodermolide       
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  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 Table 1 . 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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  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’-[(α,β)-methyleno]triphosphate   
  PEDTA    10mM phosphate, 1mM 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 µm (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 modify, 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 
β-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 β-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 α-tubulin equivalent 
to that occupied by paclitaxel in β-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 ].   



  Fig. 3     a  Model for the binding of cyclostreptin at the proposed initial MSA binding site at pore 
type I. Taken from [ 21 ].  b  Scheme of the route of paclitaxel to its lumenal site in the microtubules. 
Paclitaxel binds to the external site at the pores of the microtubules, being later transported to its 
lumenal site while the external site gets blocked. In the presence of cyclostreptin the external site 
gets irreversibly blocked; thus, paclitaxel cannot reach the lumenal site       
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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 
Kel 

app 
 = Cr -1 , 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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 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.  

  1 1Kel KbinTub Mtb Tub Mtb Lig Tub Mtb Lig+ ¬¾¾® - + ¬¾¾® - -   (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 Kel 

app 
 (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). 

  ( )app 1 1

[Tub Mtb Lig] [Tub Mtb]
Kel Kel 1 [Ligand]Kb

[Tub][Mtb]

- - + -
= = +   (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, 

  Fig. 4    Polymerization of GTP-tubulin in 3.4 M glycerol, 10mM sodium phosphate, 1mM EGTA, 
1mM 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 µM; under this 
total concentration no tubulin is pelleted while over this total concentration all tubulin in excess is 
pelleted       
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independently of the specific effect that the ligand causes on tubulin. Equation(2) 
predicts a continuous increase of Kel 

app 
 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.  4 a [ 20 ]), while a saturating behaviour 
of critical concentration Cr (inverse of apparent elongation constant Kel 

app 
) 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.  5 b); (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 ). 

  2 2Kbin KelTub Lig Tub Lig Mtb Tub Mtb Lig+ ¬¾¾® - + ¬¾¾® - -   (3a)  

  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.  c  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 ]       



130 J.F. Díaz et al.

  2 2Kbin KelMtb Lig Mtb Lig Tub Tub Mtb Lig+ ¬¾¾® - + ¬¾¾® - -    (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 
([Mtb−Lig] + [Mtb]) [Tub]). 

  [ ] [ ]( )[ ]
[ ]
[ ]( )

2 2
app

2

Kel Kbin Ligand[Tub Mtb Lig]
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]): 

  
[ ] [ ]

[ ] [ ]( )[ ]

[ ]

[ ]( )
1

app 2 2

2

1
Ligand

Mtb Tub Mtb Tub Lig Kbin
Kel Kel Kbin

Tub Tub Lig Mtb 1 Kbin Ligand

+
- + - -

= =
+ - +

  

(5)  

 In practice, since at the paclitaxel or epothilone concentrations necessary to induce 
assembly, the concentrations of free ligand are of the order of 10 –6  M, and 1/K 

bin1 
 

for the strong assembly inducers is of the order of 10 –7  to 10 –9  M, the term 1/K 
bin1 

 
can be neglected and so Eq. (5) becomes equivalent to Eq. (4). 

 Following Eqs. (4) or (5), it can be deduced that the measured Kel 
app 

 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 

2 
. 

 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 Kel 

app 
, 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 (Kel 
app 

) is deter-
mined by the change in the assembly properties of the dimer after binding to the micro-
tubule stabilizing agent (Kel 

2 
), and not by the binding affinity to the site itself (Kbin 

2 
).  

  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 8  M –1  at 25°C. 
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 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. 

  Fig. 6    Competition between  3 H-paclitaxel and  14 C-docetaxel for binding to microtubules. 11.3 
µM tubulin was assembled at 37°C in PEDTA, 1mM GDP, 1mM GTP, 8mM MgCl 

2 
, pH6.7 by the 

addition of paclitaxel and docetaxel at a total concentration of 20 µM, at different molar ratios of 
paclitaxel to docetaxel. The total concentration of microtubules was 11.0 ± 0.10 µM; the concen-
tration of tubulin in supernatants (not polymerized tubulin) varied between ca. 0.4 (in paclitaxel 
excess) and 0.2 µM (in docetaxel excess).  Open circles ,  3 H-paclitaxel bound per polymerized 
tubulin dimer;  solid circles ,  14 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 ]       
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 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 

  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 ]       
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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 ).   

  Fig. 8    Kinetics of binding of Flutax1 to microtubules at 35°C. In the stopped-flow device a 1 mM 
solution of Flutax1 was mixed with 25 mM pure tubulin assembled into microtubules (concentra-
tion of sites 20 mM) (final concentrations of 500 nM Flutax and 10 mM sites) in the absence 
( a ) and presence ( b ) of 50 mM docetaxel. Curve  a  is fitted to an exponential decay.  Inset : residues 
between the experimental and theoretical curves. Taken from [ 10 ]       
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 The binding of taxanes has been well characterized [ 10 ,  22 ] and shows a series 
of consecutive reactions involving a first fast bimolecular step (k 

+1 
 and k 

−1 
), a sec-

ond slow monomolecular step (k 
+2 

, k 
−2 

) 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 β-tubulin (Fig.  3 b). 

  Table 1    Kinetic rates of taxane site ligands binding to microtubules (37°C)   

          k 
+1 

×10 5 M −1 s −1      k 
−1 

s −1      k 
+2 

s −1      k 
−2 

s −1     

    Flutax-1 a      6.10 ± 0.22     0.99 ± 0.27     0.0243 ± 0.0007     0.026 ± 0.0012   
   Flutax-2 a      13.83 ± 0.18     1.63 ± 0.18     2.7 ± 0.8     0.022 ± 0.0012   
   Paclitaxel b      3.63 ± 0.08     ND     ND     0.091 ± 0.0061   
   Epothilone A c      3.3 ± 0.03     ND     ND     0.138 ± 0.37 (slow)  
      0.463 ± 0.32 (fast)     

  k 
+1 

 and k 
−1 

 – kinetic on and off rate constants of the first fast bimolecular step 
 k 

+2 
 and k 

−2 
 – kinetic on and off rate constants of the second slow monomolecular step 

  a Data from [ 10 ] 
  b Data from [ 22 ] 
  c Data from [ 44 ]  
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 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 β-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.  

  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 β-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 ]       
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 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 αβ-tubulin in paclitaxel-stabilized Zn 2+ -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 β-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 

    Table 2  Kinetic rates of epothilone A dissociation a    

          25°C     30°C     35°C     37°C     40°C    

    k 
fast 

s −1      ND     ND     0.445     0.463     0.635   
   A 

fast 
     ND     ND     0.25     0.35     0.38   

   k 
slow 

s −1      0.020     0.052     0.126     0.138     0.199   
   A 

slow 
     1     1     0.74     0.65     0.62     

  k 
fast 

 – apparent kinetic rate constant of the fast phase 
 A 

fast 
 – amplitude of the fast phase 

 K 
slow 

 – apparent kinetic rate constant of the slow phase 
 A 

slow 
 – amplitude of the slow phase 

  a  Determined for this work as described in [ 44 ]  
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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 αβ-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 3.7Å resolution electron crystallographic structure of 
paclitaxel bound to αβ-tubulin [ 5 ], further refined at 3.5Å resolution [ 12 ], different 
research groups tried to probe the binding conformation of MSA at the key β-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 β-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 H5 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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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 β-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 CDCl 

3 
 [ 62 ] and D 

2 
O/DMSO-d 

6 
 [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 

  Fig. 10     a  X-ray structure of docetaxel [ 58 ].  b  Polar conformer of paclitaxel.  c  T-Taxol conformer       
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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- 13 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 β-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 6.5Å 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.  10 c), 
was proposed [ 59 ,  81 ,  82 ]. 

 Further refinement of the electron crystallographic structure of tubulin-paclitaxel 
at 3.5Å 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 3.5–3.7Å resolution of the complex limits the precision of the 
resulting model. In addition, the Zn 2+ -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 0.75Å. 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 αβ-tubulin [ 38 ,  87 ]. Almost immediately, the tubulin/
epothilone A complex was studied through electron-crystallography for Zn 2+ -stabilized 
αβ-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 β-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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 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 
III [ 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 

  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       
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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.  

  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 )       

  Fig. 13    Superimposition of the two major conformers of Peluroside A coexisting in water solu-
tion [ 27 ]       
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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 (α-tubulin). A model of the 
binding mode to tubulin has also been proposed [ 27 ], involving the α-tubulin mon-
omer, in contrast with paclitaxel, which binds to the β-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       

     Víctor M.   Sánchez-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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  DFT    density functional theory   
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  FRM    full relaxation matrix   
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  HTI-286    taltobulin I (analogue of hemiasterlin)   
  INPHARMA    Interligand NOE for PHARmacophore MApping   
  MAS    magic angle spinning   
  MT    microtubule   
  NMR    nuclear magnetic resonance   
  NOE    nuclear Overhauser effect   
  NAMFIS     NMR Analysis of Molecular Flexibility in Solution   
  PTX    paclitaxel (taxol)   
  PTX-NY    PTX “New York,” a proposed 
 conformation of PTX   
  RB3-SLD    SLD of protein RB3   
  REDOR    Rotational Echo DOuble Resonance   
  rf    radio-frequency   
  SAR    structure-activity relationship   
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  tr-CCR    transferred CCR   
  tr-NOE    transferred NOE       

  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) 
and docetaxel (DTX, taxotere)       
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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  a  - and 
 b - (~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–  6] . 

 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  b -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-Å 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 Å or 8 Å resolution demonstrate that the conformation of tubulin is 



156 V.M. Sánchez-Pedregal and C. Griesinger

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  a  and  b  tubulin subunits is very similar and consists 
of a core of  b -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  a / b -tubulin dimer in 2D zinc-induced sheets (PDB 
entry 1TUB). The  b  monomer is  on top . 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  b -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-Å 
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  a  and  b  monomers is 
located in the loop S9–S10, which is 8 residues longer in  a -tub than in  b -tub owing 
to an insertion. In the  a -subunit, the long S9–S10 loop stabilizes the M loop. In the 
 b -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  b  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  b -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  a  and 
 b  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  a / b  interface is noticeable, that affects elements of  b -tubulin near the 
colchicine-binding site and some loops of the  a  subunit. At the interdimer interface, 
changes are even more extensive and concentrate in the  b  subunit, involving a 
different T5 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  b  tubulin 
subunits, displacing T7 loop and H8 helix to make space for the drug. This location 
explains how colchicine binding prevents curved tubulin from adopting a straight 
structure.  

  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  a  subunit), the M loop is displaced by more 
than 9 Å 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  a / b  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  a / b  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 
for 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  

off
 ) 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 7 –10 8  M −1  s −1 ), this implies that the dissociation 
constant ( K  

d
 ) 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  m M 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

ij 
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

ij
 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   r

ij
  free in the free 

conformation and   r
ij
bound   in the bound conformation:
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 From (1) , it follows that the bound conformation is predominant in the 
tr-NOESY if

  τ τ>>bound bound free free
c cp p   (4)   

 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  

 d 
  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 C

i
H

i
 and C

j
H

j
 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  3 J 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 
(C 

i
 H 

i
  and C 

j
 H 

j
 ) is given by
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 where  g  
C
  and  g  

H
  are the gyromagnetic ratios of carbon and proton respectively,  r  

Ci,Hi
  

and  r  
Cj,Hj

 are the C–H interatomic distances,  t  
C
  is the correlation time of the mole-

cule, q
ij
 is the projection angle between the two     C–H vectors, and S 2

ij
 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  b -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  3 J scalar coupling measure-
ments and, recently, residual dipolar couplings (RDCs)  [58] . 

  NAMFIS 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  1 H to  13 C  [68] , and detection of  13 C 
instead of  1 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  13 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  13 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.  



The Tubulin Binding Mode of MT Stabilizing and Destabilizing 169

 An INPHARMA inter-ligand peak between a proton H 
A
  of ligand A and a proton 

H 
B
  of ligand B originates from spin diffusion mediated by protons H 

T
  of the protein 

target. During the NOESY mixing time, magnetization is transferred from H 
A
  to H 

T
  

in the complex TA. Then the complex TA dissociates and B binds to T. The mag-
netization from H 

A
 , that had been transferred to H 

T
 , is now transferred from H 

T
  to 

H 
B
  in the complex TB, resulting in an interligand cross-peak H 

A
 –H 

B
  in the NOESY 

spectrum. Due to the distance dependence of the NOE transfers, this peak can only 
exist if protons H 

A
  and H 

B
  are close to the same proton H 

T
  in their respective com-

plexes TA and TB. It has to be noted that protons H 
A
  and H 

B
  are never close in 

space. Instead, they bind consecutively in the proximity of the same proton H 
T
 , 

which mediates the transfer of magnetization from H 
A
  to H 

B
 . 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 

A
 –H 

B
  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.   

  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)       
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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  m M 
(refer to Sects. 2.1 and 2.3); 3. solid-state NMR of the complex if the ligand can be 
obtained with  13 C 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 CDCl 
3
 , 

CD 
2
 Cl 

2
 , CD 

3
 OD, DMSO) or DMSO/H 

2
 O 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  19 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 Å 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 Å. A 
PTX analogue with suitable spin labeling for REDOR was prepared and complexed 
to MT. Labeling of the amide carbonyl and C3 ¢  methine with  13 C, and position p- of 
the 2–O –benzoyl with  19 F ( Fig. 9 , compound  3 ), allowed the measurement of the 
two  19 F– 13 C distances  I  and  II   (Fig. 9 ), that could serve, in principle, to discriminate 
among candidates for PTX conformation. The respective values of 9.8 Å ±0.5 Å 
and 10.3 Å ±0.5 Å were interpreted by the authors as supportive of the hydrophobi-
cally collapsed polar conformation for PTX  [84] .  

  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 Å and 9.9 Å, 
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 Å as a more realistic value 
instead of the previously reported value of ±0.5 Å. 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  13 C- 19 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]    

 Separation 
( Fig. 9 ) 

 Distance, Å 

 Polar 
model a  

 Nonpolar 
model b  

 PTX-NY 
model c  ,  d   1JFF e  

 T-taxol 
model d  ,  f  

 REDOR 
distance 

  I   9.6  8.5  9.4  9.3  9.9  10.3 i  
  II   10.4  6.2  10.0  8.1  9.1  9.8 i  
  III  g   7.4  8.0  7.3  6.5  7.9  7.8 h  
  IV   4.5  12.5  13.1  11.6  12.2  >8 h  
  V  g   5.5  7.2  6.4  7.2  6.6  6.3 h  

   a [144]
   b [63,   80]
   c [85]
   dThe values of distances  I  and  II  were inadvertently switched in  Fig. 1  of  [86]
   e [25]
   f [81,   145,   146]
   gDistances from the 4-OAc methyl group were taken as an average of the three hydrogen 
positions  
h [87] , ±0.5 Å  
i [84]   
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 More recently, additional  2 H{ 19 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  2 H– 19 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 (Table1). The polar conformation is 
rejected on the basis of distance  IV , as the 4.5 Å is much shorter than the > 8 Å 
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 Å 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 

  Fig. 10    Structure of Epothilones A and B       
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spectra of EpoA in dichloromethane or DMSO/D 
2
 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 

  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 ( top 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. Höfle, 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)       
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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  13 C. 
The availability of a  13 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 Å 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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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 Å. 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 

  Fig. 14    Aliphatic/aromatic region of NOESY spectrum of a mixture of tubulin, EpoA, and bac-
catin III with concentrations of 12  m M, 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-o, 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)       
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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   p  -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 

  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        
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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  m M tubulin) in D 

2
 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 2+  ions instead of Mg 2+  in the 
buffer, as Ca 2+  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  

 d 
  value in the millimolar to low-micromolar range. This dissociation constant of 

EpoA for nonpolymerized tubulin is significantly larger than that for MT 
( K  

 d 
  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  

 d 
  49 ± 8  m M 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 Å in the plane 
parallel to the crystal and 4.2 Å 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 Å 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 Å) from 2D 
CHHC correlations under MAS  [117] . Regarding the sample preparation, a small 
amount of  13 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  b -tubulin.  

  Fig. 16    Structures of the MT-stabilizing agents Discodermolide ( left ) 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  1 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 
A 1,3  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   d   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 
NAMFIS analysis of the NMR spectra in DMSO- d  

 6 
 .  a  The X-ray conformation.  b  The corkscrew 

form.  c  The sickle motif.  d  An extended or awl form. (Reprinted with permission from  [60] . 
Copyright 2001 American Chemical Society)       
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 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 ).  

  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)       
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  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)       



188 V.M. Sánchez-Pedregal and C. Griesinger

 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, 

  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  a  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 
3
 OD that was 

selected as a close mimic of the biologically relevant aqueous media. Molecular 
dynamics simulations constrained with the experimental  3 J 

HH
  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 activit y ( Fig. 25 ).   

 In contrast, NAMFIS deconvolution of the NMR data in DMSO- d  
 6 
  followed by 

post-NAMFIS 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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experimental data consisted of 8  3 J 
HH

  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 −1 ) 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 

  Fig. 23    Overlay of selected conformers of laulimalide within 2 kcal mol −1  of the global minimum 
determined from molecular modeling and NMR data in CD 

3
 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]        
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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  ( bottom ). 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.   
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 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 

  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)       
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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 CDCl 

3
   [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, H8, 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  a  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  a -tubulin.  a  Surface representation 
(view from the inner side of the microtubule) of a tubulin dimer with PTX ( red ) bound to  b -tubulin 
( green ) and peloruside A ( orange ) bound to the predicted site in  a -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.  c  View of 
the taxol binding site. Some secondary structure elements are labeled. In panels b and c, 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 
a 200:1 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 tert-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. 

  Fig. 31    Structures of the MT-destabilizing agents Hemiasterlin and its analogue Taltobulin 
I (HTI-286)       
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 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  tert -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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 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  tert -butyl group does not establish close contacts to the protein 
because it occupies a spacious cavity in  b -tubulin, in the proximity of the nucleotide 

  Fig. 33    Best HTI-286 binding pose and its interactions with tubulin.  a  Overview of the  a / b -
tubulin complex used in the docking studies and the best binding pose for HTI-286. The Vinca-
binding region (175–213) of the  b  subunit is colored  purple , and the remaining region of  b -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  tert -butyl carbons are colored  purple . (Reprinted with permission from  [138] . 
Copyright 2005 American Chemical Society)       
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binding site. The large STD enhancement of the aromatic protons is consistent with 
its   p  -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  a :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 I19L 

 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 I19L 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 

  Fig. 35    Sequence of peptides from the N-terminal regions of human SLD and RB3–SLD. The 
sequences of peptide I19L ( top ) and the N-terminal  b -hairpin of the T2R/colchicine complex 
( down ) are shown       
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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 Ala19, 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 addi-
tion, there is an ionic interaction between Arg14 and Asp- a 245, and three intermo-
lecular H-bonds. One interesting aspect of this model is that it explains the loss of 
efficiency upon phosphorylation of I19L. The docking model places the Ser16 side 
chain pointing towards tubulin in such a way that phosphorylation of Ser16 would 
hinder its association to tubulin.  

  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  m M tubulin). 
Spectra were recorded at 600 MHz with a mixing time of 200 ms. (Reprinted with permission 
from  [142] . Copyright 2005 American Chemical Society)       
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  Fig. 37    NMR structure of I19L in interaction with tubulin.  a  Ribbon diagrams of the average structure 
of I19L showing the eight H-bonds between backbone atoms as  dotted lines . The  left  and  right  figures 
are two views of the hairpin differing by a 90° rotation.  b  Superposition of backbone atoms of the ten 
best NMR structures of I19L. (1) Side chains of residues that stabilize the I19L folding are  highlighted . 
(2) Side chains of I19L in contact with tubulin derived from STD experiments are displayed in  green . 
(Reprinted with permission from  [142] . Copyright 2005 American Chemical Society)       

 This example illustrates that the power of solution NMR is not limited to small-
molecule ligands but can be applied also to medium-sized molecules provided the 
fast exchange condition is fulfilled.     
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  Fig. 38    STD NMR spectra map the close contacts of I19L with tubulin.  a  One-dimensional 
 1 H NMR spectrum of I19L in the presence of tubulin.  b , c  One-dimensional STD-NMR spec-
tra of I19L in the presence of tubulin with selective saturation of protein resonances at 0 and 
10 ppm, respectively. Protons of I19L affected by the selective saturation of tubulin 
are labeled. (Reprinted with permission from  [142] . Copyright 2005 American Chemical 
Society)       
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  4 Concluding Remarks  

 This review summarized – on the example of tubulin and its ligands – the relative 
merits of the different techniques to establish structures of complexes. Tubulin is 
a challenge since it exists as monomer and oligomers with different architecture 
among which the microtubules are the best known. For the latter, there is no high 
resolution structure available neither in the free form or complexed with ligands. 
Therefore, how drugs influence the monomer/oligomer ratios and change the 
structure of the oligomers is unclear, despite the fact that structures of tubulin/
ligand complexes are emerging and structures of non-microtubule oligomers of 
tubulin with ligands have been determined. We focused in particular on the pos-
sibility of deriving ligand/tubulin complex structures from NMR in conjunction 
with computational chemistry provided the structure of the receptor in free form or 
in complex with another ligand is available. Rather than historical, our review 
puts the contribution of NMR in perspective to other techniques. We also 

  Fig. 39    I19L docked over the electrostatic surface representation of tubulin from the X-ray crys-
tal data of Ravelli et al.  [12] . Side chains of I19L residues in contact with tubulin (<5 Å) according 
to STD-NMR spectra are shown in  green . The side chain of Arg14 might engage in the ionic 
interaction with residue Asp- a 245. The side chain of Ser16 (phosphorylatable) points toward 
tubulin. Negative charge is shown in  red , positive in  blue , and neutral in  gray . (Reprinted with 
permission from  [142] . Copyright 2005 American Chemical Society)       
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described techniques that will provide in the future structures of ligands bound to 
microtubules and that are therefore promising to address the above mentioned 
questions.      
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       The Tubulin Binding Mode of Microtubule 
Stabilizing Agents Studied by Electron 
Crystallography       

     James H.   Nettles   and      Kenneth H.   Downing      

  Abstract   Since tubulin was discovered in 1967, drug probes have been used to 
manipulate mechanisms of microtubule polymerization and disassembly. In paral-
lel, advances in optical imagery, electron microscopy, along with both electron and 
X-ray diffraction have provided ability to “see” the molecular underpinning of these 
machines. Nanoscale mapping of different tubulin polymers formed in the presence 
of different drugs and cofactors provide a context for examining the dynamic features 
relevant to their biological activity. Models built from EM maps have been used 
to understand the binding of stabilizing drugs such as taxanes and epothilones, to 
predict more effective molecules, and to explain mutation based resistance. Here, 
we discuss drug binding in the context of different polymeric forms and propose a 
trigger mechanism associated with microtubules’ dynamic instability.  

  Keywords   Diffraction ,  Dynamics ,  Electron crystallography ,  Epothilone ,  Lauli-
malide ,  Microtubules ,  Modeling ,  Paclitaxel ,  SAR ,  Taxol ,  Tubulin 
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    Abbreviations 

  DTX    docetaxel   
  EC    electron crystallography 
    EM    electron microscopy     
epoA    epothilone-A    
 MAID    manually adjusted interval dynamics    
 MR    molecular replacement 
    MT    microtubules    
 pf    protofilament  
   PTX    paclitaxel     
SAR    structure activity relationship    
 SNR    signal-to-noise ratio       

  1 Introduction  

 The nature of tubulin polymerization provides exquisite opportunities for study of 
dynamic protein behavior. Depending upon the presence of different environmental 
cofactors and binding partners, tubulin can spontaneously interconvert between 
dimeric subunits and 3D nanotubes of varying diameter, sheets of 1 molecule thick-
ness, rings, spirals, and aggregates of less well defined geometries. Versatility is 
clearly a necessity for this protein to perform the diverse set of functions that it 
carries out throughout all eukaryotic organisms. However, these same dynamic 
properties present an extensive challenge to atomic structure determination. A dis-
cussion of the binding mode of any molecule to tubulin has to be carried out with 
respect to the polymeric state of the protein. As we will show here, the binding 
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mode relevant to one particular structural complex may or may not apply to another. 
We will illustrate how we have used data gleaned from electron diffraction experi-
ments using both 2D sheets and microtubules (MTs) combined with biochemical, 
pharmacological, and imaging data to build models that provide testable atomic 
hypotheses about drug binding and mechanisms. 

 The framework for this discussion will be formed around three important classes 
of MT stabilizers shown in  Scheme 1 . Given the chemical similarity between 
epothilones and laulimalide, it is particularly surprising that, while taxanes and 
epothilones compete for the same binding site, laulimalide has been shown to be 
non-competitive with either. In fact, laulimalide may bind simultaneously with 
taxanes and produce a synergistic effect. This chapter provides details of experi-
ments and analyses we have done to formulate and test hypotheses about these 
binding mechanisms.  

 Electron microscopy (EM) has played a central role in many aspects of research 
on microtubules and their main protein component, tubulin. MTs were first identified 
in electron micrographs of plant material  [1] . Characteristics of the basic structural 
aspects of MTs were also determined by EM, revealing that MTs are hollow tubes 
composed of protofilaments (pf). There are most often 13 pfs, but this number can 
vary at least from 9 to 16. Subsequent work showed that the pfs are composed of 
 a  b -tubulin dimers arranged head-to-tail. 

 The structure of tubulin was eventually solved by electron crystallography (EC) 
after many valiant attempts to produce crystals suitable for X-ray crystallography 
had come up empty. One of the great advantages of electron crystallography is that 
both amplitudes and phases for structure factors are determined directly, so that 
density maps can be used for atomic model building without extensive structure 
refinement. The tubulin structure was initially determined at nominal resolution of 
3.7 Å directly from the experimental map. This structure was basically correct and 
provided a wealth of insight on functional aspects of tubulin, although there were 
significant deviations from conventional protein geometry and several errors in 
amino acid locations. The original crystal samples included the stabilizing agent 
paclitaxel ( Taxol -Bristol Meyers Squib) PTX, and while the initial structural model 
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was built with the closely related compound docetaxel it revealed the PTX binding site 
and gave some idea of its mode of interaction. The structure served as a starting 
point for development of a detailed model for the interaction of PTX with tubulin 
 [2] . Several errors were corrected when the structure was refined to a resolution of 
3.5  Å  using an expanded data set. A subsequent electron crystallographic structure 
has provided a model for the epothilone-A (EpoA)-tubulin complex, and several 
other structures appear to be forthcoming  [3] . 

 We start this chapter with a discussion of the technology of electron crystallog-
raphy and various factors that affect the results of its application.  

  2 Evolution of EM Diffraction Methods  

  2.1 Electron vs X-Ray Diffraction 

 Among the factors that distinguish electron and X-ray crystallography is the fact 
that scattering factors for electrons are on the order of 10 5  times stronger than those 
for X-rays, owing to the strong Coulomb interactions that produce electron scatter-
ing. Scattering is sufficiently strong that well defined electron diffraction patterns 
can be obtained from crystals that contain as few as 10 4  molecules, for example 
monolayer crystals that are a single molecule thick and on the order of 1 µm on 
edge. This ability opens the way to study molecules that do not crystallize in three 
dimensions. The most frequent application of electron crystallography is with 
membrane proteins, which naturally occur – and occasionally crystallize – within 
the planar confines of a membrane.  Tubulin  is a rare case of a soluble protein that 
forms monolayer crystals. In the course of exploring the effects of divalent ions on 
microtubules it was discovered that the presence of Zn ++  under polymerizing condi-
tions led to the formation of crystalline sheets  [4] . The sheets are formed with the 
same tubulin protofilament (pf) structures that are present in MTs, but whereas the 
pfs in MTs are parallel, in the sheets they are antiparallel. These early discoveries 
slightly predated the development of cryo-electron microscopy and the low-dose 
techniques that led to the first atomic models derived by electron microscopy. Once 
these newly developed techniques were applied to the tubulin sheets, promising 
electron diffraction patterns could be obtained ( Fig. 1 )  [5] , and continuing develop-
ments in specimen preparation and data recording and processing eventually led to 
determination of tubulin’s structure  [6] .  

 As in X-ray crystallography, a full data set consists of both amplitudes and 
phases for a 3D array of structure factors. Amplitudes can be obtained most easily 
from electron diffraction patterns, and also from the computed Fourier transforms 
or power spectra of high-resolution images. The amplitudes measured from images 
are subject to a number of factors that degrade their accuracy and make them less 
accurate than amplitudes determined by electron diffraction. First, the area included 
in a micrograph is generally smaller than the entire crystal, so the statistical defini-
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tion is not as high. In addition, various effects of the contrast transfer function that 
depends on defocus, electron beam quality, specimen drift, etc. influence the amplitude 
in a way that can be well described in the Fourier transform of the image. Many of 
these can be corrected or compensated, but amplitudes are generally more accurate 
when derived directly from electron diffraction patterns. The (complex) Fourier 
transform of the image also yields crystallographic phases, as well as amplitudes. 
The phases from the images are generally highly accurate, particularly in the low-
resolution range that is inaccessible to X-ray diffraction. One of the great benefits 
of this high accuracy is that density maps derived by electron crystallography can 
be interpreted directly as representations of mass density within the protein. Even 
at moderate resolution that is not sufficient to build an atomic model of the struc-
ture, much can be learned from maps that show elements of secondary structure or 
arrangements of subunits within a protein complex. 

 The one downside of the strong scattering of electrons is that specimens are 
highly sensitive to radiation damage by the electron beam. Elastic scattering, which 
produces the high-resolution image information and electron diffraction patterns, 
occurs with approximately the same frequency as inelastic scattering, which pro-
duces damage. The high sensitivity of the specimens requires that low exposures 
– on the order of ten electrons per square Angstrom – be used. At this level of 
exposure, fine details of the protein structure are masked by shot noise, or the 

  Fig. 1    Electron diffraction pattern of Zn-sheet stabilized with epothilone A. Reflections extend 
to the edge of the image at 2.5 Å resolution       
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statistical variations in the number of electrons incident on any given area of the 
specimen. The way to get round this problem is to average many images of equivalent 
molecules. Crystallography gives the most straightforward approach to this averaging, 
since each micrograph contains images of many molecules, all in the same orientation. 
All the information in the protein is contained in the diffraction spots in the Fourier 
transform of the image, where the signal-to-noise ratio (SNR) is much higher than 
in the image itself. Thus, even though there is almost no detail visible in single 
images of protein crystals, image processing can yield averaged images that contain 
a wealth of detail. 

