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Abstract 

Computational Studies of Ligand-Protein Interactions 

Part I: The T-Taxol Conformation 

Part II: Elucidating Interdependent Binding Sites on Tubulin 

By Ana A. Alcaraz 

 

Part I:  T-Taxol is a proposal for the bioactive conformation of paclitaxel (PTX) 
derived from fitting ligand conformations to the electron crystallography (EC) density of 
the tubulin-ligand complex.  It has been confirmed by independent refinement of the 
PTX-tubulin structure, the activity of bridged T-Taxol analogs, and mutation studies in 
the yeast tubulin framework.  Nonetheless, some structural ambiguities remain based on 
an uncritical interpretation of the solid state REDOR measurement of two internuclear 
13C---19F distances in a fluorinated derivative of PTX.  The issues are evaluated by an 
analysis of the static and dynamic properties of PTX and the PTX-tubulin complex, 
torsional force field parameters, and the error assigned to the REDOR distances (+ 0.5 
Å).  In addition, a proposed alternative to T-Taxol (PTX-NY) is shown to be 
incompatible with both the EC density and the activity of a highly active series of bridged 
taxanes.  The development of series of bridged and simplified taxanes using the T-Taxol 
conformation resulted in analogs of the former that induce microtubule formation more 
efficiently.  NAMFIS analysis, along with molecular dynamics simulations and docking, 
are used to analyze the compounds, and we propose that the enhanced ability to assemble 
microtubules by these taxane derivatives is linked to their ability to effectively shape the 
conformation of the M-loop of tubulin for cross-protofilament interaction. 

Part II: A model of colchicine (COL) and 2-methoxyestardiol (2ME2) binding to 
tubulin was developed using molecular dynamics and docking.  Available experimental 
data, including a number of labeling studies, supports the two-site hypothesis in which 
conformational changes in the H7—H8 loop open opposing sites with differing binding 
properties and affinities.  The β-Val236Ile mutation that causes resistance to 2ME2 with 
no cross-resistance to COL is located in the site designated for the former ligand and not 
near the site for the later one. 
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It was the best of times,  it was the worst of times,  it 
was the age of wisdom, it was the age of foolishness, 
it  was  the  epoch  of  belief,  it  was  the  epoch  of 
incredulity,  it  was  the  season  of  Light,  it  was  the 
season of Darkness, it was the spring of hope, it was 
the winter  of  despair, we  had  everything  before  us, 
we  had  nothing  before  us…in  short,  the  period was 
so far like the present period… 

Charles Dickens, A Tale of Two Cities 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Whatever  complexity means, most people 
agree that biological systems have it. 

H. Frauendfelder & P. G. Wolynes 

Carbon  is  only  the  fifteenth  most  common 
element…what  sets  the  carbon  atom  apart  is  that  it  is 
shamelessly  promiscuous.    It  is  the party  animal  of  the 
atomic  world,  latching  on  to  many  other  atoms 
(including  itself)  and  holding  tight,  forming  molecular 
conga  lines  of  hearty  robustness—the  very  trick  of 
nature necessary to build proteins and DNA. 

Bill Bryson, A Short History of Nearly Everything 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Drug Discovery 

Humans have been using concoctions from plants and animals to treat 

disease and illnesses for many centuries.  Trial and error led to mixtures that helped 

relieve pain and fight infections.  Still, the mixtures were not systematically 

prepared, and therefore, different results would occur from treatment to treatment.  

The isolation of salicin and salicylic acid, precursors to the first synthetically 

prepared pharmaceutical, aspirin (Figure 1),1,2 from willow bark in the latter part of 

the nineteenth century was a major achievement in the understanding of small 

molecules as therapeutic agents.  Aspirin was recognized as a universal pain reliever 

in the early 1900’s and is still used commonly in most of the world today.3  The 

purification of biologically active organic molecules then became more common, 

leading to the isolation of more potent 

painkillers, such as morphine and codeine from 

opium poppy, 4 the anti‐malarial agent, quinine, 

from cinchona (china bark), and digitalis from the 

leaves of the purple foxglove plant to treat heart 

disease.5 

Figure 1.  Picture of white willow bark (Salix 

alba) overlaid with the basic transformations of 

salicin to aspirin. 