 The accuracy of the structure factor amplitudes can have a strong effect on the 
results, and an estimate of the number of electrons contributing to each diffraction 
spot helps to understand some of the limitations in this approach. A crystal 1  m m 2  
in area can be exposed to about 10 9  electrons. Scattering factors for the tubulin 
crystals are in the range 10 –6  to less than 10 –7 , so there will be on the order of fewer 
than 100–1000 electrons contributing to each diffraction spot. Given the nature of 
the Poisson statistics that govern such processes, the signal to noise ratio for intensities 
would then be in the range of less than 10–30, assuming that all electrons are actually 
detected, leading to an accuracy in the range of 10–3 %. Working with larger crystals, 
of course, can greatly increase the SNR. The overall accuracy of the measurements 
is increased by averaging many diffraction patterns. 

 In principle the accuracy of phases determined from images should be very high. 
It has been shown that, if a single scattered electron contributes to a diffraction spot 
in an image Fourier transform, the error in the phase should be about 45°. This 
compares quite well with phases determined by many of the methods used in X-ray 
crystallography. Unfortunately a number of factors conspire to reduce this accu-
racy. Basically, the efficiency of recording the high-resolution data is reduced by 
factors that include specimen motion due to beam damage and charging, limited 
beam coherence, and imperfect detectors. In general, we frequently capture only 
about 10% of theoretical signal at high resolution, and thus need about 100 times 
as much data to recover the loss in SNR. 

 Note that in the tubulin diffraction pattern shown in  Fig. 1  alternate rows of dif-
fraction spots are significantly weaker. The strong spots, on even-numbered rows, 
arise from the monomer–monomer spacing of about 40 Å. The weaker spots on 
odd-numbered rows arise from the dimer spacing, and thus reflect differences 
between the monomers. These differences are rather small at the low resolution 
range that corresponds to the secondary structure, so these spots are weak. At higher 
resolution where differences between side chains in the two monomers become 
significant the odd and even rows show more similar intensities.  

  2.2 Processing of EC Diffraction to Experimental Maps 

 Generation of a three-dimensional (3D) density map requires collection of a 3D set 
of structure factors. The 3D data set is built up with data collected from a large 
number of crystals tilted at various angles. In general, only one image or diffraction 
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pattern is recorded from each crystal. An estimate of the number of different tilt 
angles required to completely sample the 3D space is given by n =  p  D / d , where  D  
is the size of the protein molecule and  d  is the target resolution. For tubulin, with a 
thickness of about 50 Å, at least 45 tilts would be required to ensure a resolution of 
3.5 Å, considered a requirement for building an atomic model of a protein. In prac-
tice, the number used is several times this in order to provide an adequate amount 
of redundancy and averaging and to ensure that the angles are well sampled. 

 The relation of an individual image or diffraction pattern to the 3D structure 
factor set is important to understand. The 3D data for a single-layer crystal falls on 
a set of “reciprocal lattice lines,” where one line passes through each of the diffrac-
tion spots in the pattern for an untilted crystal such as shown in  Fig. 2 . The data 
from a single crystal falls on a central section of the 3D data, that is a plane which 
passes through the origin and whose orientation corresponds to the orientation of 
the crystal. Thus, a crystal tilted to any orientation contributes one data point to 
each lattice line within the resolution limit for that particular orientation.  

 Several mathematical assumptions are involved in the way that the data is treated, 
for example that the specimen is a vanishingly thin, weakly scattering phase object 
and that the electron wavelength is vanishingly small. These assumptions depend on 
the energy of the electrons, and while they are quite good with a conventional 100 kV 
microscope, they all improve as the microscope accelerating voltage increases. All of 
the data for tubulin in our work has been collected at 400 kV.  

  Fig. 2    a Representation of the 3D diffraction data from the monolayer tubulin crystals. 
Amplitudes (shown here) and phases vary continuously along “reciprocal lattice lines” that pass 
through each of the diffraction spots in the diffraction pattern of an untilted crystal, shown in the 
horizontal plane. The  two planes perpendicular to this plane  show amplitudes along some of the 
lattice lines.  b  Three lattice line curves. The  vertical axis  represents intensity in an arbitrary unit, 
while the  horizontal axis  is z*, the height along the lattice line in reciprocal space. Note the  odd 
numbered curve  (17,6); although the intensities are weak, the peaks are well defined because of 
the large number of measurements       
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  2.3 Sample Preparation and Data Collection 

 As with most aspects of electron microscopy, specimen preparation is a critical 
factor in obtaining high quality data. A primary concern is that dehydration must 
be avoided in the high vacuum of the microscope. Specimens suspended in a thin 
layer of water can be frozen so rapidly that the water vitrifies rather than crystalliz-
ing, thus preserving the native, hydrated state of the protein. The use of a cryo-stage 
that holds the specimen at a temperature below about −160 °C in the microscope 
retains this frozen state. It is often simpler to replace the water with a substance, 
such as glucose, that provides essentially the same hydrogen bonding functions as 
water, and it has been found that this approach also retains the native protein 
structure, as evidenced by diffraction to high resolution. All of our tubulin crystals 
have been prepared in a mixture of glucose and tannin, while all of the studies with 
intact microtubules have been done with frozen-hydrated specimens. 

 We have found that nearly all of the compounds that stabilize MTs also stabilize the 
2-D crystals. Compounds that have been used include paclitaxel, epothilone-A and B, 
discodermolide and eleutherobin.  Laulimalide , however, disrupts the sheets and causes 
them to reform into MTs. Microtubule destabilizing compounds have also been found 
to disrupt the crystals. 

 Microtubule polymers form spontaneously from isolated tubulin in buffer 
solution with GTP and Mg ++  at a temperature of 30–37 °C. Sheet polymers form 
spontaneously from tubulin in buffer with GTP, Mg ++  and Zn ++   [7] . The crystals 
must be exquisitely flat in order to yield good diffraction when tilted to high angles. 
This can be a limiting problem, since they are so thin and flexible. Careful attention 
to all of the preparation parameters and properties of the supporting film, though, 
produces specimens that can diffract remarkably well.  

  2.4 Zinc Sheets vs Microtubule Structure 

 Once a full set of 3D structure factors has been obtained, a density map is calcu-
lated by an inverse Fourier transform, just as in X-ray crystallography.  Figure 3  
shows parts of the 3D density maps and atomic models produced with the elec-
tron diffraction and image data. The density in  Fig. 3a  is from the original map 
computed directly from the experimental data to a resolution of 3.7 Å. The data 
set for this map included 130 images and 94 diffraction patterns. This is the den-
sity in which the original model was built, and it is easily seen that the protein 
backbone could be readily identified and that most of the side chains are in well-
defined density. The data set was subsequently extended with an additional 100 
diffraction patterns, providing significantly improved precision in the structure 
factor amplitudes. The structure was then refined using common X-ray crystallo-
graphic techniques to a resolution of 3.5 Å, and the same region of the structure 
is shown in  Fig. 3b  The refinement also improved the geometry of the protein 
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model and corrected a number of small errors in regions where the original density 
was poorly defined  [8] .  

  2.4.1 Anti-Parallel vs Parallel 

 Because the protofilaments in the crystals are antiparallel, as opposed to the parallel 
arrangement in microtubules, it was necessary to determine both the polarity of the 
pfs and the pf–pf interactions. A first pseudo-atomic model of the microtubule was 
obtained by docking the EC derived structure of the dimer into a microtubule map 
determined by cryo-electron microscopy at a resolution of about 20 Å  [9] . This 
model confirmed that  b -tubulin caps the plus end of the MT, exposing the nucle-
otide binding site at the end where it is buried upon addition of another dimer. It 
also helped to define a single protein loop, the M-loop, as one of the main elements 
involved in the inter-protofilament contacts. In subsequent work, the resolution of 
the microtubule map was extended to 8 Å  [10] , revealing the secondary structure 
elements of the dimer and providing very strong constraints for the docking. At this 
resolution we also get some hints of differences between the dimer structure in the 
crystals and MTs, which are mainly restricted to the protofilament interface region 
which comprises the M-loop and longer loops on the adjacent pf. 

  Figure 4  illustrates sections from microtubules and sheets. Both polymeric 
forms are built from  a  b -tubulin dimers that associate “head to tail” forming linear 
protofilaments. The protofilaments align laterally, abutting similar subunits, to form 

  Fig. 3    EC derived maps of tubulin.  a  Pure experimental map F 
o
  from diffraction amplitudes and 

image derived phases at 3.7 Å resolution  [6]   b  Map after crystallographic refinement to 3.5 Å 
using diffraction amplitudes and both image and model derived phases  [8]        
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  Fig. 4    Tubulin microtubules and Zn-sheets. The paired series of images show these polymeric 
forms of tubulin from different views.  Top  – parallel (in line) with the protofilament axis. 
 Middle  – 45° to the pf axis.  Bottom  – perpendicular to the pf axis (for the microtubule, this is 
the luminal view)       
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either microtubles or Zn-sheets. The difference is that protofilaments of the sheets 
are aligned “anti-parallel.” The topographical difference is shown in  Fig. 4 . If one 
looks carefully at the “parallel” aligned microtube, one will see that the interface 
between adjacent protofilaments involves a single loop, the M-loop. Each  a  and  b  
monomer has an M-loop that couples with its lateral neighbor. The specific angles 
of the M-loops at the interfaces affect the curvature of the microtubule, resulting in 
tubes of more or fewer pfs than the normal. The 5-pf microtubule section of  Fig. 4  
illustrates that the microtubule wall contains a significant amount of open space 
through which solvent and small molecules can pass. This model was built within 
the experimental 8 Å EM map of an actual 13-pf microtubule  [10] .    

  2.5 Location and Analysis of Binding Site 

 One surprise in analyzing the MT model was that the PTX binding site was 
located on the inside, luminal surface, of the MT. The binding site involves 
several residues of the M-loop, leading to the hypothesis that the stabilizing effect 
of these ligands arises from stabilization of an M-loop conformation that favors 
the inter-pf interactions. It has also become clear that the nucleotide-binding 
domains and intermediate domains of tubulin can rotate against each other  [11] , 
producing the curved protofilaments seen in rapidly depolymerizing MTs and 
GDP-containing tubulin  [12] . The binding site is also at the interface between 
these domains, and it may be that PTX and other compounds bind in a way that 
inhibits this rotation, thus increasing MT stability by reducing the tendency for 
the pfs to peel away from each other. 

 Studies of other microtubule-stabilizing compounds have also been carried out 
using the electron crystallographic approach, collecting just diffraction amplitudes 
in an attempt to speed the process. Difference maps have been widely used in X-ray 
crystallography to study small conformational changes or ligand binding. The principle 
is that small structural changes will change both the amplitudes and phases of the 
structure factors, but that to a fair approximation one can ignore the changes in 
phase and still obtain an interpretable density map. One starts with a structure that 
has been well determined, so that both amplitudes and phases are known. Diffraction 
amplitudes are collected for a second crystal form in which the only differences are 
assumed to be in a small region of the structure. A difference map is then computed 
using the difference in amplitudes, combined with the phase of the known structure. 
In favorable circumstances, the difference image can be directly interpreted to show 
where material has been added or lost within the structure. Since collection of electron 
diffraction data is far faster than collection of images for determining phases, we 
have used the difference map approach to derive initial structural models and con-
straints for tubulin in complex with epothilone-A, discodermolide and eleutherobin. 
Because of the limited extent and SNR of the data, as well as the high degree of 
flexibility on each of these compounds, we then used computational methods to 
refine the structure.   
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  3 Experimental Observations and Biological Relevance  

 The initial observation that paclitaxel (PTX) stabilized the zinc sheet form of 
tubulin at nanomolar concentrations suggested that there was a high affinity binding 
site in these polymers like that found on microtubules. However, it was not a priori 
certain that the binding site on sheets would have the same geometry even if it were 
in the same location. The derivation of high resolution models of both polymers 
that show the same dimer structure supports the conclusion that, indeed, they share 
the same binding site. 

 The original model of tubulin was built by hand into an experimental map that 
was limited at 3.7 Å resolution by the image derived phases  [6] . At this resolution, 
densities were clearly resolved that corresponded to stable elements of secondary 
structure with occasional gaps due to more flexible loops. The detached volumes 
had to be threaded together in such a way that simultaneously matched the diffraction 
results with decades of biochemical data regarding protein structure and function. 
While this information was not used in the process of building the first atomic 
model of tubulin, much of the knowledge gleaned from studies of previous work in 
photolabeling, crosslinking, mutation analysis and electron microscopy was readily 
rationalized by the initial interpretations of the structure. 

 A significant portion of detached density was ultimately assigned to the bound 
ligand, PTX. The original model used for the bound PTX was an independent small 
molecule X-ray crystal structure of the analog docetaxel (Taxotere-Sanofi-Aventis) 
DTX ( Scheme 1 ) obtained from the Cambridge Crystallographic Database  [13]  that 
was manually fit to the available density. It was noted that that the structure of DTX, 
added to the tubulin model as a placeholder, was in a slightly different conformation 
than those of PTX, derived from X-ray or NMR, proposed as the bioactive conforma-
tion  [14–  18] . This detail prompted collaborations using small molecule modeling 
methods to improve interpretation of the EC maps and models described in the next 
sections. Our goal was to examine the  SAR  of taxanes and other stabilizers in an 
effort to assess biological relevance of the binding site within 2D polymers.  

  4 Taxanes  

  4.1 The Minimized Structure of Tubulin and Binding of Taxanes 

 Computational modeling was used to refine the tubulin structure in order to under-
stand better the nature of ligand binding. As the original tubulin/PTX (DTX)
coordinates deposited at the PDB (1tub) had been built by hand without the aid of 
refinement software, they contained geometric anomalies not normally found in 
high-resolution structures. We set ourselves the task of simultaneously optimizing 
the best drug model into the protein model using a high quality chemical force 
field while maintaining a structure consistent with the experimental density map. 
The 1tub model was the input structure for ligand binding analysis, using force field 
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methods described elsewhere in greater detail  [2] . Traditional gradient minimizers 
failed, due to the high force field energy from close atomic contacts in the unrefined 
model causing significant deviation from experimental data. The strained geometry 
made the unrefined tubulin solution a poor model for force field based analysis of 
drug receptor interactions without further optimization. It is important to note that 
the tubulin/PTX (DTX) structures 1tub, and 1jff use a numbering scheme based on 
structure alignment between  a  b -subunits  [6] . This differs from sequence based 
numbering which is used in this report. 

  4.1.1 Molecules MAID to Order 

 To produce a model receptor suitable for structure-based comparisons of different 
ligands, we utilized a slight modification of standard molecular dynamics protocols 
that we call Manually Adjusted Interval  Dynamics  (MAID). MAID is a powerful 
technique for qualitatively analyzing and optimizing low resolution and modeled 
systems (such as generated by electron diffraction or homology modeling). It is an 
empirically correlated implementation of traditional molecular dynamics (MD) 
simulation allowing fast evaluation of a biological model’s structural usefulness. 
MD is a technique that uses force field-based atomic energies coupled with 
Newtonian dynamic motions to produce atomic trajectories exploring limited con-
formational space. It is important to realize that  the path of a given atomic trajectory 
is predetermined by its initial atomic vectors . To overcome this systemic bias, other 
methods, such as Monte Carlo dynamics, introduce random number generated 
starts to explore an overall larger conformational window  [19] . In a MAID session 
the trajectories are run for short intervals, then are manually analyzed and adjusted 
to fit empirical data. The user, hopefully having better than random knowledge, 
directs trajectories into biologically relevant conformation space and restarts the 
simulation. This process is repeated until the dynamic motion becomes harmonic 
and fits empirical data without manual intervention. This MAID method used in 
this work is similar to that integrated into Harvey’s CONTRA MD  [20] , but affords 
greater flexibility in the case of strained starting structures. The use of low temperature 
in the setup of such calculations provides a mechanism to amplify and identify local 
atomic strain within a large biomolecular array. The greatest accelerations in any 
system occur in the regions of highest potential energy, or strain. If one evaluates 
the initial 500–1000 fs (femtoseconds) of a simulation run at low temperature, close 
to absolute zero, the outstanding displacement vectors will originate from loci of 
very high internal strain. Evaluation of these specific loci reveals the source of 
strain, usually Van der Wall’s forces or bond irregularities, and provide the user the 
opportunity to adjust local coordinates, sometimes through torsions, as needed to 
reduce strain and correlate empirical markers. The empirical constraint used here is 
the EC map. It is important for the loci of high energy to be resolved before full 
optimization, as such anomalies cause distortions that would be dissipated into the 
bulk structure during direct real space minimization. The resultant MAID model 
has low force field energy, improved atomic geometries, and is an excellent starting 
structure for further study, such as docking or more extensive dynamic studies.  
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  4.1.2 Geometry and Refinement 

 MAID-based optimization was applied in a stepwise fashion to increasingly larger 
portions of the unrefined tubulin complex (1tub) while holding the remainder as a 
fixed aggregate. This approach allowed a drop in force field energy from a very 
large positive number (>10 6 ) to a negative number. The drop in energy was accom-
panied by a large improvement in protein geometries, but with little overall devia-
tion among the 1708 backbone atoms (RMSD 1.1 Å) ( Fig. 5 ). The position of PTX, 

  Fig. 5    Superposition of backbone atoms of MAID-optimized structure,  green , and the high 
energy starting structure, 1tub,  orange . Ramachandran plots of the two structures show a dramatic 
shift of phi/psi angles into the favored regions. The  blue  enclosed regions are associated with 
energetically favored geometries while the  green  enclosed regions represent the most favored 
peptide geometries as would be seen in the low energy packing geometries of protein secondary 
structures such as  a -helices and  b -sheets       
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used in the optimization, moved slightly within its tubulin binding site of the MAID 
model (maid1) relative to the DTX/tubulin model (1tub) ( Fig. 6 ), but still fit the 
experimental map. It is important to note that attempts to optimize the system using 
conventional dynamic equilibration protocols resulted in structures with RMSD 
>2.0 Å for the backbone that did not fit the experimental maps. The PTX ligand in 
maid1 enjoys complementary packing of its C–3′ phenyl on the Van de Waal’s 
surface of residue Phe270 at the binding site’s hydrophobic floor as well as side chain 
in the hydrophobic depression between His227 on helix 7 and Leu215. The optimized 
model also gains hydrogen bond interactions between the ligand and adjacent site 
residues as well as within the protein’s secondary structure leading to an overall 
improved internal geometry as seen in the comparative Ramachandran plots ( Fig. 5) .   

 The MAID-optimized PTX/tubulin was used as an input model for crystallo-
graphic refinement against the experimental diffraction data. The refinement, using 
an expanded diffraction data set that included amplitudes to 3.5 Å, corrected some 
threading errors of the original sequence and continued to improve the protein’s 
geometry  [21] . The general characteristics of the protein and PTX ligand positioned 
within its binding site changed little upon refinement. 

 The refined electron crystallography structure (1jff – 3.5 Å)  [21]  lacks numerous 
high-energy features found in the unrefined coordinates (1tub – 3.7 Å)  [6] , but the 
process of refinement against low resolution data inherently produced a model with 
some internal strain as shown by the increased scatter within the most favored region 

  Fig. 6    Details of active site alignment with unrefined DTX/1tub model with orange carbons and 
PTX/maid1 with  green  carbons. Structure based site residue numbering from 1tub (Nogales 
1999 ), parenthetical numbering is based upon sequence and used in the text       
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of the Ramachandran plot ( Fig. 7) . This may in part be due to ignoring explicit hydrogen 
or electrostatic contributions during refinement in weak data. Accordingly, we desired 
to produce a relatively strain-free model of the protein ligand complex including 
hydrogens and electrostatics for further force field analysis. The stepwise optimization 
producing the final model shown in  Figs. 7  and  8  is detailed elsewhere  [2] .    

  Fig. 7    MAID optimized protein model, 2maid  –  yellow , based upon the crystallographically 
refined tubulin model 1jff –  white . C- a  atoms show no difference, but Ramachandran plots show 
significant improvement of internal protein geometry after MAID ( right ) with most residues clus-
tering within the green “most favored” region indicative of internally stabilized (hydrogen boded) 
secondary structures. This is further indication of the importance of hydrogen bonding and elec-
trostatic contribution in finalizing protein structures       
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  4.1.3 Conformation and Controversy 

 The energy-optimized EC solution of PTX supported the initial observation that the 
protein-bound conformation of the drug differed from those seen in solution by 
NMR. Although PTX has a rigid “baccatin” core of four rings, the C13 side-chain 
can rotate freely.  Scheme 2   illustrates the extremes observed by NMR in polar or 

  Fig. 8    “T”-Taxol within the MAID-optimized complex,  yellow . Crystallographically refined 
tubulin model 1jff in  white . Primary optimization occurred with the internal geometry of the C-3′ 
benzamido side chain       

  Scheme 2    Newman projections for PTX conformations in terms of the improper torsion angles 
O–C2–C3′–N(Bz) and O–C2–C3′–C(Ph) (φ1, φ2). The front atom is C–2, the unseen back atom, 
C–3′. a The “nonpolar” conformation as derived by NMR in CDCl3. b The “polar” conformation 
as observed in the solid state. c T-Taxol conformation bound to β tubulin from EC       
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non-polar solution compared to the EC structure. We observed that, upon binding, 
PTX’s critical C2 side chain inserts into a deep hydrophobic pocket at the interface 
of helices 6 and 7 on beta tubulin with the baccatin core adjacent to the M-loop. 
The binding position seen in the zinc sheets requires the C13 side chain to be ori-
ented in an intermediate conformation. This intermediate conformation, called “T” 
taxol, allows the C3′ phenyl to rest in contact with Val23 and Phe272(270) while 
the benzamido group enjoys favorable pi  stacking with His229(227) above H7 at 
the luminal access to the pocket  Fig. 9 .   

 Although the ligand position within this pocket model makes chemical sense, 
one can still question how relevant the binding site determined from the 2D crystals 
is to that in a microtubule and, more importantly, to the drug-like properties of the 
compound. Two courses of validation were explored simultaneously. The direct 
method was to collect higher resolution 3D data of actual microtubules for model/
map comparison, which has been discussed above. The conservation of the dimer 
and protofilament structures indicates that there is no need to posit a different bind-
ing site in the MT. The indirect method has used comparative modeling of empiri-
cal biological observations. Accordingly, we examined SAR associated with drug 
analogs’ ability to stabilize microtubles, positioning of mutations associated with 
drug resistance and species selectivity between mammalian and yeast tubulin. 
Those studies found the EC based binding solution to be consistent with the major-
ity of data available  [2] . Subsequent studies have used the EC interaction model to 
engineer a yeast tubulin with PTX sensitivity  [22] , and to explain newly emerged 
resistance phenotypes  [23] . 

  Fig. 9    The hydrophobic binding pocket for “T”-Taxol on beta tubulin.  Color  on the surface 
model ranges from most lipophilic ( brown ) to most hydrophilic ( blue ). The ribbon view of beta 
tubulin is  colored  by secondary structure with  red  – alpha helices and  blue  – beta sheets       
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 However, the most significant development has been the development of PTX 
analogs that are constrained in the “T” geometry and the demonstration that these 
analogs have greater activity than the unconstrained parent compound  [24] . By 
rigidifying the conformation of PTX to that found in the EC binding site, activity 
is seen to increase 100-fold against the parental 1A9 cell lines and over 1000-fold 
against cell line with resistance that was acquired though a Phe270Val mutation in 
the beta tubulin site ( Fig. 10 )  [25] .  

 Even while performing our validation analysis, we became aware of the poten-
tial for controversy. Data obtained by combining NMR and FRET technology 
suggested a different solution  [26] . The work of Li and colleagues used a combi-
nation of two experimental techniques in an attempt to ascertain the bioactive 
conformation of PTX. The solid state NMR technique, REDOR, was used to 
determine interatomic distances in an isotopically labeled PTX analog. The tech-
nique has very high spatial resolution, but was performed on lyophilized micro-
tubules. This procedure was used to measure intramolecular distances between 
the fluorine  para  at the 2-benzoyl position with the  13 C labeled C3′ carbon and 
the  13 C labeled carbonyl carbon of its adjacent amide. Fluorescence resonance 
energy transfer (FRET) is a lower resolution technique that was used to measure 
intermolecular distances between two PTX FRET donors, and pre-bound colchicine/
tubulin (COL-TB) as the resonance acceptor system. The resultant PTX model 
was found to bind in the same tubulin site as our “T” Taxol, but with an orienta-
tion 180° opposite ours. Thus, both the binding conformation and orientation differ 
from the EC based solution. 

 A recent publication has detailed possible causes for some of the seemingly 
incongruent findings  [27] . Those authors discuss static and dynamic properties of 
the PTX-tubulin complex that may resolve the discrepancy with the REDOR 
conformation. However, we believe the reversed orientation can best be explained 

  Fig. 10    Bridged analog ( red ) is designed to lock in EC derived “T” conformation like PTX ( blue ). 
It has been shown slightly more active than the parent Taxol for tubulin polymerization and 
significantly more active in both wild type and PTX resistant cell lines as discussed in text       
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by “non-microtubule” polymers present in the FRET study. More recent work 
examining cyclostreptin binding suggests that different binding sites for tubulin 
stabilizing compounds exist in the microtubule state vs solution or non-microtubule 
polymers  [28] . The EC and FRET studies are likely detecting drugs in different 
binding environments. How the EC solution of PTX binding may or may not be 
extended to other microtubule stabilizers is discussed in the next sections.    

  5  Epothilone s: An EC Derived Template for New Drug Design  

 Epothilones are an exciting class of chemotherapeutic currently in clinical trial that 
have shown promise in overcoming some of the taxane’s primary limitations such 
as poor administration, and loss of efficacy in MDR resistant tumors. The EC solu-
tion of PTX’s bound conformation prompted efforts to extend the collaboration to 
other known microtubule stabilizers. The original PTX/tubulin work generated an 
experimental map using diffraction data and phases that were derived from the 
electron microscopy (EM). Although a tremendous amount of effort was involved 
in optimizing crystallization conditions to improve the resolution of diffractions 
obtained  [7,   29–  31] , the most time consuming activity was the collection and 
processing of images for phasing. Since crystallization procedures had been opti-
mized, the next hurdle toward use of EC for rapid analysis of different ligands 
binding to tubulin was the phase problem. 

 A way to get round collecting and processing image sets for each new ligand 
tested was to use the phases from the original PTX experiment to process the dif-
fraction amplitudes recorded for new drugs in the Zn sheets. As discussed above, 
this is not a new concept. The techniques “molecular replacement” (MR) and 
“phase switching” are often employed in X-ray crystal structure determination 
when actual phases aren’t known  [32] . The application and results of these experi-
ments are described herein. 

  5.1 Model Preparation and Phasing 

 Two issues hamper MR and phase switching in the EC process: relatively low reso-
lution and incomplete data. Diffraction resolution is an inherent property of a given 
crystal. Although we could conceivably improve the crystal preparation to get bet-
ter resolution, completeness greater than 70% at the highest resolution is not likely 
for EC due to the problem that diffraction quality often decreases rapidly at high 
tilt angles, above about 60°. This presents a challenge during data processing 
because the maps resulting from the Fourier transform of experimental amplitudes 
are heavily dominated by phases at resolutions worse than 2.0 Å. To address this 
issue of phase bias, “difference Fouriers” were used to tease out what part of the 
new diffraction signal comes from the new drug  [33] . 
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 Diffraction amplitudes for the epothilone A (epoA) stabilized crystals were 
better than those obtained with PTX and had useful data down to 2.88 Å. 
Although the accuracy and completeness of the data decreased at the highest 
resolution, incorporating the high resolution data contributes significantly to the 
quality of the maps.  Figure 11  illustrates the effect of including the higher reso-
lution reflections upon the “omit” density volume in the active site. Annealing 
of the model was initially performed in CNS using data between 3.5 and 20 Å 
resolution as had been done for 1jff. To remove previous ligand bias from the 
models used for phasing, PTX was removed from the 1jff coordinates, tempera-
ture factors were flattened, and a small random number was added to “shake” 
the coordinates before simulated annealing. However, as shown in panel 11d, 
maps produced with a 3.5-Å cutoff had little resemblance to our ligand. The two 
 F  

obs
 – F  

calc
  maps shown were phased with the identical set of tubulin coordinates, 

but used different resolution cutoffs of the diffraction amplitudes. This set of 
experiments suggested to us that there may be real signal for a portion of the 
ligand extending above His227 that can be seen in the omit density at 2.88 Å in 
panel 11a. Panel 11f illustrates the positioning and mapping of our final ligand 
model using these same coordinates and the full set of diffraction amplitudes 
for comparison.   

  5.2 Fitting of the Ligand Density 

 Compared to PTX, epoA is a highly flexible molecule. A similar method was 
employed to generate conformations and reduce the test set using constraints from 
NMR derived NOE and coupling constants  [3,   34] . However, without a reference 
of something like PTX’s baccatin core, it was apparent that an automated solution 
was needed to fit all possible orientations of the epoA test set conformations to the 
density volume. The discontinuous ligand density illustrated in  Fig. 11 , obtained by 
annealing with amplitude data to 3.5 Å, did not readily lend itself to such a process. 
But running the annealing refinement again using all of the data to 2.88 Å resulted 
in the map shown in  Fig. 12 .  

 Automated ligand fitting to the EC density was performed using the X-ligand 
 [35]  module in QUANTA 2000  [36] . The largest unoccupied density took shape 
and volume compatible with both the macrocyclic ring and the side chain of 
epoA ( Figs. 12  and  Fig. 13a ). Since the X-ligand algorithm does not explore 
alternative ring geometries, a database representing a diversity of low energy 
epoA conformations was constructed. Details of the database preparation are 
available in the supplemental material of the original work  [3] . From thousands 
of automated fits, only two binding modes of epoA were found that were rea-
sonably consistent with the experimental omit maps. These corresponded to 
orientations with the side chain directed toward either the M-loop or His227 
( Fig. 12 ). Representative samples of conformation and orientation space were 
selected for further Fourier difference analysis. The set contained both native 



  Fig. 11    The effect of diffraction resolution upon omit map projections. Frames ( a – e ) illustrate the 
differing results obtained as less diffraction data is included in calculation of 2 F  

obs
 – F  

calc
  omit maps 

from CNS. The model of protein without ligand was obtained through high temperature simulated 
annealing cut off at 3.5 Å as described in text. Each map ( a – e ) was phased by the same model with 
the only change being the number of reflections used. The tubulin coordinates used for molecular 
replacement were obtained from the deposited structure, 1jff, with PTX ligand removed and 
B-factors uniformly set to 30 before annealing.  a  Ligand omit map using all data down to 2.88 Å. 
Unoccupied volumes of density above His227 approximate the shape and total spatial volume of 
epoA. Although appearing visually connected, unoccupied peaks are discontinuous at 1 sigma and 
become indistinguishable from noise at lower sigma levels. The discontinuous nature of this map 
makes it unsuitable for automated fitting.  b  Omit map calculated as in  a , but with a high resolution 
cutoff of 3.00 Å. Considerable loss of peak density above His227 is evident, changing the overall 
character of the omit pattern. ( c – e ) Omit maps calculated with 3.2, 3.5, and 3.7 Å cutoffs, respec-
tively, show a systematic degradation of ligand omit signal as less high resolution data is included in 
the analysis.  f  A 2 F  

obs
 – F  

calc
  map calculated at 2.88 Å after manual fitting of the ligand and rigid 

refinement in Refmac (CCP4) supports the view that epoA volume with side chain placed above His 
227 is consistent with the discontinuous peaks seen in  a        
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  Fig. 12    The 2 F  
obs

 – F  
calc

  “omit” map used in the automated query. The 2 F  
obs

 – F  
calc

  omit map cal-
culated with all reflections to 2.88 Å using CNS, map was phased from five “shaken” high 
temperature annealed protein models also run at 2.88 Å. This omit map exhibits a similar spatial 
distribution and total volume by comparison with the map in  Fig. 11a , but it possesses a single 
contiguous volume suitable for automated fitting of conformational databases as described in the 
text. X-ligand was used to locate maximum unoccupied volume of density ( highlighted in gold ) 
and to flexibly fit epothilone rotamers from the conformational database. Only two orientations 
of ligand, as depicted above, were found to satisfy the density shape       

and modified structures from X-ray, TNOE NMR, and NAMFIS analysis  [34, 
  37,   38] . Each ligand/tubulin model was refined as a rigid body in Refmac5 
 [39]  and analyzed by difference mapping as illustrated in  Fig. 13 . The corre-
sponding Fo–Fc difference maps, which were generated in CCP4, favored 
models with side chains oriented toward His227 and main ring groups in contact 
with M-loop (see  Fig. 13c  compared to 13d). The modified NAMFIS confor-
mation provided the superior match of all combinations tested as determined 
by difference mapping. To assure ourselves that the two binding modes sam-
pled by X-ligand did not involve an incomplete search, we tested five other 
plausible binding orientations of epoA that had been suggested in the literature 
as a negative controls and are discussed in Sect. 6. All other model systems 
tested produced maps with similar or greater difference density than 
depicted in  Fig. 13c  or d.   
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  Fig. 13    The effect of varied ligand orientations and conformational models upon 2 F  
obs

 – F  
calc

  and 
 F  

obs
 – F  

calc
  projections of the 2.88 Å diffraction data.  a  The same 2 F  

obs
 – F  

calc
  omit map shown in  Fig. 

12  calculated in CNS with all reflections to 2.88 Å and phases from “shaken” high temperature 
annealed protein models. This omit map exhibits a similar spatial distribution and total volume by 
comparison to the map in  Fig. 11a , but possesses a single contiguous volume suitable for automated 
fitting of conformational data bases as described in text.  b – –d  2 F  

obs
 – F  

calc
  ( sky-blue ) and  F  

obs
 – F  

calc
  

( green  +3 s ,  red  –3 s ) maps calculated at 2.88 Å in CCP4 using model derived phases from identical 
protein models, but different ligand models. In all cases,  green  signifies diffraction data that is not 
being fit by the model and red represents atomic model positions that are not supported by the dif-
fraction data.  b  “Induced fit” variant of a NAMFIS derived, solution NMR conformation of epothi-
lone A, automatically positioned and real space refined using X-ligand and the omit map from  a . The 
maximum negative difference ( red ) in this fit is associated with a poor positioning of Arg276 away 
from ligand and can also be seen in  c  and  d . A small negative difference peak is located under the 
ligand, but is >1.5 Å from any model atoms. The positive difference ( green ), diminished upon local 
refinement, can also be seen near Arg282 in all maps. Atoms of residues within an 8-Å sphere of the 
ligand were refined by maximum likelihood in reciprocal space to the final solution.  c  The TNOE 
NMR derived conformation of epothilone A bound to tubulin, positioned and real space refined as 
in  b . A negative difference is associated with this epothilone model’s positioning of C2, C3, and 
thiazole. Upon reciprocal space refinement, this ligand model shifts the side chain toward the posi-
tion seen in  b , but the electron density quality deteriorates.  d  Same TNOE NMR starting conforma-
tion as  c , but positioned and refined by X-ligand in an “opposite” orientation that clearly puts 
additional negative ( red ) difference densities below and positive ( green ) density volumes within the 
plane of the macrocycle models used in  b  and  c        
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  5.3  Structure Activity Relations and the EC Binding Model 
of Epothilone A 

 The conformation and orientation of epoA and tubulin side chains derived from 
the above fitting were refined in reciprocal space for the binding site region only 
and deposited in the PDB as 1tvk.pdb with no force field optimization. Like the 
refined PTX-tubulin structure described previously ( Fig. 5 ), these coordinates 
contained strain from refinement in weak diffraction data. A cautionary note is 
that force field optimization without crystallographic based constraints can cause 
protein rearrangements that deviate significantly from those used here. Due to 
uncertainty about some regions of the protein beyond the binding site we did not 
proceed with full crystallographic refinement. Using a MAID protocol similar to 
that employed for PTX-tubulin optimization and analog development, we com-
pared and evaluated a large volume of available epothilone analog SAR and 
resistance data  [40] . Much of that analysis is discussed in the original publication, 
so this section will primarily bring forward analysis that was not explicitly 
described before  [3] . 

 The evidence associated with the PTX solution made us relatively confident that 
the EC binding site could provide a template for understanding the biological 
underpinnings of epothilone analog activity. Further, we expected that comparison 
of epothilone and taxane binding should give us insight regarding pharmacophoric 
principles that are common for the site. However, we spent more than a year retest-
ing and analyzing models before publishing our structure. Excellent work had 
already been published describing a solution NMR based model for epoA’s bioac-
tive conformation reviewed in the previous chapter  [37] . We tried to align those 
results with our data, but never achieved a better correlation than that pictured in 
 Fig. 13c . This may not be surprising given the very different environments of the 
two experiments. While epo is held by anti-parallel protofilaments in EC, it inter-
acts with free tubulin and polymeric spirals in the NMR experiment. We were, and 
still are, open to the possibility that neither of these experiments may accurately 
represent the precise interactions of epothilone interacting with a microtubule 
which are responsible for biological effect. 

 Fortunately, the medicinal chemical efforts applied to understand and improve 
the biological activity of epothilones have been enormous. Epothilones, unlike PTX 
with its baccatin core, can be produced through several synthetic approaches dis-
cussed in this volume. Accordingly, the structural variety of analogs tested has been 
vast. Three excellent reviews have highlighted developments over the past decade 
 [40–  42] . Many hundreds of analogs have been produced and tested, but very few 
have significantly better potency than the natural products. 

To simplify discussion of epothilone SAR, we will divide the molecule into 
quadrants and explore only a few analog series representative of each region 
illustrated by  Scheme 3   in the context of our EC solution. It can be seen that 
Quadrant   1 contains the namesake epoxide with a very important methyl stere-
oselectively positioned on carbon 12. Quadrant 2, with a single hydroxyl flanked 
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by aliphatic stereo centers, is primarily hydrophobic. This is contrasted by the 
highly polar Quadrant 3 containing lactone, hydroxyl and ketone moieties. The fourth 
quadrant contains the thiazole side-chain, which is projected from the ( S ) position 
on C15. 

 A significant complexity arose with the modeling of the EC epothilone interac-
tion model compared to PTX. While docking could be used to fit PTX and analogs 
to the tubulin site, epoA was a challenge. Docking and scoring functions favor plac-
ing molecules into, rather than across the top of, binding sites. Many models had 
been proposed in the literature prior to ours that give results with a better theoretical 
energy score. We tested them all and came up with hundreds of our own over a 
period of several years  [43] . Unfortunately, they didn’t fit our data as we show in 
Sect. 2.6 on the uncommon pharmacophore. After several years of trying to fit the 
EC data onto proposed pharmacophore models (docking relates to underlying 
pharmacophoric functions), we chose to fit a model into our data and see if might 
teach us something new. 

 What follows is a most basic evaluation of the proposed EC binding mode as 
a template for potentially understanding activity of an analog series. It is impor-
tant to recognize that our EC data tell us nothing about explicit conformations 
of the ligand or protein. Therefore, comparison of internal torsions between 
conformational families is not addressed in this work. For these analyses, the 
MAID optimized ligand from the tubulin complex was manually modified in the 
specific region dictated by the analog and subjected to three step minimization. 
The first two steps were performed with the ligand in vacuum to attain a local 
minima for the given analog. The first step minimization of the analog’s local 
modification was performed while holding the overall molecular orientation in 
space with a single non-macrocycle atom fixed as an aggregate in each of the 
three remaining quadrants of the molecule. The second step allowed the full 
molecule to minimize to convergence with no constraints. The third step was 
performed by merging the minimized ligand back into the receptor, and simulta-
neously minimizing the complex including protein residues within 5 Å of the 
ligand. If either protein or ligand atoms moved >2.0 Å from the starting struc-
ture, this was scored as a conflict. For all cases, except as described in  Fig. 20 , 
Powell gradient minimization was performed in Sybyl using the Tripos force 

  Scheme 3    Four sections of epothilone B used to 
evaluate structure activity relationships of analogs       
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field with Pullman charges on the ligand  [45] . However, due to the large, system 
dependent effect charge plays upon computation of interaction energies, we 
ignored electrostatic contributions to the energy during optimization of these 
structures  [46] . These models first address the question “can a local minimized 
version of this analog fit similarly to the EC derived binding mode?.” In these 
tests, a bound active analog may have significantly different internal torsions 
than those of a parent while still allowing similar interaction with the receptor. 
The second question asked is if alignment of polar groups is consistent with 
observed activity patterns. Therefore, we are primarily looking at a possible 
binding mode related to the orientation suggested by the EC maps and not specific 
details of a single conformation or path between conformations here. 

  5.3.1 Quadrant I (Q1) C12–C14 

 The significant role of Q1 is underscored by dramatic activity differences due to 
substitutions shown in  Scheme 4  . Addition of a single methyl at the C12 position 
significantly increases the polymerization potency and cytotoxicity of epothilones 
B or D relative to epothilones A or C  [40] . Conversely, single methyl substitution 
at C13,  Scheme 4 (5a ), nearly destroys all activity  [48] .  

  The EC interaction model shown in  Fig. 14  suggests that these results are due 
to favorable hydrophobic packing against His227 for the C12 analog ( Fig. 14b ) 
while causing steric clash for the C13 methyl ( Fig. 14c ). The positive impact of 
the C12 Van der Waals interaction with His227 is extended by its position adjacent 

  Scheme 4    Modifications to Quadrant I atoms       
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to the C8(S)  methyl in contact with hydrophobic residue Leu371 on the B9–B10 
loop ( Fig. 14b ). This hydrophobic packing is thought to provide solvent shield-
ing which inherently strengthens the interaction of the Quadrant IV side chain 
with His227. It is interesting to note that, while the 13-Me (E) substituted ana-
log,  Scheme 4 (5a) pictured in  Fig. 14c , is forced into direct steric clash with 
His227, changing the stereochemistry to give the 13(Z)  trans  configuration, 
represented in  Scheme 4 (5b), frees macrocycle strain, places the methyl away 
from His227 and recovers some activity  [48] . The EC model also suggests that 
analogs made  trans  across the C12 position would place the C11 methylene in a 
role similar to the C12 substitution of epothilone B and be active. This is particu-
larly borne out in the cylcopropyl substituted analogs of Nicoloau which are 
discussed as part of Quadrant II ( Fig. 15a )  [49–  51] .   

 Other aliphatic chains may be accommodated in the hydrophobic space beneath 
C12, yet polar substitutions are destabilizing  [42] . The SAR makes it clear that 
the epoxide’s role is for conformational rigidity rather than hydrogen bonding. 
In analogs from BMS that replace the epoxide with substituted aziridines, polar 
extensions which can interact with His227 from within the pocket have lower 
activity that may be attributed to weakening the side chain interaction  [52] . 
Analogs that add hydrophobic bulk beneath the ligand can enhance potency, also 
in compliance with the model  [3] . Across the entire aziridine series, the EC model 
explains activity and inactivity analogs through direct steric or electronic interac-
tion with the receptor.  

  Fig. 14    A Connolly solvent accessible surface was projected from the tubulin receptor model 
using a 1.2-Å probe and lypophilic/hydrophilic potential was mapped as a color gradient  brown/
blue .  a  Epothilone A ( Scheme 4 (1)) can be seen spanning above, but not into, the deep hydro-
phobic pocket. Van der Waals (VDW) surfaces were projected from C–12–13, C–17, C–21 and 
associated hydrogens of the ligand illustrating near perfect packing around the hydrogen bond 
donor/acceptor pair between His227 N–H and thiazole (H-bonds are shown as  yellow dashes ). 
 b  The addition of a methyl to C–12 for epothilones B or D, as shown, produces a significant 
increase of polymerization activity as presented in the table of  Scheme 4 . VDW surfaces pro-
jected from the C–12 and C–8 methyls illustrate the favorable steric bridge formed by the ligand 
between residue Leu371 on loop B9–B10 and His227 on H7.  c  The  red  VDW surface around the 
C–13 methyl of  Scheme 4  analog 5a,  illustrates steric collision in the model that may account for 
its lack of activity       
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  5.3.2 Quadrant II (Q2) C6–C11 

 The hydrophobic pocket adjacent to Q2 atoms in the EC model accommodates the 
significant geometric variation and favorable positioning of C9–C11 in the highly 
active  trans  cyclopropyl analog shown in  Fig. 15a . Additionally, the solvent-
exposed orientation of the C12 methyl explains the reduced activity of this  trans E-
poB analog relative to  trans EpoA analog not shown  [51,   53] . The positioning of the 
critical C8(S) methyl  [54] , at the hydrophobic interface of loop B9–B10 and the 
M-loop in the EC model, suggests that chemical stabilization of this aliphatic section 
would be favorable. Indeed, analogs that incorporate a  trans  double bond at either 
C10–C11 ( Fig. 15b )  [55]  or C9–C10 ( Fig. 15c )  [56]  are highly active – consistent 
with the EC template. 

 It is important to acknowledge that the epothilone conformation in the published 
EC structure 1tvk differs significantly from both the solid phase X-ray and solution 
phase NMR structures in this region  [41,   57,   58] . Directly relating conformation to 
activity of epothilones is not so straightforward as is described on other sections. 
Therefore it is intriguing that the most active analogs, when modeled using this EC 
mode, need to attain at least some of the internal torsions seen by NMR in this 
region. Along these lines, brilliant synthetic work produced compounds which 
constrained the anti-periplanar alignment of C8/C9, C9/C10, C10/C11 seen by both 
X-ray and NMR. Although these compounds lack measurable tubulin polymerization 

  Fig. 15    Favorable modifications of Quadrant II atoms.  a   trans  cyclopropyl analog (7 ) is shown 
with mesh Connally surface over the 8–11 section. The C12 methyl directed toward solvent 
explains why such substitutions have little effect on this framework’s binding.  b  The rigidified 
10–11 of (8) is associated with good potency.  c  Compound (9 ), Fludelone, is one of the most 
active epothilones tested. The trifloromethane at C12 has excellent complementarity shown as a 
translucent surface. The  trans  double bond at 9–10 rigidifies the contact relationships with the 
protein at C12–C13 and C8       
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activity, the authors point out that observation may be more due to poor steric fit of 
the bulky analogs within the receptor rather than the conformation  [59] . Another 
hypothesis is that a molecule, presenting a particular conformation seen in solution, 
may bind to a somewhat open form of the site and be pushed over an internal energy 
barrier by the kinetic momentum of the undulating receptor. The small molecule 
then may flip like a latch into its active form to reduce further movement. Perhaps 
a shift in one of these torsions is a needed change. 

  Figure 15c  shows the highly potent “Fludelone” analog from the Danishefsky 
lab  [56,   60] . The bound conformation pictured is a local minimum, modeled from 
the EC template as described above. Coincidently, this model has a heavy atom 
RMSD for the macrocycle that is less than 1.1 Å from the global energy minimum 
found through stochastic searching using the MMFF94 force field with continuum 
solvent in MOE 2007  [44] . We have already mentioned that energy calculations of 
conformers are highly force field dependent for polar molecules  [46] , yet this 
model suggest the intuitively satisfying idea that a highly active molecule presents 
a low energy conformation in the binding site, and can still bridge interactions 
needed for stabilization of the receptor geometry. It would be particularly useful to 
see if small molecule X-ray or NMR structures of this analog family are consistent 
with this theory. 

 Most other modifications to Q2 geometry significantly reduce activity. An 
exception, pointed out by Wartman et al.  [40] , is found in patent applications filed 
by the Schering group. They indicate that alkene substitutions for the C6 methyl 
can be well tolerated.  Figure 16  shows a cavity consistent with that data in the EC 
binding site. Although they are not as productive as the C6 ( R ) stereochemistry, 
hydrophobic ( S ) substitutions may also be tolerated in accord with an orientation 
pointing within the deep hydrophobic pocket.  

  Fig. 16    Ethylene substitution at C6 (R) is positioned in a hydrophobic pocket       
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 A most recent publication of modification in this region describes a C6–C8 
bridged analog that was designed to constrain the EC conformation  [61] . 
Unfortunately, the molecule’s lack of activity in cells presents the inverse ambiguity 
we described for C10–C12 phenylene analog constrained to NMR data above  [59] . 
Unlike the receptor interaction of the phenylene, the EC model provides ample 
room to accommodate the new methylene, however, we don’t know if the molecule 
can attain the desired conformation. Likewise, lack of cellular activity may be 
caused by reduced transport or factors other than polymerization activity.  

  5.3.3 Quadrant III (Q3) C1–C5 

 Like the epoxide of Q1 and thiazole of Quadrant IV, the ketone and lactone of Q3 
are signature peaks in IR spectra of the epothilone class. In the EC complex, this 
polar region of epoA, along with the C7 hydroxyl of Q2, is aligned with charged 
sidechains of the M-loop between residues Arg282 and Thr274. The ligand appears 
to have adopted a conformation that presents distinct spatial separation of 
hydrophilic and hydrophobic regions. The hydrogen bonding network of epoA, 
with key residues of the binding site, is discussed elsewhere  [3] . Here, we focus on 
surprisingly large modifications that can be made to the ligand while still maintain-
ing those productive interactions with the receptor. 

 The EC EpoA/tubulin model suggests that critical hydrogen bonding may occur 
between the C5 ketone and the side chain of Thr274, which is known to be involved 
in epothilone resistance  [3,   62] ; however, importance of the hydrogen bond from 
the C3 hydroxyl to the protein backbone is not so clear. We have previously illus-
trated that analogs with a cyano substitution in place of the alcohol can be equipo-
tent with the parent  [3] . More interesting is that compounds with complete removal 
of the C3 polar group, that cannot hydrogen bond, are essentially equal in potency 
to the parent. However, inversion of stereochemistry seems to cause significant loss 
of activity  [42,   63,   64] . Furthermore, formation of a  trans  2,3 unsaturated center is 
biologically equivalent  [64] .  Figure 17  shows the unsaturated analog with the three 
carbon is positioned over a hydrophobic pocket. Accordingly, the natural ( S ) groups 
point into polar space, while an ( R ) group would be buried into the hydrophobic 
interior. The  trans  2,3 olefin perfectly positions the important C4 gem dimethyl 
within the hydrophobic pocket adjacent to Leu217 while presenting the C1 lactone 
carbonyl to Arg276 and the lumen of the microtubule. Such rigidification brings the 
C2–C3 torsion angle to 180° as suggested by NMR studies  [37] . Upon further 
analysis, this rigid ligand geometry seems to have less internal strain than the C3–OH 
hydrogen bonded version seen in the published EC structure  [3] . Here, like described 
in QII, it suggests that stabilizing specific vectors in receptor space are more impor-
tant for analog activity than picking up binding energy. Also it suggests that there may 
be a, yet undiscovered, dynamic conformational solution which links the NMR and 
EC datasets. Toward that end, it would be interesting to test a 2,3 stabilized epothilone 
in cell lines with resistance due to hydrophobic tubulin mutations at position 
Thr274  [40,   62] . The EC model predicts that this rigidified epothilone may show 
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reduced resistance relative to the parent compound like the rigidified PTX analog 
has for the Phe270 mutation. Such an experiment could be a test of this binding 
vector hypothesis with a known active compound. The linearization of Q3 described 
above also explains the activity of BMS analogs which replace the lactone with a 
lactam  [65] .   

  5.3.4 Quadrant IV (Q4) C15 Side Chain 

 Perhaps the most interesting and widely explored region of epothilone structure is 
the thiazole side chain. It is known that removal, or changing side chain stereo-
chemistry, ablates polymerization potential  [42] . The active ( S ) isomer projects the 
chain equatorial to the macrocycle. The question of side chain position was of pri-
mary concern to us in building our model into the EC map shown in  Figs. 12  and 
 Figs. 13a . Our expectation was that the epoA side chain would be buried within a 
pocket occupied by one of PTX’s three side chains as suggested by the pharma-
cophore modeling. However, as we will show in the next section, none of our 
attempts to use a common pharmacophore model was consistent with the diffrac-
tion data. Only when we began to consider that the side chain was pointing out of 
the binding pocket toward the microtubule lumen could we make sense of the dif-
fraction data and the wealth of epothilone SAR we have described thus far. 

 A key set of data that supported to placing the side chain in our original work 
is shown in  Scheme 5  . The Nicolaou lab had found that a pyridine could replace 
the thiazole with nearly the same potency as the parent epothilone. The key, it 
seemed, was placement of the nitrogen. It had already been shown that a phenyl 
could replace the thiazole with a loss of activity in cells  [42] , but three of the 

  Fig. 17    Epothilone  trans  2,3 unsaturated analog packs carbon 3 within the receptor’s hydropho-
bic interior and projects the C1 lactone toward the polar exterior       
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analogs in this set, with a nitrogen at an ortho position ( Scheme 5 (1, 3, 4 )), had 
both cellular and tubulin polymerization activity that was near the parent epothilone 
B. Interestingly, movement of the nitrogen to any other position dropped activity to 
that of a phenyl. Even more striking was that the nitrogen’s effect could be enhanced 
(3,4 ), eliminated (5), or reduced (2) by the placement of a methyl. It has been 
shown that pyridine’s role as a hydrogen bond acceptor may be enhanced depend-
ent upon a methyl substitution pattern  [66] . As we looked at the best-fit model 
coming out of the diffraction data shown in  Fig. 13b , a structural rationale began to 
come together.  Figure 18  illustrates the final EC model refined in the tubulin site.   

  Figure 19a   shows pyridine analog (1 ) of  Scheme 5  with the ortho nitrogen posi-
tioned to be a hydrogen bond acceptor like the thiazole nitrogen of the natural 
epothilone. Without the activating and shielding effect of the C21 methyl of the 
thiazole ( Fig. 19b ), pyridine (1 ) shows less activity. However, placement of 

  Fig. 18    The solution of epothilone bound to tubulin by electron crystallography.  a  2Fo–Fc map and 
model of epothilone A bound to tubulin at 1 s  (1tvk)  [3] .  b  Energy optimized model derived from 
1tvk through MAID protocol used as template for analysis of SAR and design of new analogs       

  Scheme 5    Activity of pyridine analogs reproduced from Nicolaou et al.  [47]        
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the methyl adjacent to the acceptor nitrogen in the six membered ring (5) clashes 
with the donor and negates the nitrogen positional effect ( Fig. 19b ). Analog (2) 
 Scheme 5 , with ortho methyl substitution, has steric conflict with the C17 methyl 
of side chain ( Fig. 19c ) which may force some repositioning of the side chain, but 
we would not expect it to fully prevent binding. However, if this binding mode is 
correct, the complete loss of polymerization activity in this analog may point to 
specific structural requirement needed for microtubule stabilization separate from 
binding discussed in Sect. 6.4. Analogs (3) and (4)  benefit from activation of 
H-bonding through the methyl without steric conflict. Nitrogen positions meta 
(6) or para (7) are unable to H-bond, but do not prevent the side chain from having 
Van der Waals contact with His227 which stabilizes overall binding.  

 When we initially prepared our EC model, we did not have access to polymeri-
zation data for a phenyl analog to compare with the pyridines, but cellular activity 
was considerably lower for the phenyl  [67] . However, thorough work by Altman 
and coworkers convincingly demonstrates that hydrogen bonding is not required for 
polymerization activity  [68] . While having substantially lower cellular activity, the 
phenyl analog retains tubulin polymerization activity that is essentially equal to the 
unsubstituted ortho pyridine (74.4 vs 79.5%). Clearly, an effect other than hydrogen 
bonding is enhancing the side chain affinity of those analogs. What we consider to 
be key from this analysis is that effective packing with His227 is apparently 
required for MT stabilization. Although the role of the nitrogen in pyridines is 
intriguing, a model of Van der Waal packing for the QIV side chain seems more 
general across epothilones and is congruent with the PTX mechanism of stabilization 
as discussed further in Sects. 6.4  and 8. 

 The explicit role of the nitrogen is further called into question by recent work of Bold 
et al. who used bicyclic side-chain analogs to test the role of nitrogen positions  [69] . 

  Fig. 19    EC modeling of pyridine analogs. Select pyridine analogs, with activities listed in 
 Scheme 5 , are shown in the context of the tubulin binding site.  a  Pyridine (1 ) with nitrogen ortho 
is able to make hydrogen bonding contact with His227 ( yellow dashes ). Contact surfaces projected 
from the C12 methyl of the epoxide and C16–C17 olefin of the side chain illustrate the compli-
mentary packing that partially shields the H-bond from solvent and increases its strength. 
 b  Methyl substitution further activates pyridine, however steric conflict due to meta location drops 
analog (5) activity to that of a non-H bonding pyridine (6).  c  Analog (2) with methyl substitution 
at ortho position of pyridine conflicts with 17 methyl of side chain and induces a conformational 
change incompatible with His227 packing       
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Their results, shown in  Scheme 6  , demonstrate that swapping positions of hetero 
atoms in a fused side chain has little effect on tubulin polymerization. This is true for 
both the 6,5 and 6,6 bicyclic scaffolds used in the original study. These results were 
modeled directly onto the EC template. The fused system is readily constructed by 
making a bond between the C16 methyl and C19 carbon. However, the most probable 
histidine tautomer in the protein changes depending upon heteroatom placement in 
the side-chain (tautomer potential calculated using “Protonate 3D” in MOE 2007 
 [44] ).  Figure 20   illustrates that both of the 6,6 Bold analogs fit the EC model well and 
would be predicted as active. The ring fusion stabilizes the outer ring in a conforma-
tion close to that held by the hydrogen bond and disturbed by the meta methyl in the 
pyridine series. Yet, it is thought to be the complimentary Van der Waals packing of 
that conformation with the receptor that is responsible for most of the microtubule 
stabilization. The hydrogen bond, then, is not generally required for efficacy.   

 Initially a concern, the orientation of the Q4 side-chain toward the microtubule 
lumen seems to explain most of the SAR associated with this region. A final example 

  Scheme 6    Structure and activity of substituted side chains  [69]        
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  Fig. 20    Bicyclic sidechain analogs test role of nitrogen. Analogs described in  Scheme 6  were 
built onto EC template and optimized in MOE 2007  [44] . Calculation of 3D protonation potential 
predicts different protonation states for His227 upon binding of the different analogs.  a  Compound 
1a  shown H-bonding to His227.  b  Compound 1b packs firmly against surface of opposite tautomer 
of His227       
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is a compound that was a side product of total synthesis. The dimer epothilone 
shown in  Fig. 21   is reported to have high activity stabilizing microtubules. 
Surprisingly, it too makes sense within the context of the EC solution. Like the 
rigidified bicyclic compounds of  Fig. 21 , the conjugated linker of this dimer allows 
one half to bind as described in Q1–Q3 while projecting the remainder over His227. 
The lactone of the second macrocycle could then engage in H-bonds to His227 
while packing against a complimentary surface along helix 7.  

 The luminal orientation of the epothilone sidechain provides a platform for 
understanding broad substitutions in the region that retain or enhance activity and 
suggests an uncommon pharmacophore described in the next section.  

  5.3.5 Epothilone SAR Summary 

 It may be possible to find a subset of SAR data that supports any model. In our 
approach to evaluation of SAR here, we have been specifically looking for data that 
can’t be explained by the EC interaction. Accordingly, we have tried to show some of 
the more unusual, non-obvious cases here. The binding mode to which our EC analysis 

  Fig. 21    Epothilone dimmer. This “dimeric” compound by Nicolaou et al. was first detected as a 
side product in the synthesis of other analogs. It exhibits very potent biological activity (no specific 
data are available)  [40]        
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has converged seems consistent with most SAR for all sections of the epothilone 
molecule relative to polymerization activity. However, to explain that activity, 
we need to allow that different analogs may span the site through different internal 
conformations. As will be discussed in a later section, we believe that the pharma-
cophore of binding may be separated from microtubule stabilization. We suggest that 
a conformational transition from initial ligand binding to a “latched” interaction may 
be needed for lateral stabilization in some cases. Importantly, one has to be careful 
drawing structural conclusions from cell-based assays of toxicity. Although there is a 
general correlation between MT stabilization and cytotoxicity, specific cases may be 
problematic, due to factors other than tubulin binding and stabilization.    

  6 An “Uncommon” Pharmacophore  

  6.1 Background 

 The concept of a “pharmacophore,” a description of a drug molecule’s chemical 
groups essential for imparting biological activity, has been an important driving 
force of medicinal chemistry since Paul Ehrlich’s foundational works at the begin-
ning of the twentieth century1 . More recently, the advance of computational tech-
nology and computer graphics has provided tools for alignment of chemical 
features in three-dimensional coordinate space assisting qualitative and quantitative 
assessment of their relationships to biological function. 

 The pharmacophore definition given above inherently requires two separate, but 
related, geometric considerations. The first consideration is the conformation of a 
drug associated with its biological activity. Describing all possible conformations 
presents a significant challenge for the highly flexible epothilone, but is also 
complicated by the freely rotating C–13 sidechain of the taxanes. To define a “common” 
pharmacophore one often decides a priori the conformation of the reference mole-
cule that is responsible for activity, and then fits conformations of the second mole-
cule accordingly. The “fitting” is the second consideration and involves varying the 
orientation of a given conformation of the test molecule to define the “best” overlap 
of chemical functionality with the previously defined conformation of the refer-
ence. An alternative strategy could explore conformational flexibility of two or 
more molecules while attempting to simultaneously overlap chemical features 
known to be important for the activity of the molecules. The combinatorial interplay 
of these two considerations is responsible for the very different solutions obtained 
for the common pharmacopores described in this work.  