At the time, Louis Pasteur had already established the germ theory of 

disease6 and Paul Ehrlich had introduced “chemoreceptors”,7 receptors as selective 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binding sites for chemotherapeutic agents, as the basis of chemotherapy.  This 

opened the door to the more functional concept of receptors by J. N. Langley in 

1905.8  He proposed that receptors work as “switches” that can be blocked by 

antagonists or activated by agonists as needed or desired.  After this, the new era of 

therapeutic intervention for medicine picked up momentum quickly.  Major 

advances occurred in synthetic organic chemistry, such as the total synthesis of 

tropinone by Robert Robinson in 1917;9 as well as in biochemistry and in medical 

microbiology, including the isolation of microbial agents that cause infectious 

diseases and the elucidation of their means of transmission.10  All these 

breakthroughs and advances culminated in one of the most revolutionary moments 

in medicine, the discovery of insulin in 1921‐22.5  The introduction of insulin 

seemed like a miracle at the time, allowing people, especially children with diabetes, 

to live full and productive lives.  Prior to its discovery, a diagnosis of diabetes was a 

death sentence.  Now, over 26.3 million people in the United States alone live with 

the condition.11  The pharmaceutical industry was underway, developing new 

therapeutics and what can be considered the first “biotechnology” (synthesis of 

insulin). 

Over the next two decades, many landmark discoveries were made, including 

the synthetic sulfa drugs, the natural antibiotic, penicillin, from Penicillium notatum 

by Alexander Fleming,12 and the anti‐tubercular aminoglycoside, streptomycin, from 

Streptomyces griseus by Salman Waksman.13  The importance of vitamins in health 

was also being uncovered at the time.  Then advances in technologies such as X‐ray 

crystallography, NMR spectroscopy and mass spectrometry contributed to further 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discoveries and developments.5  Chemistry, pharmacology, microbiology and 

biochemistry came together to identify, characterize and develop new medicines in 

a vitalized and expanding industry.5,14 

Rational Drug Design 

From the beginning, pharmaceutical companies used a physiology‐based 

approach to drug discovery: compounds were determined to have a physiological 

effect, i.e. killed cancer cells, and were then optimized and prepared for clinical use.  

The development of the anticancer agent Taxol® (1, Figure 3) is a good example of a 

stunning success from this approach.15  Approximately 15 years ago, rational drug 

design began to complement this approach.  Increased screening capacities were 

also thought to result in increased productivity.16,17  Rational drug design is a more 

focused approach to drug discovery, using information about the structure of a 

target or a natural ligand to screen other ligands or develop de novo candidates.  

The number of successes has steadily increased, initially in the design of peptide‐

based HIV protease inhibitors and moving on to other targets (Table 1).18,19 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Table 1.  Examples of successful pharmaceuticals developed by rational or 

structure‐based drug design. 

Drug  Target  Pharmaceutical Company 
Agenerase  HIV protease  Glaxo Wellcome 
Viracept  HIV protease  Agouron 
Saquinavir  HIV protease  Roche 
Relenza  Neuraminidase  Biota 
Tomudex  Thymidylate synthase  Agouron 
Dorzolamid  Carbonic anhydrase  Merck Sharp and Dohme 
Gilvec  Abityrosine kinase  Novartis 

Ro466240  Thrombin  Roche 
 

 

Figure 2.  HIV‐1 retroviral 

protease in complex with the 

inhibitor Saquinavir.19 

Another name for rational drug design is structure‐based design, from the 

use of three‐dimensional structures of drug targets with bound small molecules 

(Figure 2) as guides to the development of new and “better” drugs, i.e. new 

compounds with increased activity and selectivity, as well as better bioavailability 

and that overcome resistance.  The structure allows researchers to see how a 

molecule, or set of molecules, interacts directly with its target; as well as what 

features of the target could be taken into consideration for de novo design.  These 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three‐dimensional structures are obtained from X‐ray and electron diffraction, as 

well as solution and solid state NMR.20  Ligand‐based and pharmacophore 

approaches also exist for use in drug design. 