1  In 1908, Paul Ehrlich won the Nobel Prize for Chemistry and communicated his insights regard-
ing the action of therapeutic substances and the  recognition de sedibus et causis pharmacorum  
which we now loosely call a pharmacophore.  
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  6.2  Paclitaxel /Epothilone “Common Pharmacopores” 

 The earliest discussion of a common pharmacophore in the tubulin literature was 
presented by Winkler and Axelsen  [70] , who employed the second strategy of 
simultaneous alignment while fitting only three points of SAR. Without a published 
3D reference, we were not able to test their hypothesis. However, as pointed out by 
others  [71] , the predictions made based upon this earliest model were not supported 
by subsequent SAR studies. 

 The first presentation of a testable 3D pharmacophore was by Ojima et al.  [71] . 
The reference conformation chosen for their alignment was that of the analog nona-
taxel as determined by 2D NMR performed in D 

2
 O/DMSO, a conformation very 

similar to the X-ray structure of paclitaxel  [72] . They sampled epothilone conforma-
tions through high temperature molecular dynamics and aligned them to the taxane 
template using a forced fitting protocol designed to qualitatively satisfy key elements 
of the two compounds’ SAR. The bioactive conformation of epothilone defined in 
this study was nearly identical to that determined by X-ray crystallography. 

 A second study, by Wang et al., appeared soon after  [73] , choosing the 2D NMR 
conformation of paclitaxel recorded in CDCl 

3
  as its reference  [74] . The effect of 

polar or hydrophobic environment makes a dramatic difference to the taxane, 
resulting in C–3  sidechains with groups reversed by nearly 180°. The hydrophobic 
CDCl 

3
  conformation of paclitaxel is similar to the X-ray crystal structure of taxo-

tere  [13] . In the absence of a structural model of tubulin, Wang and colleagues 
constructed a minireceptor that was optimized to correlate computed binding affini-
ties with experimentally measured biological activities of taxanes and epothilones. 
A total of 568 unique epothilone conformations were obtained by Monte Carlo 
conformational searching and were fit for maximal steric and electrostatic overlap 
with the reference taxane  [75] . The conformation of epothilone that was judged 
responsible for the observed activity differed significantly from conformation 
found by Ojima and coworkers, yet this novel orientation also provided rationale 
for the set of SAR considered. 

 The final two pharmacophore studies benefited from the publication of the 
atomic model of  a  b -tubulin solved by electron crystallography at 3.7 Å resolu-
tion. The common pharmacophore proposed by Giannakakou and coworkers was 
invoked to explain the affect of two amino acids changes that were discovered by 
genomic sequencing of cells with drug resistance acquired through single step 
exposure to lethal doses (IC 

99
 ) of either epothilone A or B  [62] . Using the EC 

interaction model 1tub as a reference, they showed that each of the mutated resi-
dues was located near the paclitaxel binding site, but affected taxane activity less 
than epothilone. Possible conformations of epothilone were generated by high 
temperature molecular dynamics (MD) and fit to the taxane in a force field mini-
mized version of 1tub described above. The alignment utilized a template forcing 
protocol similar to that done for the Ojima work, but the pharmacophore points 
selected for fitting were based upon distance analysis performed for the epothilone 
conformer pool. When distances from the rigid C–12, C–13, epoxide oxygen to 
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other features of the epothilone molecule were measured, it was found that the 
mean location of 3–OH, 7–OH, and 4-gem dimethyl was very close to distances 
measured between the oxetane oxygen of PTX and its 1–OH, 9-carbonyl, and 
15-gem dimethyl. The two conformers that provided the best alignment of these 
four key points were selected as the most probable common overlap. These two 
were qualitatively evaluated in the context of available SAR, and presented as 
possible solutions for epothilone binding. 

 The pharmacophore model devised by He and coworkers had its basis in the 
activity of a very interesting paclitaxel analog, 2- m -azido baccatin III  [76] . This 
active analog lacks the C–13 sidechain, but has measurable potency in microtubule 
polymerization, and cytotoxicity assays – though less than PTX. This novel com-
pound with only one aromatic sidechain projecting from the C–2 position of its 
baccatin core more closely resembles epothilone with its single side chain project-
ing from its macrocyclic core. By choosing the X-ray conformation of epothilone 
B and manually aligning it with a model of 2- m -azido baccatin III fit to the 1tub 
tubulin complex, the authors rationalized the importance of the epothilone thiazole 
sidechain in a way consistent with observed SAR.  

  6.3 Fourier Difference Testing of Comparative Models 

 The crystallographic model of epothilone A binding does not conform to any of the 
common pharmacophore alignments  [3] . Rather than overlapping specific groups 
common between the two drug classes, it presents them to slightly different regions 
of the receptor pocket. Even more surprising, instead of interacting within the deep 
hydrophobic pocket as thought to be important for taxane activity, the epothilone is 
suspended across the pocket by hydrogen bonding interactions. This discrepancy 
from the expected binding mode prompted us to test explicitly alternative models 
as possible solutions to the diffraction data. Fourier difference mapping, as 
described in methods, was employed to test many possible solutions including the 
five common pharmacophore models described above. 

  Figure 22  illustrates the results of those five compared to the crystallographic 
solution. The red density (at −3 s ) is associated with atomic placements of the 
model that are inconsistent with the diffraction data. Green density (+3 s ) repre-
sents signal from the diffraction data that is not met in the model. The crystallo-
graphic solution (f) is the only one satisfying the diffraction data as evidenced by 
the relative lack of difference density. The speck of green above (f) may represent 
water interacting with polar, solvent exposed, face of the epothilone that is not 
included in the model. The location of positive (green) regions associated with 
models a–e is consistent with atomic placements fulfilled by f that are lacking in 
the other models or possible locations of water. The negative (red) regions in a–e 
show that each of the “common” alignments of epothilone and taxane functionality 
differ greatly from the signal obtained experimentally.   
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  Fig. 22    Fourier difference ( F  
obs

 – F  
calc

 ) analysis of six epothilone models. Projections of struc-
ture factor amplitudes using model derived phases at +3 s  ( green ) and −3 s  ( red ). A perfect 
match of model to diffraction data would produce no difference density.  Red density  is associ-
ated with a placement of model atoms not supported by the experimental reflections.  Green 
density  represents locations of diffracting atoms in the experimental complex that are not in 
the model. The five common pharmacophore ( a – e ) and one crystallographic ( f ) models of 
epothilone binding are tested against data collected from an epothilone/tubulin complex using 
identical protocols.  F  

obs
 – F  

calc
  residual density is shown within 3 Å of the ligand model used 

in the test. Comparison of models presented by:  a  Ojima;  b  Wang;  c  Giannakakou/Gussio1; 
 d  Giannakakou/Gussio2;  e  He, all show significant negative difference in  red , indicating an 
incorrect solution, and positive difference,  green , suggesting a pattern for repositioning of 
the fit. The model of  f  Nettles displays no negative difference in these tests, and  green  is likely 
due to water present in the crystal that is not included in the final model. Graphics were gener-
ated using MacPymol  [77] , and all molecular alignments in this figure were shot from the same 
camera angle       

  6.4 Bridging Biological Space  – An “Effector Vector”

 Although the tubulin bound positions of taxanes and epothilones determined by 
EC appear to have little overlap in chemical space, we know that they do have 
similar function in biological space.  Figure 23   illustrates the overlap of the two 
models within the binding site. Given the additional information derived from our 
previous discussion of SAR, we can see a relationship emerge. Clearly His227 is 
an important anchor residue for each class. For the taxanes, the aromatic imidizole 
packs between hydrophobic groups of the ligand. For the epothilone B shown, 
His227 is likewise bracketed by hydrophobic residues. Given its location directly 
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opposite the exchangeable GTP/GDP site, stabilization of Helix 7 through this 
residue is likely important for each drugs effect on microtubules. However, the 
effect of these drugs binding is not just with the catalytic domain. It can be seen 
that the important C–8 methyl of epothilones and C–12 methyl of the taxanes 
overlap in the same region of the B9–B10 loop. The missing eight residues of 
B9–B10 in beta tubulin relative to alpha are thought to be key factors in microtu-
bule’s dynamic instability  [78–  80] . The M-loop forms the third critical domain 
which contacts the stabilizing ligands. So the common pharmacophore responsible 
for microtubule stabilization may not simply be due to binding. Indeed, the epothi-
lone binding mode, which spans rather than fills the pocket, suggests that a direc-
tional vector of stabilization is more important for activity than picking up 
additional affinity. Likewise, the highly active constrained taxane analogs stabilize 
the otherwise mobile C–13 side chain to parallel the same “effector vector” that 
we propose for the epothilones. A very different proposal for epothilone binding 
has been suggested based upon NMR and modeling  [58] . It will be interesting to 
test this new model within the diffraction data and evaluate SAR of compounds 
designed with these principles in mind.    

  Fig. 23    Bridging biological space. The overlap of epothilone B ( cyan carbons ) and PTX ( green 
carbons ) models derived from EC reveal shared anchors between the exchangeable nucleotide site 
through H227 and the truncated B9–B10 loop of the beta tubulin site. Perhaps rigidifying this 
vector across the site is of greater importance to the MT stabilizing effect than picking up interac-
tions within the deep hydrophobic pocket       



250 J.H. Nettles and K.H. Downing

  7 Laulimalide: A New Class of Stabilizers  

 With the success of EC based modeling as a method to explore atomic interactions 
of PTX and epoA, we began looking at other classes of compounds such as disco-
dermolide (DIS), eleutherobin (ELE), and laulimalide (LAUL). Although soaking 
solutions of DIS, and ELE into Zn-sheets of tubulin produced stable crystals that 
diffract as well or better than epoA ( Fig. 1 ), LAUL was an anomaly. 

 Laulimalide ( Scheme 1  ), was first isolated from sponges gathered in Okinawa 
and its absolute configuration was established by X-ray crystallography  [81] . 
LAUL is highly flexible, incorporating a minimum of 15 rotatable bonds. LAUL 
was found to be a nanomolar inhibitor of cellular proliferation and a potent micro-
tubule stabilizer  [82] . Given the topological similarity of epoA and LAUL and a 
body of structural and biochemical data indicating that epoA, DIS, ELE, and other 
potent microtubule stabilizers  [83]  exert their action from the PTX site, we initially 
assumed that laulimalide binds to the taxoid site as well. Further experimental work 
revealed otherwise. 

  7.1 Disturbing Results 

  Figure 24   illustrates the effect of adding LAUL to 2D tubulin sheets. Rather than 
stabilizing the 2D tubulin sheets for diffraction, the addition of LAUL causes break-
down of the sheets and formation of microtubules. These surprising findings are 
made more intriguing by work showing that LAUL does not compete with pacli-
taxel at the taxoid site on  b -tubulin, but binds to a separate site that can be occupied 
simultaneously with paclitaxel’s residency in the taxoid pocket  [84] . Perhaps a 
second binding site for LAUL, near the 2D crystal interface, could explain the 
phenomenon.   

  7.2 Speculation 

 Although disturbance of the crystals impedes direct examination, the potent 
breakdown of the 2D sheets gives us clues regarding the location of laulimalide’s 
high affinity binding site.  Modeling  work has shown that LAUL presents a much 
more uniform hydrophobic surface than either epoA or PTX  [43] . Accordingly, 
we used surface mapping of the  a  b  tubulin dimer to search for sites that might 
accommodate the drug’s chemical potential and shape. A hydrophobic site is 
located between helices 9 and 10 on the apical surface of microtubules that 
seems most consistent with the data ( Fig. 25  ). The site is thought to accommodate 
binding of the small hydrophobic LAUL through induced movement of H9, 
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  Fig. 24    Laulimalide stabilizes microtubules, but destabilizes zinc sheets. This multipart figure 
illustrates the effect of addition of laulimalide upon the polymerization of tubulin.  Tubulin 
polymers, as sheets or microtubules, are inherently unstable and disassemble rapidly at low 
temperatures. Addition of paclitaxel (or epothilone, not shown) protect sheets from disassembly.
a Control zinc sheets stabilized with PTX after 20 minutes in a bath of ice and water. b The 
effect of laulimalide under the same ice bath conditions as a. After 20 minutes, sheets exposed 
to laulimalide have significantly disassembled and reformed into microtubules. c Microtubules 
formed at room temperature from addition of laulimalide to zinc-stabilized sheets and incubated 
overnight. Almost all sheets have converted to microtubules (enlarged microtubules shown 
inset). By comparison, paclitaxel and epothilone-stabilized sheets remain intact under the same 
conditions. d Magnified microtubules seen in b. Figure provided by Huilin Li        

which in turn positions the M-loop for productive lateral interactions in MT. The 
site also provides interaction with the B9–B10 loop. Importantly, that same 
movement causes a clash at the packing interface of the Zn sheets. Unfortunately, 
this does not offer specific binding mode. It does, though, suggest a specific 
tubulin region that may explain the activity of this class. Further investigation 
through methods such as designed or acquired mutational analysis will be 
needed for testing or validation.    
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  Fig. 25    Comparison of the predicted hydrophobicity of:  a  laulimalide;  b  epothilone B;  c  pacli-
taxel. Structures  a  and  b  correspond to a common solution conformation for the two macrolides. 
Solvent accessible surfaces are colored according to the degree of hydrophobicity:  brown  hydro-
phobic,  green  neutral,  blue  hydrophilic.  d  Laulimalide binding site on  b -tubulin– after  b –H9 
movement described in text. The view is from the outside of the microtubule. The paclitaxel 
(PTX) site is labeled too, but it is accessed from the lumen       

  8 The Big Picture  

  Electron crystallography  has proven to be a valuable tool for analysis of tubulin 
structure and drug interactions. Likewise, tubulin and its ability to form stable 2D 
crystals have driven development of EC methods that are now being used to study 
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other systems. However, any experimental technique in isolation is limited. 
Different experimental methods produce different readouts on related systems. 
Although adding to the complexity of the analysis, a combination of these differ-
ent readouts is more likely to provide greater “truth” than one alone. While dif-
fraction methods provide fuzzy maps of molecular interactions, NMR provides 
clues regarding environments of specific atoms. Pharmacology and biochemistry 
can teach us about larger system changes over greater time and probe the specific 
role of drugs. By comparing data collected under varied experimental conditions 
with multiple classes of drugs, we can build models of the different polymeric 
states and infer ideas about the dynamic intermediates. A graphical story that has 
emerged from our analysis of compounds that affect tubulin dynamics is sum-
marized in  Fig. 26  . Molecules that bind to the PTX site represented by the green 
molecule span between  b -tubulin domains to connect M-loop, B9–B10 loop, and 
Helix 7 via a high affinity site formed at the lumen of microtubules or at the 
interface of zinc stabilized 2D sheets. LAUL shown in purple is thought to bind 
at site on  b -tubulin between helices H9 and H10. Microtubule stabilization through 
this site may occur due to a rigidifying effect on M-loop and B9–B10 loop, but 
destabilizes Zn sheets.  

  Fig. 26    Multiple drug sites that affect tubulin dynamics. This view of beta tubulin ( colored  by 
secondary structure) from a perspective within the lumen of a microtubule illustrates the relative 
location of various drug binding sites which affect its stability. Binding of MT stabilizers PTX 
( green ) and LAUL ( purple ) are shown as well as the GDP/GTP exchangeable site ( colored  by 
atom type) and overlapped with models of colchicine binding from X-ray ( red ) and modeling of 
covalent labeling experiments ( yellow ).  Note : The sites are not suggested to be occupied at the 
same time with this polymer conformation. Destabilizer binding is known to be associated with 
different polymer states.  Right/inset : a detail is shown of M-loop residue Tyr 281 within lateral 
interaction site of adjacent protofilament as seen in the EC model of a microtubule       
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 This is contrasted by placement of colchicine (COL) (yellow, red) in sites that can 
explain different parts of its destabilizing effects on both microtubules and Zn sheets. 
The yellow model is a theoretical representation of what may be the first site involved 
in COL’s two-phase binding based upon covalent labeling of specific cysteine residues 
 [43,   85,   86] . The red model, discovered through X-ray crystallography of stathmin 
stabilized polymers of tubulin  [11] , is discussed by Knossow et al. in Chapt. 3 and is 
associated with bent, depolymerizing structure. It seems that COL’s binding involves 
B9–B10 loop movement and can release an internal trigger that shifts H7 upward, 
simultaneously destabilizing productive lateral interaction with the M-loop. An inset 
detail of M-loop residue Tyr281 interacting with its lateral site from our microtubule 
model is also provided. It is important to emphasize that destabilization of microtu-
bules through colchine, stathmin binding, Ca or GDP substitution at the exchangeable 
site, and other methods, puts the Tyr 281/M-loop, H7 in a conformation/trajectory that 
is different than suggested here and is expected to have greater freedom of motion. 

 Electron crystallography, like all experimental methods, has its strengths and its 
limitations. Accordingly, this work has attempted to present both sides from a tech-
nical and practical perspective. Given the resolution limits of the experimental 
technique, we have used difference modeling to test possible solutions against our 
experimental results and correlate those findings with data obtained via other meth-
ods. It is our belief that thoughtful examination of models derived from diverse 
methods can direct us towards a fuller understanding of the atomic underpinnings 
of tubulin dynamics and the small molecules that affect them.      
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  Abstract   Microtubules (MTs) are dynamic structures of the eukaryotic cytoskeleton 
that, during cell division, form the mitotic spindle. Perturbing them leads to mitotic 
arrest and ultimately to cell death. Consistently, MTs and their building block, αβ 
tubulin, are one of the best characterized targets in anti-cancer chemotherapy. Drugs 
that interfere with MTs either stabilize or destabilize them. The latter class is the sub-
ject of this review. These ligands bind to the colchicine site or to the vinca domain, 
two distinct sites located at a distance from each other on tubulin. Nevertheless the 
effects of both classes of ligands share a common theme, they prevent the formation 
of MT specific contacts, therefore triggering their disassembly.  
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  Abbreviations :

   GAP    GTPase activating protein   
  GEF    guanosine-exchange factor   
  MT    microtubule   
  NOE    Nuclear Overhauser effect   
  SLD    stathmin-like domain   
  Tc    tubulin-colchicine complex   
  T 

2
 R    complex of tubulin with the stathmin-like domain of the RB3 protein   

  (Tc) 
2
 R    complex of tubulin with colchicine and with the stathmin-like domain of 

  the RB3 protein   
  T 

2
 SLD    tubulin-stathmin-like domain complex.      

   1 Introduction 

  Together with the actin network (microfilaments) and the intermediate filaments, 
MTs constitute the cytoskeleton of all eukaryotic cells. Among others, MTs are the 
“highways” along which kinesin and dynein molecular motors move to deliver their 
cargoes. As the cell starts division, they form the mitotic spindle, a structure 
required for the correct partitioning of chromosomes between the two daughter 
cells. To fulfil their wide range of functions, MTs alternate phases of growth and 
shrinkage in a process known as dynamic instability. In the cell, MT dynamics is 
highly regulated by endogenous proteins. MTs are also affected by small molecules 
having antimitotic properties: perturbing MT dynamics interferes with cell division 
and leads to cell death. 
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 Colchicine is one of these small inhibitors that has long been used to block 
mitosis in metaphase (reviewed in [ 1 ]). The identification, in the 1960s, of the cel-
lular target of colchicine, a protein called tubulin, also identified this protein as the 
MT building block ([ 2 ] and references therein). Tubulin is constituted of two 50-
kDa monomers: an α-subunit and a related β-subunit, with ca. 40% sequence iden-
tity between them. During polymerization, αβ tubulin heterodimers arrange 
head-to-tail to form straight protofilaments, which are therefore polar structures. 
Protofilaments interact laterally to constitute the wall of the MT: MTs are hollow 
cylinders made of ~12–15 parallel protofilaments, with a marked preference for 13 
protofilaments in vivo. The polar nature of protofilaments dictates in turn polarity 
to MTs, with a fast growing (+) end exposing β subunits and a slower growing (−) 
end exposing α subunits (Fig.  1 ).  

 In this review we will focus on small molecule compounds that destabilize MTs. 
In the first two parts, we will give an overview of (1) MT dynamics and its regula-
tion, with an emphasis on our current knowledge of the structural variations 
of  tubulin along the MT assembly/disassembly cycle, as well as of (2) drugs target-
ing tubulin. We will focus on the approaches that have been developed to map the 
tubulin–inhibitor interactions. In a third part, the molecular mechanism of the MT-
destabilizing agents will be discussed in light of the recent structural definition of 
the binding sites of some of them and in relation with biochemical data. We will 
show that despite binding to two distant sites, these compounds inhibit tubulin 
polymerization by preventing MT-specific intermolecular tubulin–tubulin interactions 
from being established.  

  Fig. 1    The MT assembly/disassembly cycle. GDP-tubulin, which is curved, should be loaded 
with GTP to be competent for MT polymerization. The nucleotide exchange doesn’t require a 
GEF to occur. GTP-tubulin, whose unassembled conformation is still unknown, hydrolyses its β 
GTP during polymerization. MTs are therefore mainly constituted of GDP-tubulin, which is 
released upon disassembly       
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  2 The Microtubule Cycle and its Regulation 

   2.1  The Assembly-Disassembly of Tubulin into MT 
is Accompanied by a Nucleotide Cycle 

 Both tubulin monomers bind a GTP molecule. The α-tubulin GTP is non-exchange-
able and non-hydrolysable whereas the β-tubulin-bound nucleotide is hydrolyzed 
into GDP during MT assembly [ 3 ]. The core of the microtubule is therefore mainly 
composed of GDP-tubulin (i.e. with GDP bound to the β subunit), which by itself 
does not polymerize into MT. This paradox is resolved as growing MTs are pro-
tected from disassembly by a GTP-tubulin stabilizing cap at their ends [ 4 ,  5 ]. 
Following the loss of the cap, MTs disassemble releasing GDP-tubulin. After 
exchange of the β subunit nucleotide into GTP, tubulin will be available again for 
another MT assembly/disassembly cycle. 

 Tubulin shares some features with classical G proteins. It alternates between a GDP 
inactive form and a GTP active state, as only GTP-tubulin is competent for MT 
 polymerization under physiological conditions. Moreover, GTP hydrolysis is needed 
for the depolymerization step and so to complete the MT cycle: in the presence of non-
 hydrolysable analogs of GTP, MTs are stable and hardly depolymerize [ 6 ]. However, 
tubulin differs from these GTPases in several respects [ 7 ]. Indeed, the β subunit nucle-
otide of unassembled tubulin exchanges freely: tubulin doesn’t need guanosine-
exchange factors (GEFs) to load its GTP. In addition the nucleotide cycle is complete 
without the need of GTPase activating proteins (GAP) other than tubulin itself. 
Accordingly, the MT cycle can be reproduced in vitro with tubulin solely (Fig.  1 ).  

  2.2 Structural Variations of Tubulin along the MT Cycle 

 The structural cycle of tubulin coupled to MT assembly and disassembly has long 
been studied by electron microscopy and, more recently, by crystallography. At the 
tubulin level, the most striking difference highlighted by these studies is that tubulin 
changes from a straight to a curved conformation as it disassembles from MTs (Fig.  2  ). 
In the core of MTs, tubulin is straight: the α and β subunits are related by a transla-
tion along the protofilament axis [ 12 ]. By contrast, curved tubulin assemblies have 
been visualized at the ends of depolymerizing MTs [ 13 ]. Tubulin also forms curved 
oligomers, either spirals or closed rings, with variable curvatures [ 14 ]. In one case, 
in complexes of tubulin with stathmin-like domain (SLD) proteins, the tubulin 
curvature has been described at 3.5-Å resolution [ 15 ]. In this assembly of two tubu-
lins and one SLD (T 

2
 SLD) [ 16 ], the αβ heterodimers are arranged head-to-tail in a 

protofilament-like manner and make an angle of ca. 12° at the inter-tubulin interface. 
A similar angle is witnessed in-between the two subunits of each tubulin [ 17 ,  18 ]. 
The cumulated rotation over the four tubulin monomers in T 

2
 SLD is therefore ~35°, 

compared to ~0° in the case of straight protofilaments (Fig.  2 ). Based on a comparison 
of the amplitude and the direction of the T 

2
 SLD curvature to those of protofilaments 
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  Fig. 2    The conformational switch of GDP-tubulin.  a  The straight conformation of tubulin when 
embedded in the MT (two tubulin segments of two adjacent protofilaments are drawn).  b  The 
curved structure of non-microtubular GDP-tubulin, as visualized here in a T 

2
 SLD complex. The 

“first” α subunit ( at the bottom ) is in the same orientation as the one  at the bottom left  of  a .  c  
Model of a 13 protofilaments MT [ 8 ]: top view ( left ) and lateral view ( right ). One protofilament 
has been extended by a modeled tubulin assembly having the same curvature as in T 

2
 SLD ( green ). 

Figures  2 ,  3 ,  6  and  7  were generated with MOLSCRIPT [ 9 ], RASTER 3D [ 10 ] and PYMOL [ 11 ]       

at the ends of depolymerizing MTs [ 13 ], the T 
2
 SLD complex is a good model of 

tubulin disassembling from MTs (Fig.  2c ). 
 The tubulin shift from straight [ 19 ] to curved [ 15 ] is accompanied by conforma-

tional changes within the subunits (Fig.  3 ). Each monomer can be sub-divided 
into three domains [ 7 ]. The N-terminal domain accommodates the nucleotide. 
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An intermediate domain of ca 120 residues is connected to the first one by the 
central H7 helix. The last domain consists of a two helix hairpin which is termi-
nated by an acidic and flexible C-terminus. Let us describe the conformational 
changes while taking the N-terminal domain as a reference. The C-terminal helices 
and the nucleotide-binding domain form a rigid block. On going from straight to 
curved, the H7 helix translates by 1.5–2.5 Å with respect to that rigid block. This 
translation is accompanied by an 8°–11° rotation of the intermediate domain, both 
movements being of larger amplitude in the β-subunit. In addition, there are some 
local changes in order to accommodate these movements. These concern the H6–
H7 loop and the H6 helix which are adjacent to the H7 helix N-terminal and pro-
trude at the longitudinal interface between tubulin subunits when they are in a 
curved conformation.  

 From a structural point of view, the current model of the MT cycle suggests that the 
relaxed conformation of GDP-tubulin is at the image of the one it has in the T 

2
 SLD 

  Fig. 3    Structural changes of tubulin subunits upon MT disassembly.  a  Structure of a β subunit of 
the T 

2
 R complex (pdb id 1SA0 [ 15 ]). The monomer is sub-divided in an N-terminal domain (blue) 

with bound GDP (ball-and-stick drawing,  grey ), the central helix H7 ( yellow ), an intermediate 
domain ( green ), and the C-terminal helices ( red ).  b  Comparison of the β subunit conformation in 
the T 

2
 R complex (same color code as in  a ) and in a straight protofilament (nucleotide binding 

domain and C-terminal helix hairpin in cyan, H7 helix in salmon, intermediate domain in pink, 
pdb id 1JFF [ 70 ]) after superposition of the secondary structural elements of their N-terminal 
domain.  c  Schematic representation recapitulating the movements between straight and curved 
tubulin monomers (domains are color-coded as in  a ; the nucleotide is depicted as a red sphere)       
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complex. When embedded in a MT, GDP-tubulin is straightened by MT-specific inter-
actions that are lateral (between protofilaments) and longitudinal (between subunits 
within a protofilament). As soon as a tubulin heterodimer is not stabilized efficiently, it 
relaxes to its curved conformation. This leads in turn to the destabilization of its neigh-
bors as lateral and longitudinal contacts are lost, providing a structural explanation for 
the fast, “autocatalytic” depolymerization of the MT. When released in solution GDP-
tubulin cannot be incorporated in the core of the MT, as the conformation it adopts disa-
bles the establishment of MT longitudinal and lateral interactions. 

 In this model, the main unanswered question is why GTP-tubulin forms the only 
species competent for MT assembly. Since structural data at high resolution on unpo-
lymerized GTP-tubulin are still missing, two hypotheses have been put forth. Tubulin 
might adopt a straight conformation as it loads GTP or, alternatively, the nucleotide 
GDP → GTP exchange step mostly lowers the energy barrier to go from a curved to 
a straight conformation and triggers only minor changes. According to this second 
hypothesis, the structural switch takes place later on, as MTs assemble [ 20 ,  21 ].  

  2.3 MT Dynamics is Tightly Regulated in the Cell 

 Whereas MT dynamics is an intrinsic property of tubulin, it is regulated in vivo by 
different classes of endogenous proteins. The classical microtubule-associated pro-
teins (MAPs) bind to MTs and stabilize them. They also favor MT polymerization 
(reviewed in [ 22 ]). Another class is the + Tip proteins, so-called because they are 
targeted specifically to the (+) end of growing MTs [ 23 ], even though one of them 
has been very recently shown to mark both MT ends [ 24 ]. These proteins were 
originally assigned a role in the link of MTs (+) ends to specialized cellular struc-
tures. More recently, some of these proteins have been shown to promote MT 
polymerization [ 25 ,  26 ]. By contrast, some cellular factors induces MT disassem-
bly either by sequestering free, unpolymerized, tubulin (e.g. stathmin [ 16 ]), or by 
direct interaction with the MT polymer (e.g. class 13 kinesins [ 27 ]). Tubulin and 
MTs undergo also posttranslational modifications. Although the roles of these 
modifications are still not well understood, they might regulate MT behavior either 
directly or by altering the interactions with tubulin of other MT regulating proteins 
(see [ 28 ] for a recent review).   

  3 Tubulin is the Target of Antimitotic Molecules 

   3.1  Tubulin has Three Main Binding Sites for Exogenous 
MT Inhibitors 

 We have seen in the previous section that MT dynamics is tightly regulated in cells, 
as one might have anticipated considering the important functions the MT network 
fulfils. MTs are also the target of exogenous small molecules, which “mimic” the 
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function of endogenous regulatory proteins: these compounds either stabilize or 
destabilize MTs. Most of them bind to one of the three characterized tubulin sites 
for exogenous ligands named after three extensively studied plant products. 
Paclitaxel (Taxol ® ) extracted from the common yew ( Taxus baccata ) was the first 
small inhibitor identified as a MT stabilizing agent [ 29 ]. It is being used in anti-
cancer therapy since 1993. Its binding site and molecular mechanism were defined 
based on electron microscopy data on MTs [ 12 ] and on a related assembly in which 
straight protofilaments arrange in an anti-parallel way to form a sheet [ 19 ]. Taxol 
and molecules that bind to the same site enhance and reinforce lateral contacts 
between adjacent protofilaments, leading to stabilized MTs that are less prone to 
disassembly. Interestingly, taxol is also able to trigger the assembly into MT of the 
otherwise inefficient GDP-tubulin [ 30 ]. 

 The two other locations are targeted by compounds that destabilize MTs. 
Colchicine, mentioned above, is the founding member of a large group of colchi-
cine-binding site ligands. It is extracted from meadow saffron ( Colchicum autumnale ) 
which was identified as a medicinal plant as long as 2,500 years ago, with reported 
therapeutic usefulness for at least two centuries in particular in the treatment of 
acute gout [ 1 ]. The third tubulin-binding site for exogenous ligands is known as the 
tubulin vinca domain and is the target of vinblastine, first isolated from Madagascar 
periwinkles ( Catharanthus roseus , also called  Vinca rosea ). The extracts of this 
plant, also long used in traditional medicine, were lent antidiabetic virtues before 
their anti-cancer properties were recognized [ 31 ]. Vinblastine and the related com-
pound vincristine have effectively being used as anti-cancer drugs targeting tubulin 
since the early 1960s.  

  3.2  Most MT-Destabilizing Agents Bind to the Colchicine Site 
or to the Vinca Domain of Tubulin 

 Amongst the growing number of molecules that are referred as MT-destabilizing 
agents, most interfere either with colchicine or with vinblastine for tubulin binding 
(for a counter example see [ 32 ]). How the corresponding binding sites accommo-
date numerous and different molecules remains to be elucidated. For example, the 
formulae of a number of colchicine site ligands are presented in Fig.  4 : whereas the 
chemical structure of some of them is obviously related to that of colchicine, others 
look quite different. Before getting into the definition of the binding sites of these 
two classes of drugs, we will describe some of the changes of tubulin biochemical 
properties when these drugs bind to it. 

  In addition to competing with colchicine for tubulin binding, the com-
pounds chemically related to colchicine induce a polymerization-independent 
GTPase activity of tubulin [ 33 ]. Albeit being several orders of magnitude 
lower than the rate of GTP hydrolysis during MT assembly [ 34 ,  35 ], this 
activity is significant. This property shared by few molecules unrelated to 
colchicine (e.g. by nocodazole [ 36 ]) has probably no other main function than 
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to arouse the curiosity of biochemists. Nevertheless it is a simplified model 
allowing insight to be gained into the physiological GTP hydrolysis linked to 
MT assembly [ 37 ]. 

 By contrast, colchicine stands apart from most of its competitors with respect to 
their tubulin binding kinetics. Its association is biphasic, a fast first step being fol-
lowed by a slow isomerization of the tubulin-colchicine complex (Tc). Dissociation 
is also very slow, close to the lifetime of tubulin (reviewed in [ 38 ]). As series of 
simpler molecules are considered, e.g. going from colchicine to the bicyclic analog 
MTC (Fig.  4 ), this binding scheme is gradually lost to become a one step process 
[ 39 ]. Because of the slow binding of colchicine to tubulin, the preformed Tc com-
plex is used for most of the biochemical experiments aiming at studying the effect 
of colchicine on the tubulin properties, instead of adding the ligand at the beginning 
of the experiment as most usually done. 

 As for colchicine [ 40 ,  41 ], numerous compounds have been reported to inhibit 
the binding of vinblastine to tubulin. But whereas the colchicine site ligands share 
the property of being relatively simple molecules easily amenable to chemical 
diversification, those targeting the tubulin vinca site are far more complex [ 41 ,  42 ]. 

  Fig. 4    Molecules that bind to the colchicine site of tubulin       
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  Fig. 5    Molecules targeting the tubulin vinca domain       

They can be classified in two main classes: (poly)macrocyclic molecules (e.g. 
vinblastine) and (mostly linear) pseudopeptides (e.g. dolastatin 10). Some ligands 
(e.g. phomopsin) have characteristics of both classes (Fig.  5 ). Whether the tubulin 
binding sites of these widely diverse molecules overlap or not remains to be 
established. Whatever the case, taken together these sites define the tubulin vinca 
domain [ 43 ]. 

  In addition to the inhibition of MT polymerization, more properties are shared by 
vinca domain compounds. As a hallmark, they inhibit the tubulin GTPase activity 
linked to MT assembly [ 42 ] as well as that induced by colchicine (see [ 33 ] and 
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unpublished observations). Most of them also induce non-microtubular polymers, 
either helices or rings, that may further interact together. In some conditions these 
big structures form paracrystals, both in vitro and in cells [ 44 ]. Finally the  nucleotide 
exchange rate on the β subunit is slowed down by most of these compounds, 
suggesting that they bind close to the β subunit GTP site (reviewed in [ 42 ]).  

  3.3  Recent Advances Allow the Binding Sites of Tubulin 
Ligands to be Defined 

 Determining the molecular mechanism of a biological process would ideally 
require structural data at high resolution, as can be provided by X-ray crystallogra-
phy. In the case of tubulin, crystals have been reported for more than three decades 
[ 45 ,  46 ] but useful crystals have only been obtained recently. Tubulin is a quite 
unstable protein, it aggregates readily in solution when it is not embedded in MTs 
and it has a high propensity to self-associate. For many of its ligands the situation 
is even worse as they induce further heterogeneous assemblies of tubulin; this is in 
particular the case for vinblastine [ 44 ] and colchicine [ 47 ]. All of these characteris-
tics render tubulin a difficult case for high-resolution structural studies. 

 Other approaches have therefore been pursued to map the tubulin binding site of 
exogenous ligands. Some of them are based on genetic data, with the aim to iden-
tify tubulin mutants that behave differently in presence of the ligand of interest [ 48 ]. 
Mutations that confer resistance to that molecule may be part of its binding site. 
Indirect (e.g. see [ 49 ] and Sect. 4  below) or long-distance effects may also concur, 
rendering conclusions not straightforward. Another approach is based on the use of 
molecules that bind covalently with the protein target. After reaction, the modified 
residue(s), and so potentially part of the active site, are identified. Labeling experi-
ments complemented by structural data at high resolution might serve as guides for 
modeling studies. These experiments have obvious limits. Indeed most molecules 
do not bear reactive groups. To be useful for labeling they need to be modified, with 
the assumption that the derivative behaves as the parent molecule. Other limits 
include poor labeling yield and unspecific binding. As crosslinking often involves 
a free cysteine on the protein side, the specificity of the reaction is a critical issue 
as tubulin comprises 20 cysteines with varying reactivities [ 50 ]. One can however 
make good use of this apparent limitation as exemplified in an elegant study by 
Kim and colleagues [ 51 ]. These authors quantified the cysteine reactivity changes 
in proteins following ligand binding, taking tubulin as an example. This method is 
theoretically applicable to all ligands and not only to those that make covalent 
bonds with the protein target. Its use led to evidence for structural changes induced 
at a distance, as mentioned for the genetic approach, in the case of tubulyzine: fol-
lowing its binding to tubulin, the reactivities of two β subunit cysteines located 25 Å 
apart are modified [ 52 ]. To summarize, although these experiments have been 
useful, indirect or long-distance effects are a severe limitation which applies in 
particular for tubulin studies. 
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 In the last 10 years, 3 systems have been developed by structural biologists to 
visualize directly the binding mode of small molecules to tubulin. First, the structure 
of tubulin assembled in sheets of straight antiparallel protofilaments was determined 
by electron crystallography. This structure has permitted the identification of the taxol 
site [ 19 ]. This two-dimensional crystal system is of interest for the study of MT-
stabilizing agents beyond taxol, as shown for epothilone A [ 53 ], provided they bind 
to that polymerized form of tubulin. Second, in our laboratory we have developed 
another crystallization protocol for tubulin, taking advantage of its interaction with 
the SLD of the RB3 protein [ 54 ]. In presence of RB3-SLD, tubulin forms tight and 
monodisperse complexes (called T 

2
 R) whose size and stability are compatible with 

crystallization experiments. In that complex, tubulin has a curved conformation most 
probably alike that of unpolymerized GDP-tubulin [ 17 ]. Moreover, it was noticed that 
stathmin continues to interact with tubulin when this protein is in complex with 
colchicine [ 16 ]. And we have shown that vinblastine binds to T 

2
 R [ 55 ]. Most impor-

tantly, upon binding to T 
2
 R, neither colchicine nor vinblastine induces higher order 

assemblies as they do with tubulin. The T 
2
 R complex is therefore a valuable tool for 

structural analysis of the interaction between tubulin and MT-depolymerizing small 
molecule inhibitors, as we will see in Sect. 4 . 

 Third, as an alternative to crystallization, an NMR method has been developed 
by Carlomagno and colleagues ([ 56 ] and references therein). It is based on the use 
of interligand nuclear Overhauser effects (NOEs) between small molecules com-
peting for the same site. This method has been called INPHARMA (for Interligand 
NOEs Pharmacophore Mapping). Provided that the site of one molecule is known, 
the binding mode of compounds displaying interligand NOEs with that molecule 
may be derived. This approach is complementary to crystallographic methods, as it 
indicates that Epothilone A binds to soluble tubulin [ 56 ] and to assembled tubulin 
in protofilament sheets [ 53 ] in significantly different ways. This case is not unique: 
using fluorescent molecules and classical biochemical techniques, such variations 
have also been proposed for taxol [ 57 ]. Overall, these results remind us that, in 
order to understand better the molecular mechanisms at work in ligand-driven tubulin 
assembly, structural data all along this pathway are needed.   

  4  MT-Destabilizing Agents: Insight into MT Inhibition 
from their Tubulin Binding Mode 

   4.1 Vinblastine Favors Curved Tubulin Assemblies 

 The X-ray crystallographic analysis of T 
2
 R crystals soaked with vinblastine has 

revealed its binding site between the two tubulins of this short protofilament-like 
curved assembly (Fig.  6 ) [ 55 ]. It is equally contributed by the α-subunit of one 
tubulin and the β-subunit of the other. Vinblastine therefore belongs to the growing 
class of small molecules ligands known as interfacial inhibitors [ 58 ]: these 
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  Fig. 6    The colchicine and vinblastine sites.  a  Ribbon representation of RB3-SLD and of the two 
tubulin αβ heterodimers. The nucleotides (GTP on α, GDP on β), colchicine (Col,  yellow ) and 
vinblastine (Vlb,  cyan ) are shown as ball-and-stick models. The  dashed line  shows the location of 
the RB3-SLD linker between the N-terminal cap and the C-terminal helix, which is the least 
ordered part of RB3-SLD. The sulfur atom of Cys 12 of the β subunit contacting vinblastine is 
highlighted as a  yellow sphere .  b,c  Illustration of the interfacial interference of destabilizing mol-
ecules with MT assembly: schematic representation of the (Tc) 

2
 R-vinblastine complex ( b ) and of 

a straight protofilament ( c ). Longitudinal MT-specific contacts ( black rectangles  in  c ) cannot be 
established between vinblastine- or colchicine-bound monomers       

compounds target the interface between two (or more) macromolecular molecules 
and block their assembly in an inactive arrangement. In the case of vinblastine, 
tubulin can no longer assemble in MTs because of the direct interference of the lig-
and with the longitudinal interactions established in straight protofilaments and of 
the ensuing effect on microtubular lateral contacts [ 55 ]. Vinblastine inhibits the 
colchicine-induced GTPase activity of tubulin by a similar mechanism [ 37 ]. Albeit 
being lower, this activity shares features with that  occurring during MT polymeriza-
tion: in a transient protofilament-like assembly. catalytic α subunit residues of one 
tubulin acting as a GAP enhance hydrolysis of the β subunit-bound GTP of the 
neighboring heterodimer. The way it binds, vinblastine is a wedge that prevents 
establishment of the αβ interface needed both for polymerization into MTs and for 
positioning of the active site residues leading to GTP hydrolysis.  
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 The vinblastine-(Tc) 
2
 R complex is amenable to crystallographic studies because, 

as opposed to tubulin, T 
2
 R is not prone to polymerization by vinca domain ligands. 

Structural data shed light on this property. In the complex, the two tubulins stabilized 
by a vinblastine molecule are arranged in a curved assembly that most probably 
represents the building block of the tubulin spirals induced by this drug. In T 

2
 R, the 

α subunit at one end of the complex is capped by the RB3-SLD N-terminal part 
(Fig.  6 ). This α subunit cannot interact with the β subunit of another tubulin 
heterodimer in the way the second α monomer of T 

2
 R does, and therefore no oli-

gomeric state larger than T 
2
 R is formed. The model predicts that an SLD lacking 

its N terminal peptide would no longer protect tubulin from vinblastine aggregation. 
This is what we observed: upon incubation with vinblastine, very similar spirals are 
induced with tubulin alone or in complex with an SLD construct limited to its long 
C-terminal helix [ 55 ]. These results strongly suggest that the way the ligand inter-
acts with tubulin in T 

2
 R reflects the interaction of vinblastine with free tubulin. 

 Whereas the vinblastine interaction with T 
2
 R has been mapped, the tubulin-

binding site of other vinca domain molecules, including molecules as different 
from vinblastine as pseudopeptides, is still uncertain. To what extent do their sites 
overlap with the vinblastine one? To answer this question, modeling and different 
biochemical approaches have been pursued. The data does not always give clear 
results as to even establish the nature of the inhibition (competitive or noncompeti-
tive) of vinblastine binding by other vinca domain ligands, as pointed out [ 43 ]. It 
should be noted that competition experiments are not straightforward in a system 
where binding induces assembly into either spirals or rings: analyses are compli-
cated as ligands when embedded in such polymers will become less exchangeable. 
While modeling studies [ 59 ] suggest that the pseudopeptide sites overlap with that 
of vinblastine [ 55 ], labeling methods have identified cysteine 12 of the β subunit as 
part of the binding site of tubulyzine [ 52 ] and of dolastatin10 [ 60 ]. This residue is 
10 Å away from vinblastine (Figs.  6  and  7 ). Another issue is the effect of these lig-
ands on the β subunit nucleotide exchange rate. Albeit it binds close to GDP (Figs. 
 6  and  7 ), vinblastine interferes only weakly with nucleotide exchange. Other lig-
ands (e.g. phomopsin A and dolastatin 10) are far better inhibitors (reviewed in 
[ 43 ]). They may bind to tubulin in a way that directly blocks this process. However, 
they could also act at a distance, one possibility being that they induce tubulin 
polymers in which the nucleotide is efficiently trapped between tubulin subunits 
and not exchangeable anymore, as in MTs. Mapping of the vinca domain beyond 
the  vinblastine–tubulin interactions clearly remains an open issue that will require 
more direct indications than the biochemical or modeling results available so far. 
(see the note added in proof).   

  4.2 Colchicine Stabilizes a Curved Tubulin Conformation 

 The colchicine binding site in tubulin was initially identified using a colchicine 
derivative bearing a sulfhydryl group, permitting unambiguous orientation of the 
ligand in the electron density map [ 15 ]. We have also determined the structure of 
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  Fig. 7    The location on tubulin of residues that modulate the sensitivity to MT-destabilizing agents 
and the location of exogenous inhibitor and nucleotide sites on β tubulin. The α subunit is in semi-
transparent pink together with a “composite” β-subunit color-coded as in Fig.  3a  with ball-and-stick 
models of bound taxol ( orange ), colchicine ( yellow ) and GDP ( magenta ). Ball-and-stick models 
of vinblastine ( cyan ) are drawn on the two partial vinca sites on α and on β tubulin. The sulfur atom 
of Cys β12 is highlighted as a  yellow sphere . The sites of nine amino acid substitutions [ 49 ] that both 
confer resistance to vinblastine and colchicine and stabilize MTs are depicted as  red  (on α tubulin) 
or  green  (on β tubulin) spheres. Two residues of the β H10 helix whose mutations enhance the 
sensitivity to colchicine site ligands and destabilize MTs [ 71 ] are also shown as  blue spheres        
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the T 
2
 R-colchicine complex ((Tc) 

2
 R); it looks identical apart from the sulfhydryl 

group [ 15 ]. Colchicine binds to the β subunit at the interface with the α monomer 
of the same tubulin molecule, with little direct interaction with that subunit (Fig.  6 ). 
Nevertheless, because of ensuing steric hindrance, one cannot position an α subunit 
near a colchicine-bound β subunit as across an intradimer longitudinal contact in a 
straight protofilament [ 15 ]. Conversely, there is no more space available for colchi-
cine when β tubulin is in a straight conformation. To help decipher whether 
 colchicine-induced tubulin inhibition is due to the few direct interactions of colchi-
cine with the α subunit or to indirectly induced steric hindrance, the structural 
characterization of a set of colchicine site binders complexed to tubulin is under 
way in our laboratory. 

 Colchicine site ligands are structurally simpler than taxol or vinblastine site 
compounds; the extent of the colchicine site is also smaller. This is confirmed with 
the observation that podophyllotoxin interacts with the same β tubulin residues 
as colchicine [ 15 ]. Modeling studies also suggest a pocket of restricted size for 
other colchicine site ligands [ 40 ] while some extensions of the site have been 
postulated in an approach combining modeling and virtual screening [ 61 ]. 
Biochemical evaluations have confirmed some of the hits as new tubulin inhibitors 
but no structural data are available yet that confirm whether they actually make use 
of an additional cavity near the colchicine site. 

 Whereas the sites for colchicine and podophyllotoxin largely overlap, the binding 
kinetics of podophyllotoxin does not present any peculiarity. Moreover, unlike 
colchicine, this molecule does not enhance the GTPase activity of soluble tubulin 
[ 37 ,  62 ]. Structural data do not give clear clues that can explain the different 
tubulin binding kinetics of these compounds or their effect on GTP hydrolysis. 
Apart from the ligand, the only significant structural variation between colchicine- 
and podophyllotoxin-bound T 

2
 R is the conformation of the α subunit T5 loop, 

which is near the colchicine site [ 37 ]. Interestingly, in the structure of T 
2
 R in complex 

with nocodazole this loop adopts the same conformation as in (Tc) 
2
 R (unpublished 

observation), and both ligands have been shown to enhance GTP hydrolysis by 
soluble tubulin. It should nevertheless be noticed that the colchicine site and the T5 
loop are located at least 20 Å away from the β subunit nucleotide. Therefore more 
experiments, including high resolution data on the more relevant GTP-tubulin, will 
be required to identify the structural mechanism linking the GTPase activity to the 
binding of some colchicine site ligands. 

 Interestingly, the binding sites of the small molecule effectors of tubulin for 
which structural data are available all involve the β monomer (Fig.  7 ). In addition 
to colchicine, taxol targets the β subunit where it interferes with the MT lateral 
contact [ 12 ]. The β tubulin also contributes to the vinblastine site, although this 
is equally shared with α. During MT assembly the β tubulin-bound GTP is 
hydrolyzed, which is essential for MT dynamics, whereas the α subunit nucleotide 
never gets hydrolyzed. Therefore the β tubulin behaves as a regulatory subunit, 
which binds small effectors and inhibitors and whose conformation changes 
most along the MT assembly/disassembly cycle, compared to a more structural 
α subunit.  



Microtubule-Destabilizing Agents 275

  4.3 MT-Destabilizing Agents and MT Dynamics 

 MT-perturbing molecules induce different MT behaviors depending on their 
concentration. The classification as destabilizing or stabilizing agents relies on the 
effect on MTs at high inhibitor concentrations, i.e. in conditions where colchicine 
and vinblastine induce depolymerization. At low (substoichiometric) concentra-
tions of MT-perturbing agents, the MT polymer mass does not vary significantly. 
Instead, MT dynamics is inhibited; MTs remain in a “pause” state (no recordable 
growth or shrinkage at the resolution of video microscopy) (reviewed in [ 63 ,  64 ]). 
Interestingly, this is observed at low concentration of both MT-destabilizing agents 
and MT-stabilizing drugs. 

 Structural data on MT-destabilizing compounds shed light on the way they trig-
ger MT disassembly. The MT polymer is stabilized by specific longitudinal con-
tacts between tubulin monomers within straight protofilaments and by lateral 
interactions between protofilaments. As MT-destabilizing agents maintain tubulin 
molecules in a curved conformation or in a curved assembly, these heterodimers are 
no longer available for MT growth as they cannot establish the required MT longi-
tudinal contacts within the heterodimer (in the case of colchicine) or between tubu-
lins (for vinblastine). Consequently, lateral interactions are prevented as the 
partners remain too distant for the corresponding contacts to occur. If the pool of 
uncomplexed tubulin is significantly lowered, MT growth is prevented or cannot be 
sustained, which leads to disassembly. Although they target different regions of 
tubulin, exogenous MT-destabilizing molecules truly mimic endogenous regulators 
like SLD proteins (Fig.  2 ): they all stabilize tubulin(s) in a curved conformation that 
prevents straight assembly. 

 The mechanisms by which low concentrations of MT-perturbing agents inhibit 
MT dynamics are presently not fully understood. In the case of MT-destabilizing 
drugs, it has been shown that the tubulin-colchicine complex [ 65 ] and vinblastine 
[ 66 ] bind to the ends of MTs. As little as one or two such molecules per MT end 
are enough to reduce significantly the dynamicity of the polymer (reviewed in 
[ 63 ]). This suggests that MT dynamics requires the integrity of inter-subunits con-
tacts within and between protofilaments to occur. The underlying molecular mecha-
nism might be different for taxol type ligands, as suggested by the identification of 
tubulin mutants that respond in opposite ways to different drugs. For example, the 
mutation of a proline located in the H6–H7 loop of the β subunit to a hydrophobic 
residue (Leu or Val) confers resistance to taxol and an enhanced sensitivity to the 
MT-destabilizing drugs vinblastine and colcemid [ 67 ]. The mutation of the same 
residue to a polar residue (Cys, Ser or Thr) leads to the reverse phenotype. 
Interestingly, in this work and in other studies (e.g. [ 49 ]), most of the mutated resi-
dues are away from the ligand sites (Fig.  7 ), the mutated tubulin displaying modi-
fied MT-polymerization properties that counteract the effect of the drug. 

 In the last 10 years the structural studies of tubulin and of its interactions with 
MT-perturbing agents have been very fruitful. This has been possible as new crystal 
forms have been obtained and analyzed by state-of-the-art electron microscopy and 
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X-ray crystallography, using in this case third generation synchrotron radiation 
facilities and recently developed crystallographic softwares. Despite these advances, 
more benefits for structure-based drug design programs remain to be gained from 
progress of structural data quality. Pushing the diffraction limit of αβ tubulin crys-
tals to atomic resolution remains an as yet unmatched challenge. The effect on MTs 
of drugs at substoichiometric (therapeutic) doses is another unresolved issue. Very 
recently, the use of optical tweezers has been adapted to the study of MT dynamics 
[ 68 ,  69 ]. With a resolution that is a hundred times better than classical video- microscopy, 
it has now become possible to see what happens at the very tip of MTs, where dynamic 
instability takes place. This may well give new clues to the  mechanism by which 
 tubulin targeting drugs inhibit MT dynamics. These two examples are only two 
pending issues that will fuel the work of the laboratories interested in MT and in 
their inhibition by small molecules agents. Forty years after the discovery of tubulin 
[ 2 ], the study of MT remains an open field for scientists; a field in which progress 
will impact human healthcare, in particular anti-cancer chemotherapy.    

Note added in proof: The structure of tubulin in complex with two other vinca 
domain ligands, namely with soblidotin, a dolastatin 10 analog, and with phomopsin 
A, has now been determined. These new results show that the site of these molecules 
overlaps only in part with the one of vinblastine. They put a structural explanation 
for the different properties of these compounds (e.g. an higher efficiency to inhibit 
the nucleotide exchange on tubulin) as compared to vinblastine [72].
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       Molecular Modeling Approaches to Study the 
Binding Mode on Tubulin of Microtubule 
Destabilizing and Stabilizing Agents       
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       Abstract   Tubulin targeting agents constitute an important class of anticancer drugs. By 
acting either as microtubule stabilizers or destabilizers, they disrupt microtubule dynam-
ics, thus inducing mitotic arrest and, ultimately, cell death by apoptosis. Three different 
binding sites, whose exact location on tubulin has been experimentally detected, have 
been identified so far for antimitotic compounds targeting microtubules, namely the tax-
oid, the colchicine and the vinka alkaloid binding site. A number of ligand- and structure-
based molecular modeling studies in this field has been reported over the years, aimed at 
elucidating the binding modes of both stabilizing and destabilizing agent, as well as the 
molecular features responsible for their efficacious interaction with tubulin. Such studies 
are described in this review, focusing on information provided by different modeling 
approaches on the structural determinants of antitubulin agents and the interactions with 
the binding pockets on tubulin emerged as fundamental for antitumor activity.

To describe molecular modeling approaches applied to date to molecules known to 
bind microtubules, this paper has been divided into two main parts: microtubule desta-
bilizing (Part 1) and stabilizing (Part 2) agents. The first part includes structure-based 
and ligand-based approaches to study molecules targeting colchicine (1.1) and vinca 
alkaloid (1.2)  binding sites, respectively. In the second part, the studies performed on 
microtubule stabilizing antimitotic agents (MSAA) are described. Starting from the first 
representative compound of this class, paclitaxel, molecular modeling studies (quantita-
tive structure-activity relationships – QSAR – and structure-based approaches), per-
formed on natural compounds acting with the same mechanism of action and temptative  
common pharmacophoric hypotheses for all of these compounds, are reported.  
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   Abbreviations 

  TMP    trimethoxyphenyl   
  CA4    combretastatin A-4   
  CSI    colchicine site inhibitors   
  DAMA-colchicine    ( N -deacetyl- N -(2-mercaptoacetyl)colchicine)   
  EPO    epothilone   
  MSAA    microtubule stabilizing antimitotic agents   
  MD    molecular dynamics   
  MIF    molecular interaction field   
  PTX    paclitaxel        

  1 Molecular Modeling on Microtubule Destabilizing Agents  

 Microtubule destabilizing compounds act by inhibiting microtubule polymerization 
and include several agents, such as colchicine ( 1 ), combretastatin A-4 ( 2 ), podophyl-
lotoxin ( 3 ), vinca alkaloids (vinblastine ( 4 ), vincristine ( 5 ) and others) ( Chart 1 ) and 
a number of structurally unrelated small molecules  [1] . Two different binding sites 
on tubulin are known for microtubule destabilizing agents, namely the colchicine 
and the vinca alkaloid site. The location of both sites was uncertain for a long time, 
until the crystallographic structures of tubulin complexed with colchicine or podo-
phyllotoxin (colchicine binding site  [2]  and vinblastine (vinca alkaloid binding site 
 [3]  were reported. These structures revealed that, differently from microtubule sta-
bilizers, interacting with a straight conformation of tubulin (characteristic of stable 
microtubules), microtubule destabilizers bind to a curved conformation of tubulin 
(characteristic of rings or depolymerizing microtubules)  [4] . The changes detected 
in tubulin subunits in the switch from a straight to a curved conformation accounted 
for the loss of lateral contacts between protofilaments and, consequently, for the 
inhibitory effect on tubulin polymerization.  
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 The identification of the binding site location within tubulin, together with the 
clarification of the binding mode for some representative destabilizing compounds, 
opened new perspectives to modeling studies in this field, making the application 
possible not only of ligand-based, but also structure-based approaches. 

 It is worth noting that molecular modeling studies in the field of microtubule 
destabilizing agents are substantially limited to compounds targeting the colchicine 
site, whereas there are only a few modeling studies involving drugs binding to the 
vinca domain. This can be ascribed, on the one hand, to the intensive efforts 
focused on discovering more potent and less toxic agents able to bind the colchicine 
pocket, which generated a huge number of compounds spanning several chemical 
classes  [5–  7] , and, on the other hand, to the large size and structural complexity of 
agents interacting with the vinca alkaloid site  [7,   8] . 

  1.1  Molecular Modeling on Compounds Targeting 
the Colchicine Binding Site 

  1.1.1 Colchicine Site Inhibitors 

 The natural compound colchicine ( 1 ) was extracted from the poisonous meadow 
saffron  Colchicum autumnale L.  and was the first antimitotic destabilizing agent to 
be discovered  [9] . It consists of three rings: a trimethoxyphenyl (TMP, ring A), a 

  Chart 1    Chemical structures of colchicine ( 1 ), combretastatin A-4 ( 2 ), podophyllotoxin ( 3 ), 
vinblastine ( 4 ) and vincristine ( 5 )       
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methoxytropone (ring C) and a seven-membered ring (ring B) bearing an acetamido 
substituent at its C7 position. Structure-activity relationship (SAR) studies indi-
cated the TMP and the tropone rings as crucial for colchicine-tubulin binding, 
whereas ring B, although important, did not emerge as essential for the activity, and 
substitutions at its C7 position were usually tolerated  [10] . 

 Noteworthy, neither colchicine nor other colchicine site inhibitors (CSI) have yet 
found significant clinical application in tumor treatment, mainly due to their high 
toxicity  [11] . As a consequence, until now, only molecules binding to taxoid and vinca 
alkaloid domains have been extensively used in cancer chemotherapy  [7,   12] . However, 
several CSI are now under investigation for tumor treatment  [5] . Many of them are 
derived from natural products such as the combretastatins. Combretastatins, obtained 
from the South African tree  Combretum caffrum   [13–  16] , constitute an important class 
of CSI. Among them, combretastatin A–4 (CA4,  2 ) became one of the most interesting 
antitubulin agents targeting the colchicine site and was considered for clinical trials, 
although poor water solubility hampered its development as drug  [17] . The clinical 
potential of CA4 along with its structural simplicity stimulated intensive efforts over 
the years in the synthesis of a sizeable number of CA4 analogues  [18–  23] . Extensive 
SAR studies pointed out the importance of the trimethoxy substitution on the A ring 
and the  cis -olefin configuration of the linkage; the ring B was shown to be tolerant to 
structural modifications at position 3′, where the hydroxy group was not essential, 
while the 4′-methoxy group seemed crucial for cytotoxicity  [18,   24] . 

 The colchicine binding site was identified in 2004, when Ravelli and co-workers 
reported the X-ray structure of tubulin in complex with DAMA-colchicine 
( N -deacetyl- N -(2-mercaptoacetyl)-colchicine) and with the RB3 protein stathmin-
like domain (PDB entry: 1SA0)  [2] . The structure showed the exact binding site of 
colchicine on tubulin, thus shedding light onto the mechanism of action and the 
binding mode of the destabilizing compound. The same paper also reported the 
structure of tubulin in complex with podophyllotoxin ( 3 ) and with the stathmin-like 
domain of RB3 (PDB entry: 1SA1), revealing that podophyllotoxin shares with 
colchicine a common binding site and locates the TMP moiety in the same region 
of the binding pocket as colchicine. In both structures, tubulin is in a curved con-
formation and the colchicine site is located at the a/ b  intradimer interface ( Fig. 1a ). 
It is mostly buried in the intermediate domain of the  b -tubulin subunit, whereas the 
B ring side chain mainly interacts with residues of the a subunit. Once bound to the 
colchicine pocket, colchicine and the other CSI prevent curved tubulin from assum-
ing a straight conformation, thus resulting in microtubule disassembly.   