Computational Techniques 

To analyze these structures, a number of computational and modeling tools 

exist including pharmacophore development, docking, homology modeling and 

molecule dynamics.21  The former two can be especially useful in high‐throughput 

screening of large databases of molecules against a target structure.  The later two 

are more time intensive and time‐consuming methods used to study such properties 

as the function of proteins and mechanisms of action.22  Using the available tools, 

modeling can play an important role in the early stages of the drug discovery 

process by finding leads and optimizing models to help direct the research.  The 

more information known about a target or system, the more these tools can be 

useful.  The structure and active conformation of known ligands, as well as accurate 

and detailed data about the structural and chemical characteristics of the biological 

receptor are needed.  These include the size, polarity and shape of any binding sites 

on known 3‐D structures; the homology to related targets; and knowledge of the key 

amino acids modulating selective binding or functional activity.  This information is 

helpful in determining the feasibility of developing a novel small molecule with the 

desired activity and selectivity profile.  Computational chemists then become 

mediators between medicinal chemistry, biology, physics and mathematics, bringing 

together ligand information with biological and structural data on the target, and 

interpreting computational results to influence research.20,23 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As mentioned above, the development of Taxol® (1, Figure 3) is an excellent 

example of the physiology‐based approach to drug discovery.15  However, even after 

its use as a chemotherapeutic was common, many questions remained about its 

nature, including how and where it bound to tubulin.  As computational techniques 

improved and structural data about the drug and protein target became available, 

many groups addressed the open questions about how and where the drug binds 

and how to improve the activity of the drug while reducing toxicity and side effects 

and overcoming resistance.  The tools for structure‐based design24‐26 were applied 

to understand binding and structure‐activity relationships (SAR).  Many groups 

made analogs, developed binding models and attempted to develop novel scaffolds 

in a very active area of research that continues to expand and contribute to the drug 

discovery process. 

Taxol® (Paclitaxel) 

In the late 1960’s a National Cancer Institute (NCI) screening program 

discovered that the bark extract of the Pacific yew tree (Taxus brevifolia) showed 

significant cytotoxic and antileukemic activity. 27,28  In 1971 Drs. Monroe Wall and 

Munsakh Wani, along with their colleagues, reported the major active constituent as 

the novel diterpenoid paclitaxel (Taxol®, PTX, 1, Figure 3).29,30  It was a unique 

structure among the known anticancer drugs, possessing a relatively rigid 

tetracyclic ring system with four flexible side chains at the 2, 4, 10 and 13 positions.  

Two serious problems, though, interfered with its use as a drug: (1) it is not very 

soluble in water, thus making it difficult to formulate for administration as an 

injection; and (2) an adequate supply would be very difficult to achieve, as its initial 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isolation yield was 0.0014% from T. brevifolia bark.28  Depending on the size, it has 

been estimated that 3 to 10 trees would be needed to treat one patient.  Still, 

additional testing of the natural product showed promising activity against breast 

cancer and melanoma, so the NCI invested in a full‐scale preclinical development of 

the compound as an anticancer agent in 1977.15,27 

 

Figure 3.  Clockwise: Pacific yew tree (T. brevifolia); bark close‐up; Taxol® 

preparation for chemotherapy; and the PTX (1) 2‐D structure. 

In 1979, Horwitz reported that PTX acts as a promoter of microtubule 

assembly (Figure 5),31 the first compound known to act in such a way.  At the time, 

colchicine was known to prevent assembly of microtubules, but no compound was 

known to enhance it.  In the 1980’s, the drug proceeded through Phase I and Phase 

II clinical trials with the first report of clinical activity against ovarian cancer 

published in 1989,32 followed closely by a report of activity against breast cancer.33 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These reports unambiguously demonstrated that PTX showed significant activity 

against solid tumors, so Bristol‐Myers Squibb (BMS) took over development for 

commercial use and Taxol® was approved for treatment of drug‐resistant ovarian 

cancer by the U. S. Food and Drug Administration (FDA) in 1992, followed by 

approval for breast cancer treatment in 1994.  Since then, clinical use of the drug 

has increased steadily and today it is also used for the treatment of non‐small‐cell 

lung cancer, small‐cell lung cancer, and squamous cancer of the head and neck, 

among others, as well as for AIDS‐related Kaposi’s sarcoma.34  In 2001, Japan 

became the first country to approve the drug for gastric cancer, based on results 

from clinical trials performed exclusively in that country.  PTX reached its peak of 

global sales at $1.6 billion in 2000 but has decreased in sales since the introduction 

of generics.35 

     

Figure 4.  10‐Deacetyl baccatin III (2) is the starting structure for the semi‐

synthesis of PTX (1) and DTX (3) is a PTX analog also in clinical use. 

The supply problem was solved by an efficient semi‐synthetic procedure 

starting from 10‐deacetyl baccatin III (2, Figure 4),36 a congener of PTX that can be 

readily extracted in high yields from the leaves of Taxus baccata L.  Harvest of the 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yew leaves, unlike that of bark, is not lethal to the tree population, if performed 

prudently, due to their quick regeneration.  The availability of such a precursor also 

allowed for the synthesis of PTX analogs.  In 1981, French researchers at the Institut 

de Chimie des Substances Naturelles and Rhone‐Poulenc developed the PTX analog 

Taxotere® (generic name docetaxel, DTX, 3, Figure 4),37,38 a chemotherapeutic 

agent currently approved by the FDA for the use in the treatment of advanced or 

metastatic breast cancer, for second‐line use in locally advanced or metastatic 

NSCLC, and for first‐line therapy in combination with cisplatin for inoperable, locally 

advanced, or metastatic NSCLC.35  It entered clinical practice in the U. S. in 1996. 

Though the problems with availability and administration were solved, 

others have risen as the use of PTX for cancer treatment progressed.  PTX has high 

toxicity39 and high rates of resistance develop from treatment.40,41  Research into 

different aspects of the compound, including its SAR, its mechanism of action, and its 

binding conformation, has and continues to produce new analogs that address these 

issues. 

Microtubules 

As previously mentioned, PTX was found to have a unique mechanism of 

action some time after its discovery, though many new molecules have been found 

to act in a like manner, including the epothilones and laulimalide.  Taxanes stabilize 

microtubules by binding to the β monomer of the α,β‐tubulin dimers that aggregate 

to form the long, hollow structures important to the cell’s structural stability and 

movement.42  Microtubules are an integral part of the cytoskeleton of all eukaryotic 

cells.  They participate in a vast number of cellular functions, including mitosis, 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morphogenesis, intracellular transport and secretion.  They are the scaffolds upon 

which motor and structural proteins attach to do their work throughout the cell. 

 

 

Figure 5.  Left: Cartoon of α,β‐tubulin dimers adding to the plus/growing end of a 

microtubule with a top view of the formed 13‐protofilament cylinder that is more 

accurately portrayed by the 3‐D electron microscopy map at 8 Å resolution (top 

right).  Bottom right: Dark field fluorescence microscopy of resting (interphase) and 

dividing (metaphase) cells with microtubules in green and DNA in blue. 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Microtubules are composed of tubulin, an 110kD heterodimer protein.  The 

repeating α,β dimers reversibly bind head to tail to form linear protofilaments 

connected by longitudinal bonds.  Lateral bonds primarily connect α‐to‐α and β‐to‐β 

subunits, associating protofilaments in parallel to make the cylindrical microtubule.  