  1.1.2 Ligand-Based Approaches to Colchicine Site Inhibitors 

 All ligand-based molecular modeling studies focusing on agents able to bind the 
colchicine site were performed before the determination of the X-ray structure of the 
tubulin-colchicine complex (see below). Computational tools in this field were 
mainly used to derive three-dimensional QSARs (through comparative molecular field 
analysis (CoMFA) and other original approaches), but CSI also constituted useful 
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datasets for testing and applying newly developed methods in different fields of 
computer-aided drug design. Consistent with a common aspect of ligand-based 
approaches, all such analyses were primarily aimed at identifying chemical and struc-
tural features of molecules that are responsible for their affinity toward the colchicine 
binding site and consequently for their destabilizing activity. Therefore, they consti-
tute an interesting example of how different computational tools can be applied to 
derive information about the binding mode of compounds under analysis. 

 In 1996, Day and co-workers reported a QSAR study on a wide set of tubulin 
polymerization inhibitors binding to the colchicine site  [25] . The authors collected 
536 chemicals along with their biological activities from several literature sources. 
The dataset compounds encompassed a number of chemical classes, including col-
chicinoids and allocolchicinoids, podophyllotoxins, chalcones, benzylbenzodiox-
oles, steroids, stilbenes, combretastatins, phenylquinolones, styrylquinazolinones, 
phenanthrenes, benzylanilines and miscellaneous agents. The statistical analysis 
led to the identification of several biophores, which are substructural features sta-
tistically correlated with the biological activity. Among them, the authors presented 
and discussed the biophores contained in colchicinoids, podophyllotoxins and com-
bretastatins (reported in  Chart 2 ), making some important SAR considerations and 
speculating about the relative orientation of colchicine and podophyllotoxin within 
the colchicine binding site.  

 The biophores present in colchicinoids highlighted the relevant role of the C1 and 
C10 methoxy groups and suggested that the size of the substituent at C7 scarcely 
influenced the interaction of colchicinoids with tubulin, as it was not included in any 
biophore. 

  Fig. 1     a  Location of the colchicine binding site in tubulin (1SA0 structure).  a - and  b -tubulin are 
represented as  yellow and magenta ribbons , respectively; secondary structure elements contacting 
DAMA-colchicine ( cyan sticks ) are colored  blue . Non-exchangeable GTP bound to the a subunit 
is represented as  pink sticks .  b  Overall view of residues constituting the colchicine binding site 
(1SA0 structure) and proposed to interact with CSI by distinct structure-based molecular mode-
ling studies (Sect. 1.1.3). Residues of  a  and  b  subunits are represented as  yellow and magenta 
sticks , respectively. DAMA-colchicine is represented as  cyan sticks        
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 The biophores for podophyllotoxins included the lactone ring E and parts of the 
B, C and D rings, thus indicating them as important for the interaction between 
podophyllotoxins and tubulin. The A ring was not present in podophyllotoxin frag-
ments, probably due to the fact that only a few analogues of the learning set were 
characterized by structural modification of the TMP moiety. 

 Concerning combretastatins, the biophores involving dihydrocombretastatins 
and combretastatin A–2 analogues mainly indicated the importance of the two car-
bon bridge, whereas the single CA4 biophore was unable to efficiently describe the 
activity of CA4 analogues. 

 Besides identifying the structural features crucial for the activity of different 
classes of compounds, in the same report the biophores were also used to explore the 
relative orientation of colchicine and podophyllotoxin within the colchicine binding 
pocket. As a result, the TMP rings of the two ligands were located in different 
regions of the binding site, near orthogonal to each other, suggesting that these moie-
ties should interact with different regions of tubulin. Unfortunately, this hypothesis 
was denied by the recently determined complexes of tubulin with colchicine and 

  Chart 2    Biophores present in colchicinoids, podophyllotoxins and combretastatins among those 
identified as relevant for the activity of CSI       
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podophyllotoxin  [2] , which showed that the two TMP rings lie in the same region 
of the colchicine binding pocket. 

 In 2000, Macdonald and co-workers reported CoMFA-based 3D-QSAR models 
able to describe the binding of different structural types of combretastatins to the 
colchicine binding site  [26] . The study resulted in the first significantly predictive 
models for the class of combretastatins. 

 CoMFA models were built starting from a training set of 22 combretastatin ana-
logues (including CA4) collected from literature along with their activity data. The 
lowest energy conformers of each compound obtained from conformational analy-
sis were aligned overlapping their A ring to the A ring of CA4, for which the X-ray 
structure was used. Colchicine, phenstatin and podophyllotoxin, included in a test 
set of ten compounds together with other combretastatins, were used in their X-ray 
conformation and were also aligned to CA4 by superposition of the TMP moiety. 
The developed CoMFA models were endowed with good statistical parameters, but 
poorly predicted the activity of test set compounds not belonging to the combret-
astatin class (i.e., colchicine, phenstatin and podophyllotoxin). This aspect led the 
authors to hypothesize a different pharmacophore for these compounds with respect 
to combretastatins, though a substantial overlapping of the TPM ring of different 
ligands has also been suggested by other subsequent studies. 

 An interesting CoMFA study was conducted by Weigt and Wiese on a set of 58 
variously substituted 2-phenyl-4-quinolone and 2-phenyl-1,8-naphthyridin-4-one 
CSI ( Chart 3 )  [27] .  

  Chart 3    General structure of 2-phenyl-4-quinolones (X=CH) and 2-phenyl-1,8-naphthyridin-4-
ones (X=N) used by Weigt and Weise to generate their CoMFA model       
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 Two different alignment criteria were investigated (namely, the so-called atom-
based database and the CoMFA field alignment). In the first case, compounds were 
aligned by superposition of atoms belonging to a common template; in the second 
case, they were aligned so as to achieve the best match of their CoMFA fields. In both 
cases, the final models showed good internal and external predictive power. CoMFA 
contour maps corresponding to different alignments provided similar information. On 
the basis of such plots, substituents at position 6 were expected to increase the activity, 
whereas R 3  substituents should have the opposite effect. Greater electronegativity at 3′ 
position was correlated with increased activity, and less electron withdrawing substitu-
ents were favorable at 2′ and 4′ positions. Remarkably, the importance of these struc-
tural features was further confirmed by a classical QSAR model built by the same 
authors on the naphthyridine set using the Free-Wilson approach  [27] . As a whole, 
the computational analysis pointed out the importance of electrostatic interactions for 
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the activity of quinolone and naphthyridine CSI under study, and suggested the existence 
of a complex relationship between substitution pattern and inhibitory potency. 

 A third CoMFA model in this field was elaborated by Lee and co-workers  [28] . The 
authors used a wide set of CSI synthesized in house and belonging to different structural 
classes. In detail, the 3D-QSAR model was developed using 104 colchicine site agents, 
including thiocolchicinoids, allocolchicinoids, 2-phenyl-quinolones and 2-aryl-naph-
thyridinones (the last two classes also included the compounds used by Weigt and 
Wiese in the study described above). Both a conventional and a  q  2 -guided region selec-
tion (GRS) CoMFA approach were applied. Each approach was combined with two 
different alignment rules, both based on the superposition of the diaryl system shared 
by all CSI under analysis. The most interesting model was obtained using a conven-
tional CoMFA and an alignment rule based not only on topological aspects, but also 
taking into account the different dihedral angles of the aryl rings and the different direc-
tion of the side chain between  aR ,7 S  (the configuration of colchicine and of most dataset 
compounds) and  aS ,7 R  configurations of colchicinoids  [29,   30] . This criterion involved 
the alignment of  aR ,7 S  and  aS ,7 R  compounds so as to overlap the aromatic rings of the 
diaryl system and to locate the side chains at C7 in the same region of space. Most of 
the steric and electrostatic fields provided by the CoMFA model surrounded the A ring 
of thiocolchicinoids and allocolchicinoids, and the 2-aryl ring of quinolones and naph-
thyridinones, which were all superimposed by the alignment procedure. As a conse-
quence, these groups emerged as fundamental in modulating the affinity of analyzed 
CSI toward the colchicine binding site. Conversely, the B ring and the side chain of 
colchicinoids were surrounded by few fields, suggesting that these moieties, though 
important to keep the A and C rings in a suitable conformation, should not be involved 
(or should play a marginal role) in interactions with tubulin. 

 An original ligand-based approach aimed at predicting the activity of tubulin desta-
bilizing agents and getting deeper insight into the structural basis of their binding to 
the colchicine site was proposed in more recent years by Ducki and co-workers, who 
developed a 5D-QSAR model for a series of combretastatin analogues  [31] . Compared 
with the more common 3D-QSAR, 5D-QSAR attempts to reduce the bias associated 
with the choice of the bioactive conformation and the induced-fit model  [32] . 
Accordingly, the fourth dimension allows the representation of each molecule by a set 
of conformations, orientations, protonation states and/or enantiomers, whereas the 
fifth dimension refers to the option of considering an ensemble of induced-fit models. 
The fields resulting from 5D-QSAR consist of color-coded 3D maps describing spe-
cific regions where the various atomistic descriptors (such as hydrophobic, hydrogen 
bond acceptor or donor, salt bridge, etc.) are found to be significantly correlated with 
the biological activity. The maps can therefore be considered as a model of the receptor 
where the ligands exert their action. All the 47 compounds selected for the study were 
characterized by two aromatic rings (corresponding to rings A and C of CA4) linked 
by various fragments such as an enone (chalcones), alkene (stilbenes), or ether (repre-
sented  Chart 4  by structures  b ,  c  and  d , respectively). Individual models were initially 
generated for the chalcone and the stilbene classes (19 and 18 ligands, respectively), 
then all 47 derivatives were grouped to build a more general model. In a first step, 
CA4, a chalcone derivative and colchicine were aligned each other (though the latter 
was not included in the dataset), resulting in the superposition of their TMP and C ring 
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moieties. The conformations so obtained were then taken as template for the alignment 
of the other dataset compounds, which were aligned by superimposing the correspond-
ing oxygen atoms of the A rings tightly, and the oxygen atoms of the C rings with less 
constraint. QSAR analysis on the chalcone, stilbene and combined series resulted in 
models overall endowed with good predictive power. Color-coded surfaces were quite 
complex to interpret. Nevertheless, they highlighted the importance of polar substitu-
ents at position 3′ of C rings for increasing the biological activity. Moreover, the 
methoxy groups and the overall hydrophobic character of the ligands emerged as cru-
cial in determining the potency of combretastatin-like compounds.  

  Chart 4    Representative structures of chalcone ( b  ), stilbene ( c ) and ether ( d ) CSI constituting the 
dataset on which Ducki and co-workers developed a 5D-QSAR model       
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  Chart 5    Chemical structures of allocolchicine ( 6 ), 2-methoxy-5-(2′,3′,4′-trimethoxyphenyl)-
tropone (MTC) ( 7 ) and 2-methoxyestradiol ( 8 ), analyzed together with colchicine and CA4 
through the MultiSEAL alignment procedure       
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 Interesting information in this context was also provided by the work of Feher 
and Schmidt, who proposed two possible alignments between CA4 and other 
important CSI, including colchicine  [33] . The represented a test for the newly 
developed MultiSEAL procedure, which allows the application of the steric and 
electrostatic alignment (SEAL)  [34]  method to multiple conformations of multiple 
molecules. It should be emphasized that, when robust, an alignment method can be 
profitably used not only to prepare compounds for a 3D-QSAR analysis, but also 
to identify and locate potential pharmacophoric groups in a set of structurally 
diverse molecules. The CSI used by Feher and Schmidt were colchicine, CA4, 
allocolchicine ( 6 ), 2-methoxy-5-(2′,3′,4′-trimethoxyphenyl)-tropone (MTC) ( 7 ) 
and 2-methoxyestradiol ( 8 ) ( Chart 5 ).  

 As regards the first four molecules (those supposed to interact most similarly with 
the binding pocket), two basic alignments were identified. In both, colchicine, allo-
colchicine and MTC overlapped in a similar fashion, whereas combretastatin 
assumed two different orientations. In the first superposition, considered more likely 
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to occur according to the program, the A and C rings of combretastatin and colchi-
cine were aligned with each other (an overlay similar to that proposed by Ducki and 
co-workers, as described above); in the second one, the A and C rings of combret-
astatin were aligned, respectively, to the C and A rings of colchicine and of the other 
molecules. Concerning 2-methoxyestradiol, two possible overlaps were found with 
respect to colchicine, though considerably worse than that of the other compounds. 
In fact, in both cases, only for the A ring of 2-methoxyestradiol, a good alignment 
with A or C ring of colchicine was found. As a consequence, the authors proposed 
that the ligand could interact favorably only with a portion of the colchicine site, but 
it was expected to be unable to well fit the entire binding pocket. This was in agree-
ment with the weak antimitotic activity of 2-methoxyestradiol. Since the substitution 
pattern of the A ring of 2-methoxyestradiol is similar to that of the A ring of colchi-
cine, this could be a key element for the inhibition of tubulin polymerization exerted 
by both compounds. However, a higher efficacy of binding should require the proper 
overlap of functional groups at both ends of the molecules. 

 The results achieved by ligand-based approaches described in this section are 
summarized in  Table 1.    

  Table 1    Summary of ligand-based molecular modeling studies in the field of CSI   

 Study  CSI  Main results  References 

 QSAR  CSI encompassing several 
structural classes 

 Biophores for colchicinoids, 
podophyllotoxins and 
combretastatins, indicating 
the main structural features 
responsible for the activity of 
compounds 

  [25]  

 CoMFA  CA4 analogues  Hypothesis of a different phar-
macophore for combret-
astatins and the other CSI 
colchicine, podophyllotoxin 
and phenstatin 

  [26]  

 CoMFA  Quinolones, naphthyridinones  Analysis of the effects of sub-
stituents at different positions 
of the quinolone/naphthyridi-
none scaffold 

  [27]  

 CoMFA  Thiocolchicinoids, allocolchici-
noids, quinolones, naphthy-
ridinones 

 Identification of the portions 
of the scaffolds playing a 
key role on the activity of 
compounds 

  [28]  

 5D-QSAR  CA4 analogues  Receptor models highlighting 
the regions where atomistic 
properties are significantly 
correlated with the activity 
of compounds 

  [31]  

 Alignment  Colchicine, CA4, allocolchi-
cine, 2-methoxy-5-(2′,3′,4′-
trimethoxyphenyl)-tropone, 
2-methoxyestradiol 

 Alignment models for 
compounds under analysis 

  [33]  
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  1.1.3 Structure-Based Approaches to Colchicine Site Inhibitors 

 With the exception of Hamel’s work, the first described below, structure-based mod-
eling studies in the field of CSI started after the determination of the tubulin–colch-
icine complex, reported by Ravelli and co-workers in 2004  [2] . Since then, the 
crystallographic structures of tubulin bound to colchicine (PDB entry: 1SA0) and, to 
a less extent, to podophyllotoxin (PDB entry: 1SA1) were used to dock a huge vari-
ety of tubulin polymerization inhibitors, especially analogues of CA4, within the 
colchicine site. In most cases, docking analyses were aimed at understanding the 
underlying SARs for a given class of destabilizing compounds, but they were also 
applied either for the design of novel antimitotic agents or for the elaboration of a 
structure-based pharmacophoric model codifying the essential structural features 
responsible for the activity of CSI, as reported in the final part of this section. 

 Taken together, structure-based studies on distinct classes of CSI resulted in the 
identification of several residues and interactions (summarized in  Fig. 1b  and  Table 2 ) 
which were supposed to be involved in the binding process.  

  Table 2    Summary of hydrogen bond interactions that modeling studies suggested to occur 
between different CSI and residues of the colchicine binding site   

 Compound or class  Residue  Ligand-tubulin interaction  References 

 Colchicine  Ser  a 178  Amide C=O ---- side chain OH a    [35]  
 Thr  a 179  Amide NH ---- backbone C=O b    [35]  
 Val  a 181  C=O ---- backbone NH   [36–  38]  
 Cys  b 241  2-MeO ---- side chain SH   [38,   39]  
 Lys  b 352  C=O ---- side chain NH 

3
  +    [35]  

 CA4  Thr  a 179  3′-OH ---- backbone C=O   [36,   37]  
 Val  a 181  3′-OH ---- backbone NH   [37,   38]  
 Cys  b 241  4-MeO ---- side chain SH   [38,   40]  

 Imidazoles ( e )  Val  a 181  3′-F ---- backbone NH   [40]  
 Cys  b 241  4-MeO ---- side chain SH 

 Arylcoumarins ( f )  Thr  a 179  3′-OH ---- backbone C=O   [36]  
 Triazoles ( g )  Cys  b 241  3- and 4-MeO ---- side chain SH   [41]  
 Arylthioindoles ( h )  Thr  a 179  Indole NH ---- backbone C=O   [35,   42,   43]  

 Lys  b 352  Ester C=O ---- side chain NH 
3
  +    [35]  

 Benzoylthiophenes ( i )  Leu  b 252  C=O ---- backbone NH   [44]  
 Asn  b 258  2-NH 

2
  ---- side chain C=O 

  9   Thr  a 179  3′-OH ---- backbone C=O   [37]  
 Val  a 181  3′-OH ---- backbone NH 

 MDL-27048  Cys  b 241  5-MeO ---- side chain SH   [39]  
 CSI c   Thr  a 179  D1 d  ---- backbone C=O   [38]  

 Val  a 181  A1 d  ---- backbone NH 
 Cys  b 241  A2 d  ---- side chain SH 
 Ala  b 250  A3 d  ---- backbone NH 
 Asp  b 251  A3 d  ---- backbone NH 
 Leu  b 252  A3 d  ---- backbone NH 

   a Formed during molecular dynamics simulation 
  b Lost during molecular dynamics simulation 
  c CSI belonging to different chemical classes 
  d Features of the common pharmacophore for CSI proposed by Nguyen and co-workers  [38]   
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 The study published in 2000 by Hamel and co-workers, describing an attempt 
to find a potential binding site for colchicinoids on tubulin by means of biochemi-
cal and molecular modeling techniques, can be considered the first structure-
based approach in the field of molecular modeling of compounds targeting the 
colchicine site  [45] . The structure of the tubulin–colchicine complex, and thus the 
exact location of the colchicine binding site, was reported a good 4 years later, 
but this aspect constitutes only an apparent discrepancy, since the Hamel’s study 
was carried out using the straight structure of tubulin in complex with docetaxel, 
available since 1998 (PDB entry: 1TUB)  [46] . The authors found that 2CTC and 
3CTC, two chemically reactive colchicine analogues bearing a chloroacetyloxy 
group in place of the methoxy group at position 2 and 3 of the A ring, respec-
tively, reacted covalently with  b -tubulin, forming adducts with Cys  b 241 and Cys 
 b 356. Such biochemical information was used to assess the reliability of results 
obtained from molecular modeling studies which were aimed at identifying a 
putative binding site for colchicine and its structural analogues. Two potential 
binding sites, both located near the Cys  b 241/Cys  b 356 region of  b -tubulin, 
emerged from the first part of the computational procedure as the most suitable: 
one site, labeled as “site A,” was entirely contained within  b -tubulin, whereas the 
other, referred to as “site B,” was located at the a/ b  interface. However, subse-
quent docking analyses did not provide fully convincing results for both of the 
two proposed binding sites. Such findings led the authors to postulate that the 
colchicine binding site should undergo significant conformational changes that 
may occur either in the transition from the polymerized (straight tubulin) to the 
unpolymerized (curved tubulin) state, or as a consequence of ligand binding. This 
hypothesis was confirmed by the crystallographic structure of the tubulin–
colchicine complex  [2] , which revealed that the movement of several secondary 
structure elements involved in the binding of colchicine is required with respect 
to the straight conformation of tubulin in order to make space available for the 
ligand (Fig. 2). The observed differences between the straight and curved confor-
mation of tubulin are a reason that the colchicine binding pocket, although 
located at the a/ b  interface, differed from sites A and B, proposed by Hamel and 
co-workers on the basis of the straight 1TUB structure.  

 In 2006, Bellina and co-workers reported some docking studies on a series of 
novel imidazole-based CA4 analogues ( e  in  Chart 6 )  [40] . The imidazole ring 
was one of the numerous alternative bridge groups (also including pyrazoles, 
tetrazoles, triazoles, etc.) introduced into CA4 to replace the double bond with-
out losing the  cis -olefin configuration. The authors combined molecular 
mechanics, rigid docking and molecular dynamics to investigate the interactions 
of a set of 1,5- and 1,2-diaryl-1 H -imidazoles with the colchicine binding site. 
All the imidazole ligands showed the same orientation within the binding 
pocket, and the proposed binding models strongly resembled that proposed for 
CA4, with the A and C rings and the two carbon bridge of all ligands tightly 
superimposed each other. The TMP moieties were all located within the same 
hydrophobic pocket as the TMP ring of colchicine; their 4-methoxy groups were 
in hydrogen bond distance from the Cys  b 241 side chain and established favorable 
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hydrophobic interactions with Val  b 238, Leu  b 242, Leu  b 248, Ala  b 250, Leu 
 b 255 and Ala  b 354, constituting the hydrophobic pocket mentioned above. The 
C rings were found to favorably interact with the Asn  b 258 methylene and Ala 
 b 316 methyl groups, which are part of a large pocket also occupied by the C ring 
of colchicine. One of the most interesting ligands ( e1 , labelled as  2g  in  [37] ) 
involved the fluorine atom at position 3′ of the C ring in a hydrogen bond with 
the backbone NH of Val a181 ( Chart 7 ).   

 In a study published by Barbier and co-workers, the X-ray structure of the 
tubulin-colchicine complex was used to establish a structure-activity relationship 
for a restricted set of 4-arylcoumarin analogues of CA4, ( f  in  Chart 6 )  [36] .  f1  and 
 f2  showed an interesting activity, comparable to that of CA4, whereas compound 
 f3 , despite the close structural similarity, was found completely inactive. Complexes 
were generated by simple superposition of ligands on colchicine in the colchicine 
binding site, resulting in the location of the A ring 7-methoxy group of arylcou-
marins, which was superimposed on the TMP moiety of DAMA colchicine, in front 
of Cys  b 241 ( Chart 7 ). The C rings at the opposite end of ligands, although located 
in a similar region of the binding site, showed a very poor overlap. The authors 
highlighted the relevance of hydrogen bond interactions between the ligands under 
analysis (and, more generally, all CSI) and two residues of the tubulin subunit 

  Fig. 2    Superposition of the straight (1TUB structure,  light colors ) and curved (1SA0 structure, 
 bright colors ) conformation of tubulin. As in  Fig. 1 ,  a - and  b -tubulin are represented as yellow and 
magenta ribbons, respectively; DAMA-colchicine and GTP are still represented as  sticks . In the 
straight conformation, the colchicine binding site is partially buried by secondary structure ele-
ments of  b -tubulin and by residues of the  a  subunit. This is the structural reason accounting for the 
fact that the colchicine binding site can not properly be identified in the straight conformation and 
that curved tubulin cannot adopt a straight conformation when colchicine or another CSI is bound       
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  Chart 6    Representative structures of CSI used in different structure-based molecular modeling 
studies: imidazole-based ( e ), 4-arylcoumarin ( f ) and triazole-based ( g ) CA4 analogues; arylthio-
indoles ( h ) and benzoylthiophenes ( i )       
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(namely, Thr a179 and Val a181) for the binding to the colchicine pocket. In fact, 
the carbonyl group of colchicine could form a hydrogen bond with the backbone 
NH of Val a181, whereas the hydroxy group at 3′ position of compounds  f1 ,  f2  and 
CA4 could establish a hydrogen bond with the backbone carbonyl of Thr a179. The 
reasons for the inactivity of compound  f3  were not explicitly discussed, though they 
seemed to lie in the lack of a hydrogen bond donor group at 3′ position, that could 
prevent the ligand from establishing a key hydrogen bond interaction with the col-
chicine site. 
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  Chart 7    Schematic representation of the colchicines binding mode and of the binding models 
proposed for different classes of CSI on the basis of docking studies. The pocket embedding the A 
ring of colchicine is entirely located within the  b -tubulin subunit, whereas the pocket interacting with 
the C ring consists of residues belonging to both  a - and  b -tubulin. All the hydrogen bond interactions 
proposed by different studies for colchicines and CA4 are displayed (see also  Table 2 )       

 A detailed analysis of interactions with the colchicine binding site was recently 
reported for a series of triazole-based analogues of CA4 ( g  in  Chart 6 ), where the 
1,2,4-triazole ring was selected to retain the  cis -olefin configuration of the parent 
compound  [41] . Docking and molecular dynamics simulations were performed on 
the most potent compound ( g1 , labelled as 7 in  [39] ) of the series to investigate its 
binding mode. Analysis of the resulting complex revealed that  g1  mostly interacted 
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with  b -tubulin, but also some residues of the a subunit participated to the ligand 
binding. In detail, the TMP ring was embedded in the hydrophobic pocket occupied 
by the A ring of colchicine (van der Waals contact with Leu  b 248, Val  b 318, Thr 
 b 353 and Ile  b 378) and the methoxy oxygen atoms at position 3 and 4 resulted 
located at hydrogen bond distances from the SH group of Cys  b 241. The indole ring 
occupied a second hydrophobic region (bounded by Ala a180, Val a181, Lys  b 254, 
Asn  b 258, Met  b 259, Val  b 351 and Lys  b 352), whereas the triazole N2 atom was 
found to interact with the Lys  b 254 side chain. 

 In recent years  [35,   42,   43] , Silvestri and co-workers reported the synthesis and 
the biological evaluation of different series of arylthioindoles (whose general struc-
ture  h  is reported in  Chart 6 ), as inhibitors of tubulin polymerization. The rationale 
behind the synthesis of such compounds was that the indole nucleus and the sulfur 
atom were separately contained in a large number of tubulin destabilizing agents, 
but no arylthioindoles had been reported to inhibit tubulin polymerization until 
then. Remarkably, several of the newly synthesized derivatives exhibited significant 
biological activities, and the trimethoxy substitution (R 3  = R 4  = R 5  = OMe) emerged 
as a key structural element. The binding model at the colchicine site, proposed on 
the basis of preliminary docking studies, involved the location of the TMP moiety 
in close contact with Cys  b 241, with an orientation very similar to that of the cor-
responding ring of DAMA-colchicine  [42] . On the other edge of the molecule, the 
benzene ring of the indole nucleus occupied the same region of the tropone ring of 
colchicine, while the indole NH was found to establish a hydrogen bond with the 
backbone carbonyl of Thr a179. 

 This binding mode was partially revised by subsequent molecular modeling 
studies performed on a second series of arylthioindoles and involving both docking 
and molecular dynamics simulations  [35] . In the new pose, exemplified by com-
pound  h1 , the TMP moiety tightly overlapped with that of the previously proposed 
conformation in proximity to Cys  b 241, and the indole NH still established a 
hydrogen bond with Thr a179 ( Chart 7 ). However, the indole ring was nearly 
flipped, thus directing the ester function at the opposite side with respect to the old 
pose, at hydrogen bond distance from Lys  b 352. The interaction with Cys  b 241 and 
the hydrogen bond with Thr a179 appeared crucial for binding, since a derivative 
unable to establish them was found (and predicted) to possess decreased biological 
activity. The same computational procedure was also applied to colchicine: the 
TMP ring resulted embedded within the hydrophobic pocket already described, 
establishing strong interactions with Leu  b 248 and Leu  b 255, while its methoxy 
group at C3 was in close proximity to Cys  b 241. The ligand was also engaged in 
two hydrogen bonds, the first between the carbonyl group of ring C and Lys  b 352, 
and the second between the amide NH group and Thr a179 (the same residues sup-
posed to interact with arylthioindoles, as shown in  Chart 7  and  Table 2 ). However, 
during the simulation this hydrogen bond was lost and replaced by a similar interac-
tion between the amide carbonyl group and the hydroxyl group of Ser a178. 

 The putative binding model of arylthioindoles described above was further con-
firmed by docking simulations on a third series of compounds synthesized by the 
same group  [43] . 
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 Docking simulations were also performed to explore the possible binding modes 
for a series of 2-amino-3-(3′,4′,5′-trimethoxybenzoyl)-thiophenes ( i  in  Chart 6 ), 
reported in 2006 as a novel class of CSI  [44] . The most active compound of the 
series, namely  i1 , was docked into the colchicine site of tubulin (1SA0 structure) 
and its orientation was compared to that of DAMA-colchicine. The TMP moiety of 
the ligand superimposed well on the corresponding ring of the reference compound 
and shared with it the same hydrophobic pocket. Interestingly, the other molecular 
edge was directed at the opposite side of the binding pocket with respect to the C 
ring of DAMA-colchicine (up to interact with Gln a11), in a region that has been 
poorly involved so far in the binding of CSI. The complex was stabilized by two 
hydrogen bonds between the C2 amino group and the Asn  b 258 side chain, and 
between the carbonyl group and the backbone NH of Leu  b 252 ( Chart 7 ). 

 As anticipated, the crystallographic structure of the colchicine binding site was 
also used for the in silico evaluation and rational design of novel CSI. In 2005, 
Brown and co-workers reported the discovery of a boronic acid bioisostere of CA4 
by means of structure-based molecular modeling studies  [37] . Using the 1SA0 
structure as template, the authors initially proposed a potential binding model for 
CA4 and compared it with the pose of the co-crystallized DAMA-colchicine. As a 
result, the binding modes of the two agents were found very similar, in good agree-
ment with the alignments proposed by ligand- and structure-based approaches 
previously described  [31,   33,   40] . In fact, both TMP and phenyl rings in the putative 
binding model of CA4 adopted an orientation very similar to that of the A and C 
rings of DAMA-colchicine, respectively, and the position of the methoxy substitu-
ent on ring C closely resembled that of the corresponding group of the reference 
compound. The hydroxy group of CA4 was located in close proximity to the carbo-
nyl oxygen of colchicine, both groups being able to form a hydrogen bond with the 
backbone NH of Val  a 181. Moreover, the hydroxy group of CA4 was involved in 
a second hydrogen bond with the backbone carbonyl of Thr  a 179, though with a 
sub-optimal geometry in terms of distance. Subsequently, structure-based modeling 
was also used to hypothesize that a boronic acid moiety could mimic the 3′-hydroxy 
group of CA4 very well. More precisely, docking analysis of the 3′-substituted 
boronic acid bioisostere of CA4 ( 9  in  Chart 8 ) suggested a binding mode analogous 
to that described above for CA4, with one of the hydroxy groups of the boronic acid 
located in a position very similar to that of the hydroxy group of CA4 and still able 

  Chart 8    Chemical structures of the CA4 boronic acid bioisostere ( 9 ) and of MDL-27048. The 
former was proposed by a structure-based molecular modeling study, the latter was used to elabo-
rate a virtual screening protocol for the identification of novel chalcone CSI       
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to establish a hydrogen bond with the backbone NH of Val  a 181 ( Chart 7 ). The 
second hydroxy group of the boronic acid formed a hydrogen bond with the back-
bone carbonyl of Thr  a 179. Taken together, modeling studies suggested that  9  
could be a potent CSI, and these findings were actually confirmed by biological 
assays, in which  9  exhibited a potency comparable to CA4, thus representing a new 
class of potent CA4 analogues.  