The final structure is dynamic, with an equilibrium of rapid association and 

dissociation operating primarily at the plus end, or growing end of the polymer.42  

The delicate equilibrium that exists between polymerization and depolymerization 

is particularly important during replication.  In interphase (non‐dividing) cells, the 

minus ends of microtubules are anchored at a microtubule‐organizing center 

located adjacent to the nucleus.  During mitosis, microtubules extend out from the 

duplicated centrosomes that separate the two poles of the dividing cell, forming the 

mitotic spindle (green microtubules in metaphase, Figure 5).  They spread out to the 

center of the cell, attaching onto the chromosomes at their kinetochores.  When the 

chromosomes have been aligned and need to be separated into two daughter cells, 

the microtubules begin to depolymerize, pulling the chromosomes apart.43  

Inhibition of the depolymerization process, as when PTX is bound and stabilizing 

the microtubules, locks the protein and freezes the cell during mitosis.  The cell, 

then, eventually follows the path to apoptosis, or programmed cell death.31,44,45  PTX, 

then, as well as other compounds that disrupt microtubules, are excellent 

chemotherapeutic agents, attacking cells that are rapidly and uncontrollably 

dividing; that is, cancer cells. 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Cancer 

Cancer describes over 100 types of diseases, some more lethal than others, 

that led to just over half a million deaths in the United States in 2008; this accounts 

for almost a quarter of all deaths that year.46  Heart disease is the only condition 

more lethal.  Lung cancer is by far the most deadly form among both men and 

women, accounting for approximately 30% of cancer deaths, followed by 10% from 

prostate for men and 15% from breast for women.  All cancers have one unifying 

feature: uncontrolled cellular growth.47 

The name originates from the 

similarity the Greek physician Galen 

noted between the enlarged vein‐like 

sores of a tumor and a crab’s legs 

(Greek: karkinos for crab; Latin: cancer for crab).  Cancer cells have a number of 

distinctions when compared to normal cells: they are immortal in culture, whereas 

there is a limit of approximately 50 divisions (Haflick’s limit) for normal cells; they 

produce telomerase; and they resist 

apoptosis.47  Three main treatments exist 

for the treatment of this disease: surgery, 

radiation, and chemotherapy (left).46  

Surgery is the most effective treatment 

because it often removes the entire tumor preventing further spreading in the body, 

but many cancers are inoperable due to their location in the body.  At the same time, 

some surgeries can be traumatic due to the damage of healthy cells and tissue 
1
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B. Cytotoxics

1. Mustards

2. Platinum Poisons

3. Nucleoside Poisons

4. Alkaloids
5. Tubulin Binders

C. Cell Cycle Modulators

1. Cell Signaling Modulators

a) GP-Receptor Antagonists

b) Kinase Inhibitors
2. Growth Factor Poisons

3. Mitosis Support Poisons

a) Taxol: A model of Development for a new Target

b) The next generation: Epothalone, Discodermalide, Laulimalide

D. Hormone Dependent Tumors
1. Estrogen Replacements

2. SERMS

E. Angiogenesis Inhibitors
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Applications and Examples 

in Cancer Therapy

Cancer Etiology

Growth and Progression of the Disease

Strategies for Intervention

Non-Rational Drug Discoveries

Alkylating Agents

Tubulin Binders

Rational Drug Discoveries

Cell Signaling Inhibitors

They Call it Cancer 
Latin: cancer for crab; Greek: karkinos for crab.

The Greek physician Galen noted the resemblance between the 

enlarged vein-like sores of a tumor and a crab’s legs

Cellular Comparisons 

Normal Cells
• Mortal in culture -

Hayflick limit (50 ± 10 
cell divisions)

• Do not produce 
telomerase – cannot 
maintain telomeres.

• Undergo programmed 
cell death (apoptosis)

Cancer cells:
• Are immortal in 

culture

• Produce telomerase

• Resist apoptosis

Cellular Comparisons 

Normal Cells Respond 
to Signals that:

• Stimulate cell growth and 
division (eg. Growth factors)

• Inhibit cell growth and 
division (eg. Contact 
inhibition)

• Undergo programmed cell 
death (apoptosis)

As Cells Become 
Malignant, they:

• Grow and divide 
uncontrollably

• Loose contact inhibition

• Become immortal

• Exhibit breakdowns in the 
Apoptosis Pathway

• Express genes that 
stimulate production of 
blood vessels

• Gain the ability to 
metastasize

1- Transformation. Process converting a normal cell into a cancer cell.  If 
cancer cells ultimately evades destruction by immune system:

2- Tumor. Mass of abnormal cells within normal tissue.  A tumor grows 
from a single cancer cell.