 An interesting structure-based molecular modeling approach for the design of 
novel CSI was described in 2006 by Seong and co-workers  [39] . Authors proposed 
a binding model for the chalcone derivative MDL-27048 (a competitive inhibitor 
for colchicine and podophyllotoxin,  Chart 8 ) and applied the model for the design 
of novel antimitotic agents. Binding of MDL-27048 to the colchicine site, as result-
ing from docking experiments, involved several amino acid residues, mostly 
through van der Waals interactions, similarly to colchicine and podophyllotoxin. In 
detail, the 2,5-dimethoxyphenyl moiety was placed in the hydrophobic pocket 
occupied by the TMP ring of colchicine, in contact with residues Cys  b 241, Leu 
 b 242, Leu  b 248, Ala  b 250, Leu  b 255, Ala  b 316, Val  b 318, and Ile  b 378. On the 
other hand, the 4′-dimethylamino phenyl moiety was located in the same region as 
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  Chart 9    Schematic representation of the principal microtubule stabilizing agents (MSAA): 
paclitaxel ( 10 ) and docetaxel ( 11 ), epothilones A–D ( 12–15 ), discodermolide ( 16 ), eleutherobin 
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the tropone ring of colchicine, interacting with Met  b 259, Ala  b 316, and with the 
alkyl portion of the Lys  b 352 side chain. The C5-methoxy group corresponded to 
the C2-methoxy substituent of the A ring of colchicine, and likewise established a 
polar interaction with Cys  b 241 ( Chart 7  and  Table 2 ). The binding model proposed 
for MDL-27084 properly matched a simple pharmacophoric model derived from 
the analysis of colchicine and podophyllotoxin interactions with tubulin (1SA0 and 
1SA1 structures, respectively), consisting of two hydrophobic centers and one polar 
interaction site. The hydrophobic features of the pharmacophore corresponded to 
the A and C rings of the template ligands, while the polar interaction feature repre-
sented the interaction between the C2-oxygen of the A ring of colchicine and Cys 
 b 241. The analysis of complexes between tubulin and MDL-27084, colchicine and 
podophyllotoxin revealed the presence of an additional cavity within the colchicine 
binding site, mainly defined by residues Val  b 238, Leu  b 242 and Leu  b 255. The 
proposed pharmacophore was combined with such receptor shape information and 
used for the virtual screening of a 3D small molecule database consisting of 9720 
chalcone compounds. The screening resulted in the selection of 24 candidates, 
among which 5 interesting agents emerged. Interestingly, a proper fit into the addi-
tional binding pocket emerged as crucial in modulating the activity of chalcones 
under study, the most potent compounds being characterized by a more thorough 
occupation of this region. These findings led the authors to suggest that for the 
design of novel CSI careful consideration should be given to the size of the moiety 
fitting the newly identified binding pocket.  

 Both ligand- and structure-based studies described here give an idea of the wide 
structural variety which characterizes CSI. As anticipated above, this aspect arises 
the crucial question what are the essential molecular determinants for binding to the 
colchicine site and thus what are the relevant interactions accounting for the activity 
of microtubule destabilizing agents. The most important attempt to answer this 
question has been made by Nguyen and co-workers, who used the X-ray structure 
of the tubulin–colchicine complex to determine the binding models for a set of 
structurally different CSI. From such models they derived a common, structure-
based pharmacophore which delineated the key structural and functional features 
for inhibition  [38] . This work is reported at the end of this section as a sort of sum-
mary, since differently from most studies in this field, it involved a number of 
structurally diverse CSI and identified most of the molecular features and interac-
tions separately described by the studies previously reported. 

 Authors selected a representative set of fifteen CSI, including colchicine, podo-
phyllotoxin and CA4, and proposed a binding model for all of them, using the 
crystallographic structures of colchicine and podophyllotoxin bound to tubulin as 
templates. Analysis of putative binding models revealed that all CSI were charac-
terized by a biplanar conformation and occupied a similar space within the colchi-
cine site, the TMP moieties being buried in the  b -tubulin subunit. The binding 
mode proposed for CA4 was very similar to that of colchicine, with the TMP and 
phenyl rings of the former closely overlapped to the A and C rings of the latter. 

 The binding models of the 15 ligands were used to derive a 7-point pharmacoph-
ore connecting the different structural classes of CSI, based on consistent structural 
features and recurring tubulin–ligand interactions. As shown in  Fig. 3a , the common 
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pharmacophore consisted of three hydrogen bond acceptors (labelled as A1, A2 and 
A3), one hydrogen bond donor (D1), two hydrophobic centers (H1 and H2) and one 
planar group (R1). H2 and R1 points represented the rigid portion of the molecular 
scaffold, while features A1, A2, A3, D1 and H1 represented critical interactions with 
the protein ( Figs. 4b  and  4c ), thus being responsible for binding specificity. Due to 
their very high frequency in all binding models, A2, H1, H2, and R1 emerged as 
essential features for inhibitory activity at the colchicine site. It should also be noted 
that, while all 15 CSI were characterized by 5 or 6 pharmacophoric points, none pos-
sessed all of them, suggesting that the discovery of more potent tubulin destabilizing 
agents could be a feasible task.  Fig. 3  also displays the interactions of the pharma-
cophoric points with tubulin. The hydrophobic point H1 (usually corresponding to a 
methoxy carbon atom) was at van der Waals contact with the side chains of Val  a 181 
and Met  b 259. H2 (often matched by the TMP ring) was located within the hydro-
phobic pocket interacting with the TMP moiety of colchicine and podophyllotoxin, 
and established hydrophobic contacts with the side chains of Leu  b 255, Ala  b 316, Val 
 b 318 and Ile  b 378. The planar group feature R1 was embedded into a second hydro-
phobic pocket in correspondence of ring C of colchicine and podophyllotoxin. 
Hydrogen bond acceptor and donor points represented hydrogen bonds with the back-
bone NH of Val  a 181 (A1), SH of Cys  b 241 (A2), backbone NH of either Ala  b 250, 
Asp  b 251 or Leu  b 252 (A3), carbonyl backbone of Thr  a 179 (D1).   

 Most of the interactions codified by the seven-point pharmacophore were consistent 
with those found to be involved in the binding of CSI by the studies described above, 
thus confirming the key role they are expected to play in determining the potency of 
this class of antimitotic drugs. Finally, it should be emphasized that, besides constitut-
ing an important contribution to the understanding of interactions relevant to the bind-
ing process, this study also provided valuable insights for the rational design and 
modification of tubulin destabilizing agents targeting the colchicine site.   

    Fig. 3a,b  Common seven-point pharmacophore for CSI.  a  Pharmacophoric points within the 
colchicine binding site together with the most important residues involved in interactions with 
them.  b  Colchicine is able to map five features, while podophyllotoxin ( c ) matches six points. The 
figure has been generated from the 1SA0 and 1SA1 structures of PDB, using the information 
provided by the paper of Nguyen and co-workers  [38]        
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  1.2  Molecular Modeling on Compounds Targeting 
the Vinca Alkaloid Binding Site 

 Vinblastine ( 4  in  Chart 1 ) and its congeners are dimeric indole alkaloids derived 
from  Catharanthus (Vinca) roseus . Nowadays, the vinca alkaloids constitute an 
important class of widely and successfully used anticancer agents that inhibit tubu-
lin polymerization  [8] . 

 The exact binding site of vinca alkaloids remained unknown until 2005, when 
the crystal structure of vinblastine bound to tubulin complexed with colchicine 
and with the stathmin-like domain of RB3 was determined (PDB entry: 1Z2B) 
 [3] . The structure revealed that vinblastine binds to curved tubulin at the interface 
between two  a / b -tubulin heterodimers (interdimer interface,  Fig. 4 ), introducing 
a wedge that interferes with tubulin assembly. The vinblastine binding site is 
defined by loop T7, helix H10 and strand S9 in the  a  subunit of the first het-
erodimer, and by helix H6 and loops T5 and H6–H7 in the  b  subunit of the second 
heterodimer. In microtubules, this region is located toward the inner lumen and is 

  Fig. 4     Left , location of the vinblastine and colchicine binding sites in tubulin (1Z2B structure). 
 a - and  b -tubulin are represented as  yellow and magenta ribbons , respectively; vinblastine and 
DAMA-colchicine are represented as  green and cyan spheres , respectively; GTP and GDP are 
represented as  pink sticks . Vinblastine binds at the interdimer interface, whereas colchicine binds 
at the intradimer interface.  Right , zoom on the vinblastine binding site. Secondary structure ele-
ments contacting vinblastine are  colored blue        
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involved in longitudinal contacts between protofilaments. Vinblastine interacts to 
a similar extent with both tubulin heterodimers and it is oriented so that both its 
catharanthine and vindoline moieties are in contact with them. It is worth noting 
that, differently from the colchicine (and also paclitaxel) binding site, which are 
mainly embedded within a tubulin heterodimer, the vinca alkaloid site is located 
between two different heterodimers. However, despite binding at a different site 
with respect to colchicine, vinblastine as well introduces curvature into tubulin 
and tubulin assemblies whose final outcome is the inhibition of tubulin polymeri-
zation to microtubules. 

 The number of molecular modeling studies on vinca domain inhibitors is 
extremely restricted, presumably due to the high structural complexity of such 
compounds. To the best of our knowledge, the only modeling studies reported in 
this field focused on the localization of the binding site of antimitotic peptides and 
depsipeptides targeting the peptide site of the vinca domain  [47] . 

 A combination of molecular dynamics simulations and docking experiments was 
used by Sept and Mitra to identify the tubulin binding site for peptides cryptophycin 
1, cryptophycin 52, dolastatin 10, hemiasterlin and phomosin A, all targeting the 
vinca domain  [48] . These compounds exhibited mutual competitive inhibition in 
binding to  b -tubulin, while noncompetitively inhibiting the binding of vinblastine 
and vincristine. Molecular dynamics simulations were first performed on the 1JFF 
structure  [49] , extracting representative conformations of  b -tubulin at regular inter-
vals to capture the flexibility of the protein. Blind docking experiments were then 
carried out for all peptides under analysis on all sampled structures, resulting in the 
identification of a consensus high-affinity site in  b -tubulin, bounded by residues Ser 
 b 174, Lys  b 176, Val  b 177, Asp  b 179, Asn  b 206, Glu  b 207, Tyr  b 210, Asp  b 211, 
Phe  b 214, Pro  b 222 and Tyr  b 224. Interestingly, a similar result has been obtained 
a few years before also by Barbier and co-workers, who used molecular modeling 
tools to identify a putative binding site for cryptophycin 52 on tubulin  [50] . Docking 
experiments in this case were focused on a specific region of the 1TUB  [46]  het-
erodimer (not on the entire macromolecule), and located the synthetic peptide in a 
binding pocket containing residues 206–227 of  b -tubulin. The identification of a 
common binding site for all the peptides was in good agreement with experimental 
data, showing that the compounds competitively inhibited each other. Further, this 
binding site also accounted for the observed resistance to some vinca domain drugs 
associated with the Ser172Ala point mutation, since docking experiments on the 
Ser172Ala mutant tubulin indicated a significant decrease of affinity toward the 
proposed binding site.  Figure 5  displays the residues supposed to be involved in the 
binding of peptides relative to the vinblastine binding site (1Z2B structure). It can 
be seen that the predicted binding pocket for peptides was located at the interface 
with  a -tubulin, similarly to the vinblastine site. As hypothesized by the authors, the 
binding of peptides to  b -tubulin could interfere with the addition of tubulin het-
erodimers at the end of straight protofilaments due to steric clashes, or could induce a 
curvature in the protofilaments with consequent loss of lateral interactions and, ulti-
mately, microtubule destabilization.    
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  2 Molecular Modeling on Microtubule Stabilizing Agents  

 Microtubule stabilizing (Chart 9) antimitotic agents (MSAA) interact with tubulin 
with a peculiar mechanism of action, different from that of microtubule destabiliz-
ing agents. MSAA are often referred to as mitotic spindle poisons, because of their 
ability to block cells during the mitosis process  [51] . The class of stabilizing agents 
collects molecules with a very different chemical structure, and all of them are 
natural compounds or semi-synthetic derivatives. The first compound found to 
stabilize microtubules was paclitaxel ( 10 , PTX, Taxol®). In the early 1960s , the 
antileukemic and cytotoxic activity of taxus ( Taxus brevifolia ) extracts were 
reported  [52] , and in 1979 Horwitz discovered the mechanism of action of paclit-
axel consisting in promoting tubulin assembly in microtubules  [53] . The paclitaxel 
binding site was identified in a specific location on the  b -subunit of tubulin dimer. 

 After the identification of the paclitaxel mechanism of action, several additional 
microtubule stabilizing agents were discovered from natural sources ( Chart 9 ). 
Among them, epothilones ( 12 – 15 ) are the most studied and characterized. 
Epothilones A and B ( 12 ,  13 ) were first isolated by Höfle and coworkers  [54]  from 
a myxobacterium ( Sorangium cellulosum  strain 90) in 1993, while their activity in 
stabilizing microtubule similarly to paclitaxel was reported for the first time by 
Bollag and co-workers in 1995  [55] . Experiments with radio-labeled paclitaxel 

  Fig. 5    Interaction of antimitotic peptides and depsipeptides with the vinca domain with respect 
to the vinblastine binding site (1Z2B structure). Residues supposed to interact with the peptides 
are represented as  blue sticks , vinblastine is represented as  green sticks . Tubulin ribbons are 
 colored  as in  Fig. 4        
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confirmed that both molecular classes compete for the same binding site in the 
 b -tubulin subunit. In 1996, discodermolide ( 16 ) was isolated from a marine sponge 
( Discodermia dissoluta ) and it was found to act with a mechanism of action similar 
to paclitaxel  [56] , being more potent at nucleating tubulin assembly  [57] . Other 
classes of stabilizing agents were isolated from different marine species. 
Eleutherobins ( 17 ) were extracted from a soft coral from Indian Ocean (gen. 
 Eleutherobia ), while sarcodictyins ( 18 ) from a coral from Mediterranean sea 
( Sarcodictyon roseum )  [58,   59] . Moreover, a marine sponge ( Cacospongia mycofi-
jiensis ) from Pacific Ocean provided laulimalide ( 19 ). Finally, the last molecule to 
be identified with a similar mechanism of action was peloruside A ( 20 ), a second-
ary metabolite isolated from a New Zealand marine sponge ( Mycale hentscheli ). 
While sharing the same mechanism of action, all these molecules differ by pharma-
cological profile as well as relative potency against P-gp resistant cell lines  [60] . 

 The structures of most important MSAA are reported in  Chart 9.  

  2.1 Molecular Modeling on Paclitaxel and Taxanes 

 Paclitaxel was object of intense investigations focused on its chemical properties 
(i.e., the structural complexity and the low water solubility), as well as the induced 
resistance acquired by some cell lines upon treatment  [61–  63]  of different cancer 
types (mainly ovarian  [64] , breast  [65]  and lung  [66]  carcinomas). Activity of pacli-
taxel was proved to be related both to the baccatin core and to the side chains, with 
a major role played by the C–13 and C–2 benzoyl moieties. In particular, the bac-
catin scaffold was suggested to be involved in holding in place and correctly point-
ing substituents and chains  [63] . Many theoretical (from molecular modeling to ab 
initio  [67,   68] ) and experimental (NMR, X-ray crystallography) structural studies 
were performed to explore the taxoid conformational space, in order to obtain 
information on the behavior of ligands into the binding cavity. The first experimen-
tal information on the 3D structure of taxoids and their conformations was obtained 
by X-ray diffraction of docetaxel ( 2 )  [69] . However, all the ligand-based approaches 
on taxanes were unable to clarify their binding mode. The NMR approaches as well 
as in silico conformational studies were found to be insufficient to account for pos-
sible conformations of taxanes because of numerous degrees of freedom associated 
to their side chains. Moreover, the mainly hydrophobic properties of the side chains 
influenced their conformational behavior in different solvents. All the NMR data 
for paclitaxel and docetaxel, indeed, led to the hypothesis of a single or few strongly 
dominant conformations  [70] . Suc h conformations were obtained by application of 
a variant of restrained molecular dynamics (r-MD)  [71,   72]  to find results that sat-
isfy experimental coupling constants. The most important conformations of paclit-
axel proposed as bioactive ( Chart 10 ) are referred to as: (1)  polar : this conformation 
corresponds to the paclitaxel crystal structure  [73]  and was also obtained by NMR 
experiments performed in polar solvents  [74,   75]  – this conformation is character-
ized by hydrophobic interaction between the C–3′ phenyl group and the benzoyl 
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group at C–2; (2)  non-polar : this conformation is found in the docetaxel crystal 
structure  [76]  and in NMR experiments performed in apolar solvents  [77,   78]  – in 
this conformation, apolar groups at the NH C–3′ apolar substituent are in close 
contact with the group at C–2 position; (3)  T-shape : this conformation, also known 
as “butterfly structure”  [79]  is different from the previous ones because of the pecu-
liar arrangement of the two C–3′ apolar substituents lying approximately at same 
distance from the C–2 benzoyl group, which is placed between of them (therefore 
the T-like shape).  

 Aromatic groups are suggested to interact with each other: both polar and non-
polar conformation, indeed, can undergo to hydrophobic collapse of C2 and one of 
C3′- phenyl rings  [70] . 

 The T-shape conformation was initially hypothesized as one of the possible 
paclitaxel conformations in chloroform, obtained by clusterization of a Monte 
Carlo conformational search  [36] , but no ultimate conclusion about the bioactive 
form could be obtained solely from the ligand-based studies. Eventually, this con-
formation was identified as the most promising one to fit into the electron crystal-
lography (EC) density map of paxlitaxel-bound structure  [79] . 

 In 1994, Erickson and co-workers  [80]  performed a 2 ns molecular dynamics 
(MD) simulation combined with NOE data  [70,   71] , investigating the conforma-
tional space of paclitaxel. Using the Discovery software  [81] , the Feedback-
Restrained MD (FRMD) protocol was designed, implementing a multistage 
simulated annealing composed by a short heating stage (from 50 to 2000 K), a 
main restrained MD (NOE armonic  restraints), and a short cooling stage (from 
2000 to 50 K). The two most representative conformations were identified by the 
alignment of the C–13 chain with respect of the baccatin core, referred to as CI 
and CII. The former was a quasi-linear conformation stabilized by a hydrogen 
bond between the 2′–OH and the 3′-amide carbonyl oxygen atom, and believed 
to be the most similar to the binding conformation. In the latter, the 2′–OH 

  Chart 10    Three main paclitaxel conformations as reported by Snyder and co-workers: ( a ) polar 
conformation; ( b ) apolar conformation; ( c ) T-shape. The angles  f 1 and  f 2 correspond to the 
improper torsion angles O–C2–C3′-N(Bz) and O–C2–C3′–C(Ph), respectively       
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interacted by hydrogen bond with the 4-OAc oxygen atom, in a collapsed form 
preferred in solution state. 

 When more paclitaxel derivatives were available, it was possible to apply QSAR 
approaches. On the basis of conformational studies and biological data, in 1999 
Snyder and co-workers, designed a semi-qualitative model  [82]  applying the 
minireceptor approach  [83] . A series of 12 paclitaxel derivatives were overlapped 
in the non-polar conformation, forming the template on which the model was built. 
This template (also referred to as a training set) also included several epothilone 
derivatives, recently reported at that time. The low energy conformation of epothi-
lone B ( 13 ), obtained from a Monte Carlo conformational search in water as the 
solvent, was used to model all the epothilone derivatives, which were in turn 
aligned on paclitaxel structure by a steric and electrostatic alignment approach 
(SEAL  [34] ). By means of PrGen software  [83] , the QSAR minireceptor model was 
built around the training set, surrounding it by 20 aminoacids selected from pho-
toaffinity labeling data  [84,   85] . Biological data necessary to build the model were 
obtained adapting different biological data from literature  [82] . A further set of 
molecules constituted the test set on which predictivity of the QSAR model was 
tested. Both training and test set comprised a total of 26 taxanes and epothilones. 
Accordingly to the minireceptor protocol  [83] , the ligand–amino acids complex 
was optimized with a multistep equilibration process, to maximize the correlation 
function between biological data and 3D structural information of the model. The 
resulting model provided a good correlation (r = 0.99) and a low  D G rms 
(0.2 kcal mol −1 ), with good predictive results toward the test set. It was also able to 
account for many of SAR data available at that time. Essentially, the model aligned 
the two molecular cores in such a way as the epoxide ring of epothilones over-
lapped the oxetane ring of paclitaxel, while the thiazole ring of epothilones matches 
the C–2′ phenyl ring on the C–13 chain of paclitaxel. 

 In the same year, the team of Viterbo and co-workers  [68]  performed a confor-
mational study on the C–13 side chain, by employing Hartree-Fock ab initio and 
PM3 semiemipirical calculations, evaluating both aqueous and non-aqueous solu-
tion conformations previously reported  [75] . The apolar gas-phase conformation 
was found to be in agreement with the NMR and molecular mechanics data  [75] , 
and compatible with the recently reported structure from electron crystallography 
 [46] . Stabilization of that conformation was ascribed to a potential hydrogen bond 
between NH and OH groups on the C–13, as well as the minimization of the steric 
repulsions, while the C3′ bulky hydrophobic group (i.e., the phenyl of paclitaxel  10  
and  t -butyl of docetaxel  11 ) lies between the polar groups on the remaining part of 
side chain and the apolar solvent molecules. 

  2.1.1  The First Electron Crystallography Structure of  a , b -Tubulin/
Paclitaxel Complex 

 A great step forward was made in 1999 when Nogales and co-workers published 
the first structure of the complex between paclitaxel and tubulin heterodimer, 
obtained by EC  [46] . On this basis, the interactions between the ligand molecule 
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and the protein receptor could be investigated with sufficient level of detail. In spite 
of the insight in clarifying the molecular complementarity and alignment of paclit-
axel in respect to the binding site, this model suffered from a series of limitations 
admitting a certain degree of uncertainty about fine details. The major limitation 
was the low resolution (3.7 Å) of the structure. Another issue was the presence of 
docetaxel ( 11 ) in place of paclitaxel  (10 ). In fact, docetaxel was not determined by 
experimental methods, but was obtained by fitting the crystal structure of docetaxel 
directly into the electron density of paclitaxel  [46] . Therefore, many research 
groups designed computational protocols to refine structural data from the EC 
model, in particular to identify the exact conformation of the bound ligand  [79,   80, 
  86,   87]  by also analyzing various bridged paclitaxel derivatives  [76,   88–  91] . 

 In 2001, Snyder and co-workers performed molecular modeling simulations 
combining the experimental data available at that time on the paclitaxel conforma-
tion, and the EC density data of the tubulin structure  [79] . A set of paclitaxel con-
formers derived from X-ray crystal structures, NOE data and a large number of 
computer-generated conformers of paclitaxel and derivatives  [74,   75,   77,   78,   92–
  96]  were fitted into the ligand EC density map of protein complex. This conformer 
ensemble included the polar and non-polar conformations. The most promising 
pose was refined within the protein coordinates reported in the structure deposited 
at the Brookhaven Protein Data Bank entry 1TUB  [61]  by restricted low-temperature 
MD and force-field optimization to fit within the experimental density. The final 
result provided evidence that the T-shape conformation was the most reliable to fit 
into the density map, confirming the stabilizing role of the His b 229  [46,   79]  
(accordingly to the 1JFF residue number) placed among the two aromatic C–2 
benzoyl and C–3′ benzamido groups ( Chart 11 ). As a protocol validation, a random 
conformation of paclitaxel was docked by the DOCK program  [97]  into the binding 
pocket, obtaining a lowest energy conformation very close to the T-shape. The 
model proposed that the ligand–protein complex involves hydrophobic interactions 
and hydrogen bonds, identifying residues accountable for ligand stabilization. 
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The 3′-benzamido, 3′-phenyl and 2-benzoyl groups engaged corresponding hydro-
phobic pockets formed by helices H1, H6, H7, and the loop between H6 and H7. 
The C–4 acetate was placed in a relatively large cleft formed by hydrophobic resi-
dues (Leu b 230, Ala b 233, Phe b 272, Pro b 274, Thr b 276, Leu b 286, Leu b 291, 
Pro b 360, Leu b 371, and Ser b 374). The baccatin core interacted with Pro b 360 and 
Leu b 371 of the B9–B10 loop.   

  2.1.2 The Oxetane Issue 

 In the past years, the role of the oxetane ring of paclitaxel has been the object of 
debate and different hypotheses were proposed to account for biological data which 
were sometimes in apparent contradiction. Due to uncertainty related to the low 
resolution of the EC model, modeling studies played a major role in investigating 
the influence on activity of this peculiar chemical moiety of paclitaxel. Before the 
availability of reliable atomic coordinates of paclitaxel–tubulin complex, the oxe-
tane oxygen was considered as a main feature in the very first minireceptor model 
 [82]  because of its ability to be a hydrogen bond acceptor in the QSAR model. 
Experimental data proved that the oxetane oxygen is able to engage hydrogen 
bonds with both acetone solvent molecule and C–3′ hydroxy group of another 
paclitaxel molecule when packed in the solid state crystal  [98] . But in the first 
tubulin structure (1TUB)  [46] , solved at 3.7 Å, the oxetane ring was located in a 
very unfavorable position with respect to the Thr b 276, with its oxygen atom at 
4.6 Å from the backbone nitrogen. Molecular modeling simulation performed by 
Snyder and co-workers  [99]  on this structure led to the conclusion that the role of 
this ring could be considered as marginal in the overall binding of the baccatin core 
into the receptor cavity. According to the docking results on compound  21  ( Chart 
12 ), its main function is limited to rigidify conformation of remaining rings in the 
baccatin macrocycle, correctly pointing the C–2, C–4 and C–3′ side chains toward 
receptor surface  [99] . Docking calculations of compounds bearing NH ( 22 ) or sul-
fur ( 23 ) atoms in place of the hydrogen bond acceptor oxygen ( Chart 12 ) showed 
no significant differences in the predicted binding mode, but these compounds were 
found to be inactive. Estimation of both binding and solvation energies and QSAR 
minireceptor model predictions seemed to suggest that the presence of the oxygen 
atom does not favor the interaction with tubulin. Moreover, considering that the 
substitution of the oxetane with a cyclopropane ring led to a compound as active as 
paclitaxel  [100] , it may be summarized that the oxetane ring could contribute prof-
itably to the interactions of a ligand with tubulin, while it is not absolutely required. 
Limitations of the minireceptor model required further modifications  [99,   101]  to 
compensate the errors in activity estimation of oxetane-derivatives and a series of 
D-seco paclitaxel analogues ( 24–26 ).  

 Derivatives designed to lack the oxetane by opening the D ring, indeed, led to an 
increased unfavorable steric hindrance between ligands and protein, that minirecep-
tor was not able to account for, overestimating their activities. This steric effect was 
included in the minireceptor by means of the implementation of additional 
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aminoacids in the region responsible for the overestimation. Results from MD 
simulations performed in the refinement suggested that the C–4 acetyl group could 
also play an important role in stabilizing the overall baccatin core. 

 In 2000, Zamir and Wu investigated on the binding mode of other D-seco ana-
logues, taxuspine D and derivatives  [75] , a series of paclitaxel-like structures lack-
ing both the D ring and the C–13 side chain ( Chart 13 ). They determined that not 
only was the paclitaxel C–13 side chain not essential, but also that oxetane D ring 
could be replaced by opportune side chain, leading to a slight decrease of activity 
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of tubulin polymerization  [102] . The  b -tubulin subunit from the 3.7 Å resolution 
dimer structure  [46]  was used as the starting point for docking calculations. 
Complex between the  b -subunit and docetaxel was refined by a progressive relax-
ing protocol in explicit solvent model with the Discovery/InsightII suite  [81] . The 
bound docetaxel ( 11 ) conformation from the final structure was used as template to 
build taxuspine D ( 27 ), 5-decinnamoyltaxuspine D ( 28 ), and a novel compound 
( 29) . These molecules were rigidly docked by means of DOCK, together with 
paclitaxel ( 10 ) as reference.  

 Complexes with the best intermolecular energy scores were chosen for further 
flexible refinement by MD simulations, using the Discovery software, allowing all 
the residues within 10 Å from the ligand to move freely. The simulation was per-
formed for 6 ps at 350 K. As a result of calculations, the 5-cinnamoyl side chain of 
taxuspine D ( 27 ) should mimic the C–13 side chain of paclitaxel, resulting in a 
completely different alignment with respect to the baccatin core. The structural 
effect of oxetane D ring could be replaced by the C–12–C–13 double bond. The 
interaction energy trend derived from this alignment was in agreement with the 
biological activity, decreasing from paclitaxel to taxuspine D and 5-decin-
namoyltaxuspine D. 

 At present, the controversial role of the oxetane in taxanes is considered not to 
be so essential as supposed in the past, due to the increase in biological data avail-
ability for paclitaxel derivatives, especially taxuspine and derivatives lacking this 
feature. Its main role is suggested to be the structural effect exerted in defining the 
bioactive conformation and the arrangement of the baccatin core, while an electro-
static effect could not be excluded.  

  2.1.3 The Paclitaxel Binding Mode 

 In 2001, Nogales and co-workers published a refined model of paclitaxel/tubulin 
complex  [49] , raising the resolution to 3.5 Å and reporting the conformation of pacli-
taxel bound in the binding site, allowing better identification of residues involved in 
interactions stabilizing the complex. Paclitaxel binds to microtubules (but does not 
bind strongly to heterodimers  [103,   104] ) in proximity of H1, H7 and H9 helices, B9 
and B10 sheets and the loop connecting strands B9–B10 and M loop, stabilizing 
lateral contacts between protofilaments ( Fig. 6 ). Moreover, it also influences the GTP 
binding by interacting with H7: paclitaxel binding induces structural changes to the 
protein domains which result in destabilizing the GTP hydrolysis  [105] .  

 The C–2 benzoyl group is stabilized within the hydrophobic pocket by a ring 
stacking with the His b 229 side chain. This refined model suggests that the back-
bone NH of Gly b 370 (B9–B10 loop) makes a hydrogen bond with the 2 –OH, in 
place of the Arg b 369. The oxetane D ring is close to Thr b 276 in a more favorable 
position to establish a hydrogen bond interaction. The distance found between the 
oxygen and the NH group of the amino acid is reduced to 2.92 Å  [49] , and ami-
noacid backbone is oriented in a more favorable conformation with respect to the 
ligand oxygen. This allowed one to hypothesize that a hydrogen bond can likely 
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occur and stabilize the molecule into the binding cavity. As a consequence of this 
alignment, the 7-hydroxy group, previously close to the Thr b 276, is now exposed 
to the solvent, accordingly to the SAR of taxanes suggesting that it is not involved 
in any direct interaction with the protein  [106,   107] . 

 To summarize, the paclitaxel and its derivatives was the first class of molecules 
showing the microtubule stabilizing activity. Due to this, all the initial efforts were 
focused on searching for information about the binding mode in order to rationalize 
the increasing amount of biological data. Initial efforts to identify the binding 
mode, as well as the possible binding conformation of paclitaxel, were unsuccessful 
until the first X-ray structure was available. This was due to both the structural 
complexity of the molecule and the conformational modifications induced by the 
interaction with the  b -tubulin protein structure. The atomic resolution of the com-
plex structure strongly simplified the rationalization of the structure-activity rela-
tionships, providing a strong experimental basis on which many computational 
simulations have been performed. Novel paclitaxel derivatives are now designed on 
the basis of the binding mode of paclitaxel and results are used to strongly increase 
the accuracy of model predictions.   

  Fig. 6    Binding mode of paclitaxel into the refined structure of tubulin (entry 1JFF, from Nogales 
and co-workers  [49] ).  Magenta : H1 helix;  red : H7 helix;  yellow : B9–B10 loop;  green : M loop. 
Essential residues and paclitaxel are shown as  sticks        
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  2.2 Epothilones 

 The combination of structural simplicity of epothilones with respect to paclitaxel, 
together with their very interesting activity profile appealed different research 
teams, interested to overcome limitations of taxanes (poor solubility, multi drug-
resistance – MDR  [61–  63] ). Investigations on epothilones were focused on the 
interaction between the ligands and the paclitaxel binding site (as well as the pos-
sible similar portions between epothilones and taxanes) in order to find common 
pharmacopores to be used in activity improvement and design of novel molecules. 

 In 2001, Lee and Briggs performed a CoMFA study on a large set of epothilones 
and their polymerization activity data, obtaining a model for this class of compounds 
 [108] . The model was built on 166 epothilone derivatives synthesized by Nicolaou et 
al.  [109,   110] , on which a conformational analysis has been performed. Since no 
information was available on the bioactive conformation of epothilones, the global 
minimum of epothilone B ( 13) , the most active molecule of the entire set, was used 
as template. Remaining compounds were aligned on this conformation, with an auto-
matic procedure (MCSG, Maximum Common Sub Group method  [57] ). Analysis of 
molecular interaction fields (MIFs) between ligands and a selected molecular probe 
has been applied to identify pharmacophoric regions of active molecules. In this 
work, authors have chosen the OH probe to describe epothilone molecular interac-
tions and, in particular, to map hydrogen bond donor/acceptor properties of different 
derivatives. Once MIFs were calculated, a genetic function algorithm (GFA  [81] ) was 
used to sample descriptors and generate a multiple QSAR equation set. GFA is based 
on the iterative evolutionary refinement of models by means of a fitness function. 
After the generation of 4000 equations, the lack of fit (LOF) score on the biological 
activity was used as fitness function, that is the driving force to evolve toward the 
most predictive QSAR model. The best-scored QSAR equation presented good sta-
tistical properties, with a correlation coefficient R = 0.863, and an F value of 10.9. 

 The pharmacophore resulting from the model ( Chart 14 ) identified two main 
regions responsible for the activity of epothilones, namely the thiazole ring    region) 
and the C3–C5 portion in agreement with the work of Ojima et al.  [51] . 
Besides, the model improves this pharmacophore by accounting for the contribution 
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of the epoxide ring to the activity, allowing rationalization of the difference of 
activity between epothilone A ( 12 ) and B ( 13 ).   

  2.3 Common Pharmacophores 

 Epothilones and taxanes share the same binding site, although their structural simi-
larity is very low, being epothilones ( 12 – 15 ,  Chart 9 ), 16-membered macrocyclic 
lactones. Many efforts have been made to build common pharmacophoric models 
able to find shared features among the two classes and to exploit the advantages 
related to epothilones (more affordable total synthesis approaches, activity toward 
MDR, higher solubility) which encouraged many efforts to find a common pharma-
cophore. The goal was to allow the rational design of novel hybrid derivatives, 
assuming that similar parts of the two molecular scaffold could overlap in some 
way. Initially, most of these efforts were focused on taxanes and epothilones, 
because of the high availability of derivatives and the corresponding amount of 
SAR data with respect to other MSAA. Nevertheless, derivatives did not sample 
uniformly modifications on all features of the entire scaffold, often focusing on the 
side chain or few chemical groups (i.e., epoxide region). This limitation was 
reduced during the years with the design of a large number of derivatives. 

 The first attempt to provide a common pharmacophore for taxanes and epothi-
lones was made by Winkler and Axelsen  [111]  in 1996. Due to the complete lack 
of information about the SAR of epothilones recently discovered at that time, com-
mon portions were identified by search for steric and chemical similarity in the 3D 
conformational space of the two molecular classes. The resulting pharmacophore 
( Chart 15 ) proposed the following common regions between taxanes and epothilones. 
The C–2 benzoyl ring was superposed to the C–8–C–12 segment of epothilones; the 
C–13 side chain corresponded to the C–1–C–6 segment of epothilones; the C–10 
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acetyl group was fitted to the C–15 thiazole ring. Due to activity retention of 
docetaxel lacking the C–10 acetyl group  [46] , the thiazole ring was then considered 
not essential, but eventual SAR confuted this assumption.  

 In 1999, Ojima et al.  [51]  proposed another pharmacophore model for taxanes, 
epothilones, eleutherobin and discodermolide on the basis of NMR conformational 
studies. The starting point to build the pharmacophore was a non-aromatic derivative 
of paclitaxel, nonantaxel ( 30 ,  Chart 16 ), lacking the C–13  N -benzoylphenylisoserine 
and C–2 benzoyl ring. A distance-restrained conformational analysis (based on 
2D-NOE spectroscopy results) of nonantaxel provided a low energy conformation 
as superimposition template. Low energy conformations of epothilone B, eleu-
therobin and discodermolide (obtained by sampling a 100 ps high temperature 
1000 K MD simulation) were superposed on the template. The best fit criterion was 
the agreement with SAR data of the molecules (see  Chart 16 ).  
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  Chart 16    The common pharmacophore proposed by Ojima and co-workers, showing overlap-
ping portions between epothilone B ( 13 ) and nonantaxel ( 30 )  [51]        

 The model recognized the thiazole ring as an essential feature for the activity, 
corresponding to the C–13 region of taxanes. As a consequence of the alignment, 
the epoxide ring points away from the superposed regions of the two molecules, in 
agreement with biological data reporting the better activity profile of 12,13-desoxy 
epothilone B (epothilone D)  [112] . The C–3 hydroxy group of epothilone B was 
proposed as an important factor stabilizing the macrocyclic conformation by a 
hydrogen bond interaction with the C–1 carbonyl group  [87] . 

 The model also accounted for potential common regions between taxanes, dis-
codermolide and eleutherobins that will be discussed further in the article (see 
Sects. 2.4.1 and 2.4.2, respectively). 

 In 2000, Giannakakou et al.  [86]  proposed another common pharmacophore for 
taxanes and epothilones, based on biological activity and resistance data related to 
 b -tubulin mutations. In particular, the study focused on  b 276Thr->Ile,  b 284Arg-
>Gln and  b 272Phe->Val mutations, affecting both paclitaxel and epothilones abil-
ity to induce tubulin polymerization and inhibition of cell proliferation  [113] . To 
identify patterns of epothilone to be superposed to taxanes, the authors sampled 100 
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low energy conformations from MD simulation. From the analysis of conformer 
population of epothilones, it was found that the centroid of 3–OH, 7–OH and 
4-gem-dimethyl group is located at a stable mean distance (6.93 Å) from the epox-
ide oxygen atom. Therefore, this pattern was superposed to a similar pattern identi-
fied on paclitaxel, represented by the centroid of 1–OH, 9-carbonyl and 
15-gem-dimethyl group and oxetane ring oxygen. Two epothilone conformations 
( Chart 17 , a and b, respectively) were found to satisfy the pattern alignment, with 
a major difference on the thiazole ring placement. In the binding mode I, this por-
tion corresponds to the C–2 benzoyl group, while in the binding mode II, it corre-
sponds to the C–3′ phenyl ring.  

  Chart 17    Two possible overlapping modes suggested by Giannakakou and co-workers: binding 
mode I (a ) and binding mode II (b)  [86]        
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 According to this pharmacophore, epothilones were docked into the binding site 
of an energy-refined model of the tubulin EC coordinates  [46] . Analysis of docking 
results allowed one to evaluate how single mutations affect the binding mode of 
ligands. The  b 284Arg->Gln mutation is located on the M loop and at that time was 
not believed to affect the binding directly. Remaining mutations were directly 
related to the interactions between residues and epothilones. In particular, accord-
ingly to the model, the  b 276Thr->Ile was supposed to destabilize epothilone bind-
ing because of the disruption of a possible hydrogen bond network with 7–OH of 
epothilones. This hypothesis was further tested by simulations of interactions with 
explicit water molecules. 
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 On the other hand, activity of epothilone derivatives bearing a pyridine ring 
instead of the thiazole was found to be more sensitive to the  b 272Phe->Val muta-
tion present in 1A9 cells.  [86]  This result supported the hypothesis that a pyridine 
ring (thus the thiazole ring of natural epothilones) could be arranged in such a 
region. Therefore, the binding mode II was proposed as the most reliable  [86] . 
Moreover, this binding mode relates the increased activity of epothilones bearing 
C–12 substituents (such as the methyl group of epothilone B,  13 ) or derivatives 
where the epoxide was replaced by a double bond (i.e., epothilone C,  14 , and D, 
 15 ) to the interaction with the hydrophobic pocket formed by Leu b 275, Leu b 217, 
Leu b 230 and Phe b 272. 

 In the same year, He et al.  [87]  presented a study on a baccatin derivative lacking 
the C–13 side chain and bearing a 2- m -azido benzoyl ring. Even if less active, this 
derivative showed an activity profile similar to that of paclitaxel. This result was 
related to the presence of the azido group, supposed to compensate partially the 
decrease of activity corresponding to the C–13 deletion. The docking of this mol-
ecule in the Nogales model  [46]  confirmed a binding mode very similar to that of 
docetaxel, where the 2- m -azido benzoyl ring was placed at close contact with 
His b 229 and Asp b 226. According to this binding model, the loss of activity of the 
2- p -azido derivative was related to clashes occurring with this hydrophobic pocket. 
Assuming that the C–2 benzoyl group was sufficient to the alignment of the bac-
catin core into the binding site, He and co-workers proposed a common pharma-
cophoric model ( Chart 18 ), in which the C–2 aromatic moiety corresponds to the 
thiazole ring of epothilones. This was in agreement with SAR of compounds bear-
ing modifications at the thiazole ring  [109,   110] . Similarly to Ojima and co-workers, 
they also included eleutherobin in their work (see Sect. 2.4.2).  
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  Chart 18    Common pharmacophore proposed by He and co-workers  [87]        

 One of the last attempt to propose a common pharmacophoric model was made 
in 2001 by some of us, building a new pseudoreceptor for taxanes and epothilones 
 [114]  to account for the amount of new structural and biological information avail-
able since the first attempt of the minireceptor work  [82] . A set of 12 taxanes and 
epothilones was used as training set on which the model was built. The small 
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number of compounds was a consequence of the difficulty in finding binding affin-
ity data required by this approach  [114,   115] . Unlike the first work, the residues 
used to built the pseudoreceptor binding site were obtained from the refined struc-
ture of tubulin published by Nogales et al. [46] , as well as from alignment of pacli-
taxel with respect to the binding site. Following the standard refinement protocol 
already validated with PrGen software  [82] , all taxanes were overlapped to the EC 
structure of paclitaxel, while epothilones were aligned accordingly to all the com-
mon pharmacophores already proposed  [51,   82,   86,   87,   111] . Since none of the 
alignments allowed one to obtain a QSAR equation with satisfying correlation, we 
coded the interaction pattern between paclitaxel and tubulin  [49]  into a pharma-
cophoric model in turn used to screen a multiconformational model (250 low 
energy conformations) of epothilone B. As a result, we chose a conformer of epo-
pothilone B able to map all the known pharmacophoric features of paclitaxel. 

 The 7–OH group (Region A), the oxygen atom of the carbonyl group at C–1 
(Region B), and the thiazole ring of epothilone B (Region C) were superposed to 
the oxetane oxygen atom, to the C–1′ carbonyl and the C–3′ phenyl ring of paclit-
axel ( Chart 19 ).  
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  Chart 19    Alignment proposed by Botta and co-workers in the pseudoreceptor model for taxanes 
and epothilones  [114] , represented on paclitaxel ( 10 ) and epothilone B ( 13 )       

 This alignment was in good agreement with available SARs of epothilones  [114, 
  115]  and mutagenesis studies from Giannakakou and co-workers. Moreover, this 
overlap allowed one to correlate the role of the substituent in C–12 of epothilones 
(Region D) to the region corresponding to the C–2 benzoyl group of paclitaxel 
 [114] , in the pocket identified by His b 229 and Asp b 226. 

 At the end of the equilibration protocol, a 3D-QSAR equation with a good cor-
relation (r = 0.81) and a low root mean square deviation (rmsd 0.85) on the esti-
mated interaction energies were derived. The predictive power of the model was 
evaluated with a test set of 11 taxanes and epothilones, obtaining a prediction coef-
ficient of 0.78. 

 In 2004, Snyder, Downing and co-workers  [116]  presented the results of a study 
based on a combined approach of the EC crystallography and NMR-based 
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conformational analysis on the binding mode of epothilone A on the  a , b -tubulin 
dimer (PDB id: 1TVK). Their results debated the hypothesis of a common pharma-
cophore for epothilones and taxanes, proposing that the two molecular classes 
engage the binding site in a unique and independent manner (see  Fig. 7 ). In particu-
lar, the thiazole ring, previously considered to play the role of one of aromatic moie-
ties of paclitaxel  [51,   86,   87,   114] , is found within a region unoccupied by any 
paclitaxel portion. The only common portion seems to be the C–7 hydroxy group of 
both molecules, occupying the same region, while remaining parts of the molecules 
interact with different portion of the binding site. Nevertheless, the macrolide ring 
conformation found from the EC study is different from that of the NMR-derived 
structure  [117] , in disagreement with some SAR data available  [86,   87,   117] .  

 In 2007, Carlomagno and co-workers re-opened the challenge of a common 
pharmacophore by publishing results of a NMR study of the complex between 
epothilone A ( 12)  and non-polymerized tubulin in solution  [118] . The model was 
built by combining the NMR-based pharmacophore mapping (INPHARMA,  [119] ) 
with the HADDOCK docking protocol, sampling the conformational states of the 
binding site against a rigid ligand structure. The resulting structure shows a pose of 
epothilone A that is stabilized by a partial movement of the M-loop, in comparison 
to the paclitaxel-tubulin complex, (see  Chart 20 ). This model is able to explain the 

  Fig. 7    The binding mode of epothilone A in 1TVK structure, as reported by Snyder and 
co-workers. The  b -tubulin subunit is represented as  purple ribbons  (binding residues are repre-
sented as  sticks )  [106]        
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SAR data available for epothilone derivatives as well as tubulin mutants, providing 
a binding mode in strong disagreement with the EC crystallography study. 
Accordingly to these findings, the epothilones interact with the same residues in a 
similar fashion than taxanes, mimicking the paclitaxel itself while bound into the 
binding site. In particular, the thiazole ring is close to the receptor region occupied 
by the C–3′ benzamido group of paclitaxel, establishing a face-to-face interaction 
with His b 229. Moreover, the C–7 hydroxy oxygen interacts with Arg b 284 and 
Thr b 276 by a network of hydrogen bonds ( Chart 20 ).  
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  Chart 20    Schematic representation of the binding mode of epothilone A as proposed by 
Carlomagno and co-workers  [118]        

 The findings of Carlomagno’s team were in partial agreement with the common 
pharmacophore proposed by us  [114] , also supporting our recent results  [120]  on 
epothilone derivatives synthesized by Altmann and co-workers  [121] . The binding 
conformations from the QSAR model and the NMR-derived model show some dif-
ferences. In particular, the thiazole ring is overlapped on the C3′ phenyl ring or on 
the C3′ benzyl region, for the QSAR model and the NMR-derived structure 
( purple   rings in  Fig. 8 ). Despite these differences, they show the remaining phar-
macophoric features accommodated within the same receptor regions. Both mod-
els, indeed, show that hydrogen bonds can be established by the epothilone C–7 
hydroxy group in the region of the Thr b 276 ( blue  spheres,  Fig. 8 ) and by the C–1 
carbonyl oxygen in the region of the Gly b 370 ( yellow  spheres, Fig. 10 ). Moreover, 
the QSAR model relates the C–13 substituent of epothilones to the C–2 benzoyl 
group of paclitaxel, while the NMR-model places the former closer to the C–4 
acetyl group, but always within the hydrophobic groove defined by Phe b 272, 
Leu b 217, Leu b 275 and Ala b 233 ( red  spheres,  Fig. 8 ). In a very recent paper, 
Snyder and co-workers reported the activity of rigidified epothilone derivatives 
designed on the basis of their EC-derived structure. Due to the apparent disagree-
ment between resulting activities and the model, the authors advised that previously 
proposed epothilone–tubulin complex structure should be re-examined  [122] .  
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 To summarize, besides taxanes, epothilones are the most studied microtubule sta-
bilizing agents. The identification of a dramatically different class of molecules show-
ing a mechanism of action similar to that of taxanes encouraged many efforts to 
identify molecular portions responsible for the activity of epothilones. Moreover, 
many studies were performed to find structural similarity between the two classes and 
many common pharmacophores were proposed to arrange the molecules into the 
binding site. Most of the supposed similarities on which the models were built have 
been disproved by the recently proposed EC structure of epothilone–tubulin complex. 
Nevertheless, there are still unclarified disagreements between this structure and other 
experimental and theoretical results, as well as the available SAR. Therefore, studies 
on the binding mode of epothilones seems to be still an open challenge.  

  Fig. 8    Overlap of the three pharmacophores representing the interactions found for paclitaxel in 
the 1JFF structure ( A ), epothilone A in the NMR-derived structure ( B ), and epothilone A in the 
QSAR model from Botta and co-workers ( C ), respectively.  Blue : C7-OH (epothilones); oxetane 
ring (paclitaxel);  red : C13 carbon (epothilones); phenyl ring (paclitaxel);  yellow : C1 carbonyl 
oxygen (epothilones); C1  carbonyl oxygen (paclitaxel);  purple : thiazole ring (epothilone); C3  
benzamide (paclitaxel).  b -tubulin monomer is represented as a  green cartoon  and residues 
involved in hydrogen bonds are in  orange  (hydrogens are omitted for sake of clarity)       
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  2.4 Other Stabilizing Agents 

  2.4.1 Discodermolide and Dictyostatin 

 Polyketide molecule discodermolide ( 16 ,  Chart 9 ) acts in a way similar to that of 
paclitaxel, by interfering with microtubule dynamics  [55] . While radiolabeled 
experiments reported the displacement of bound paclitaxel in competitive assays 
 [123] , an allosteric mechanism has not been excluded  [119,   124] . Since the clari-
fication of its mechanism of action, many attempts have been made to correlate 
the linear structure of the discodermolide to paclitaxel, in order to identify similar 
molecular portions between the two molecules. In particular, the conformation of 
the discodermolide was studied by means of a detailed density functional study 
(DTF) by Ballone and Marchi  [67]  in 1999. Their findings evidenced the high 
flexibility of the ligand, as well as the electronic similarity with respect to pacli-
taxel and epothilone. In the same year, Ojima et al.  [51]  included discodermolide 
in the common pharmacophoric study they performed. Low energy conforma-
tions were obtained by sampling a high temperature MD simulation (100 ps at 
1000 K) in a 10 kcal mol −1  range. Conformers were minimized and overlapped on 
the taxane structure. Beside epothilones and other molecules which are signifi-
cantly rigid, discodermolide is extremely flexible; therefore the overlapping 
procedure was performed by manually selecting the conformation to be super-
posed. Results of the alignment highlighting the common chemical features, are 
depicted in  Chart 21.   

  Chart 21    The common pharmacophoric regions proposed by Ojima et al. for paclitaxel and 
discodermolide       
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 The two benzoyl moieties of paclitaxel were compared to two unsaturated 
hydrophobic regions of discodermolide (regions A and B), while the 10-acetyl 
group superposed the oxygen-rich region of the   d  -lactone (region C). 

 On the other hand, a structural approach was followed by Horwitz and co-
workers  [123] , which exploited the structural information available on solid and 
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solution state of discodermolide  [125] . The linear structure of the molecule was 
reported to be folded in a U-shaped conformation with the   d  -lactone and the C–19 
chain at a very close distance. Dockings of the U-shaped conformation into the 
binding site of tubuline  [46]  identified to two possible orientations of discodermo-
lide. These two alignments, referred to as model I and model II, are essentially 
characterized by the arrangement of the   d  -lactone and the C–19 side chain. In the 
first model, the lactone is overlapped to the C–3′ phenyl ring, while the C–19 amide 
group matches the hydrophobic pocket formed by the His b 229, accommodating the 
C–2 benzoyl group of paclitaxel. In the model II, molecular portions mutually 
exchanged, the C–19 amide group of  16  being superposed to the 3′ benzoyl of 
paclitaxel and the lactone ring to the 2-benzoyl moiety. Evaluation of discodermo-
lide derivatives led the authors to chose the model I as the most compatible with the 
SAR and the docking findings. In 2006, Carlomagno and co-workers determined 
the bound conformation of discodermolide in solution, by NMR structural analysis 
 [124] . Furthermore, by the INPHARMA protocol  [119]  Authors supported the 
hypothesis that discodermolide binds the paclitaxel binding site and proposed a 
common pharmacophore between epothilones and discodermolide. The pharma-
cophoric model is based on NMR structural evidences that discodermolide main 
carbon chain adopt a helical folding which can mimic the macrocyclic core of 
epothilones. This folded conformation is very similar to the solution structure of 
dictyostatin  28 , a 22-membered macrocyclic lactone strictly related to discodermo-
lide (from a structural and biogenetical point of view), with an inhibition activity 
similar to that of discodermolide  [126,   127]  ( Chart 22 ).  

  Chart 22    Comparison of linear structure of discodermolide  16  and dictyostatin  28        
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 The discodermolide conformation by Carlomagno’s team overlaps epothilones 
in the proposed common pharmacophore ( Chart 23 ) as follows: the C–1–C–11 
oxygen-rich portion of discodermolide overlaps the thiazole nitrogen and oxygens 
of C–1–C–5 region of epothilones, in such way as C–1 carbonyl oxygen superposes 
the C–3 hydroxy group of epothilones (region A); the carbamate side chain of dis-
codermolide overlaps the C–7 hydroxy group of epothilones (region B); the 
C–20–C-24 hydrophobic tail of discodermolide overlaps the C–10–C–13 hydro-
phobic region of epothilone A (region C).   
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  2.4.2 Sarcodictyins and Eleutherobins 

 Despite their different source, sarcodictyins ( 18 ) and eleutherobins ( 17 ) are struc-
turally very similar ( Chart 9 ). The former, indeed, are the sugar-free derivatives of 
the latter  [58,   59] , sharing the same diterpene core structure. This class of mole-
cules was first investigated with the minireceptor approach  [82] , while the scarce 
availability of SAR data limited the possibility of detailed studies. The pharma-
cophoric model proposed by Ojima et al.  [51]  provided evidence of the similarity 
between the tricyclic core of paclitaxel and eleutherobin structure, that is supposed 
to fit in the main pocket between the baccatin core and the C–2 benzoyl group 
( Chart 24 , region B), accordingly to its highly hydrophobic character. The C–8 

  Chart 23    Common pharmacophore for discodermolide,  16  epothilone A,  12        
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  Chart 24    The common regions between paclitaxel and eleutherobin as proposed by Ojima et al.       

urocanic acid chain is supposed to overlap the 3-benzammido hydrophobic sub-
stituent of taxanes (region A), while the potentially non essential sugar moiety 
could overlap the C–10 region of taxanes (region C). In the attempt to propose a 
common pharmacophore, sarcodictyins were studied by Giannakakou and co-workers 
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 [86] . The conformational space of the ligands was investigated with high-tempera-
ture MD (1000 K) and ligands were docked into the  a , b -tubulin dimer (1TUB). To 
take into account the role of the solvent, docking calculations were performed in 
the presence of different explicit water molecules. In the context of the common 
pharmacophoric model ( Chart 25 ), the C–14  i -propyl group of sarcodictyins is 
overlapped to the  gem -dimethyl group of paclitaxel and epothilones; the ether oxy-
gen between C–4 and C–7 of sarcodictyins corresponds to the C–13 epoxide of 
epothilones and the oxetane ring of paclitaxel and it was supposed to act as hydro-
gen bond acceptor with a water molecule in the region of Thr b 276 residue. The 
aromatic moiety of methylimidazole side chain at C–8, overlapping the C–13 side 
chain of paclitaxel, makes hydrophobic interactions with the aromatic ring of 
Phe b 272. Due to the alignment, the C–7 methyl group could result in steric clashes 
with the Thr b 276 side chain, which is unfavorable but tolerated. Mutagenesis studies, 
correlating the decrease of activity of sarcodictyins in 1A9/A8 cells with the 
 b 276Thr->Ile mutation, which increases the bulkiness of the amino acid side chain, 
are in agreement with the previous hypothesis  [86] .    
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  Chart 25    The common regions between paclitaxel and eleutherobin as proposed by Giannakakou 
et al.  [86]        

  2.4.3 Laulimalide and Peloruside 

 Laulimalide ( 19 ) enhances the tubulin assembly and it is comparable to paclitaxel 
 [128] . Laulimalide is also active in P-glycoprotein overexpressing cells  [129] . 
Despite these similarities, laulimalide does not bind the paclitaxel binding site 
 [129]  and it shows a synergistic effect  [130] . Likewise, peloruside A ( 20 ) inter-
acts with the microtubule dynamics by stabilizing protofilaments  [128]  without 
directly competing with paclitaxel binding  [131] . Since laulimalide appears to 
displace the bound peloruside A  [132] , it was hypothesized that they could share 
the same binding site. 
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 To provide insights on the possible binding region of these molecules within the 
tubulin structure, Vilarrasa et al.  [133]  performed a detailed docking study on the 
entire protein surface. On the basis of biological evidence suggesting a possible 
allosteric site, the docking calculations were focused on tubulin regions different 
from the  b -subunit. The flexibility of the B9–B10 loop in the  a -subunit, (in corre-
spondence of the paclitaxel binding site  [79] ) was tested by MD simulations and 
manual modifications, reporting a possible open conformation with low conforma-
tional energy ( Fig. 9 ).  

 By means of AutoDock  [134]  and Gold software  [135] , laulimalide, peloruside 
and paclitaxel were docked in this structure, but only the former two compounds 
were able to give profitable interactions, mainly because of the overall size of the 
ligands. Nevertheless, the calculated binding energies for laulimalide and peloru-
side into the paclitaxel binding site were favorable to interaction, as well as the 
binding predictions performed with the pseudoreceptor model  [133] . 

 To overcome the intrinsic limitation of the pseudoreceptor built on the basis of 
paclitaxel binding site, a 5D-QSAR  [83]  model was built, further suggesting a 
preference for the  b -subunit binding site. Results suggest that a multi-site binding 
is possible, indicating that laulimalide and peloruside can secondarily bind the 
paclitaxel binding site. 

 To summarize, since paclitaxel’s discovery, many molecules with a similar 
mechanism of action have been identified from different natural sources. Amazingly, 
the structural similarities among them were very low despite the common target. 
This stimulated many computational efforts directed to the study of their binding 
modes and to the implementation of these molecules into interclass-wide pharma-
cophores. Up to now, there have been very promising results obtained by computa-
tional modeling, but contribution from experimental data is still an essential base 
on which to test and, often, correct the hypotheses, and to overcome the limitations 
arising from the management of both interaction patterns and structural complexity 
of target and ligands.    

  Fig. 9    The putative allosteric binding site where laulimalide and peloruside could bind: the moving 
 a B9–B10 loop is represented in  red ; the tubulin subunits are represented in  gold  ( a ) and  silver  ( b )       
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  3 Conclusions  

 The widespread use of the vinca alkaloids and the relevant success of taxanes in 
clinical oncology account for the considerable interest generated by antimitotic 
compounds in the field of cytotoxic agents. Accordingly, over the years intensive 
efforts have been made both to develop novel and more efficacious tubulin stabiliz-
ing or destabilizing agents, and to get an exhaustive comprehension of the mechanism 
of action and binding mode of such compounds. This large amount of work 
involved various research fields, encompassing chemistry, crystallography, bio-
chemistry and modeling, and resulted, on the one hand, in the discovery of several 
new classes of antitubulin agents from which a number of interesting drug candi-
dates emerged and, on the other hand, in the identification of three distinct binding 
sites on tubulin for tubulin targeting agents, as well as the experimental definition 
of the binding mode for the most representative of them. In this context, molecular 
modeling approaches provided a fundamental contribution to the study of interac-
tions between antimitotic agents and tubulin, and to the development of models 
able to explain the structure-activity relationships of several classes of compounds. 
However, computational studies were hampered for a long time by the absence of 
a crystallographic structure of tubulin and of the binding site location on it. In addi-
tion, the structural complexity of many tubulin targeting compounds constituted a 
further obstacle to modeling approaches. This gave rise to a fragmentary and quite 
confusing scenario, in which modeling studies often focused on a single structural 
class of molecules and sometimes also provided conflicting results. Nevertheless, 
in recent years, computational tools have allowed to identify some structural deter-
minants responsible for efficacious binding of antimitotic agents to tubulin, and to 
propose suitable binding models for agents for which, despite the increasing impor-
tance as potential antitumor drugs, no crystallographic data are available. Especially 
in this research area, structural biology represent an essential source of data for 
molecular modeling, and the determination of more accurate structures of tubulin 
in microtubules and of its complexes with candidate drugs is expected to constitute 
in future years a valuable starting point to further increase the contribution of 
molecular modeling in the field of tubulin targeting agents.      
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