Benign: remains at original site, most completely removed by surgery.

Malign: invasive enough that impairs the function of one or more 
organs.  People with malign tumors are said to have cancer.

3- Metastasis. Spread of cancer cells to locations away from original site.

Tumor Cancer Metastasis

Cancer Progression 
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surrounding the tumor.  Radiation treatment does not discriminate between 

cancerous and noncancerous cells, causing serious side effects.  Chemotherapy is the 

most evolving treatment method for cancer, with drugs on the market that approach 

the destruction of cancer cells by means of a number of different routes.  PTX and 

other microtubule‐targeting agents are popular choices in the field, and extensive 

research continues to illuminate the intricacies of their mechanisms of action.  In 

some cases, new analogs can overcome the obstacles of side effects and resistance. 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There  is  one  thing  even  more  vital  to  science 
than intelligent methods; and that is, the sincere 
desire to find out the truth, whatever it may be. 

Charles Pierce 

Facts are the air of scientists. Without them you can never fly. 

Linus Pauling 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Background 

Paclitaxel’s (Figure 3; 1) importance as an anticancer drug has motivated a 

generation of investigation into its chemistry and mechanism of action.  Interest 

increased in the compound, and its derivative DTX (Figure 4; 3), as they became the 

drugs of choice for the treatment of ovarian and breast cancer.  Research addressed 

the many difficulties of the drugs with administration, side effects and acquired 

resistance.  More easily synthesized compounds, as well as novel scaffolds that could 

be patented, were also of interest to BMS and other groups.  Many laboratories 

made chemical modifications to study the SAR of PTX with tubulin.  Virtually every 

position on the four‐ring baccatin core and the side chains has been subjected to 

structural modification.27,48‐56  The main conclusions of these early studies are 

summarized in Figure 6: the C‐13 side chain, the ester groups at C‐2 and C‐4, and the 

oxetane ring were found to all be essential for biological activity. 

 

Figure 6.  Some structure‐activity relationships of PTX (1).  The groups on carbons 

1, 7, 9 and 10 can be removed or reduced without major changes in activity.  

Adapted from reference 27. 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Using the large quantity of published SAR data, many research groups 

attempted to develop pharmacophores that explained the data and could be used for 

the prediction of new active analogs.24‐26,57  Though many proposals were put forth, 

none were predictive for more active compounds.  To improve these models and 

stimulate further research, the bioactive conformation of PTX was needed.  

Understanding how PTX interacts with its target in detail would better explain the 

available SAR and lead to intelligent predictions and the design of ligands that 

overcome resistance. 

The Bioactive Conformation of PTX 

The bioactive conformation of a drug is considered to be the three‐

dimensional geometry it achieves when associated with the protein.  X‐ray 

crystallography is most often used to obtain structural information,58 but flexible 

molecules can be difficult to crystallize, and X‐ray data usually only yields a single 

conformation in the solid state.  For proteins, a method for expression must be 

developed and crystals need to form.  NMR spectroscopy has also been applied to 

obtain both static and dynamic conformational information,59 but a system size limit 

exists.  Other biophysical techniques such as electron crystallography (EC),60,61 solid 

state NMR (REDOR)62 and fluorescence resonance energy transfer (FRET)27,54 have 

all been applied to the PTX binding problem. 

Polar and Non­polar Conformations 

For many years, most of the work published about PTX, DTX and their 

analogs proposed one of two clustered forms as the bioactive conformation of 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taxanes, with each experiencing hydrophobic collapse between the C‐2 benzoyl 

phenyl and one of the terminal phenyl rings of the C‐13 side chain.63  The prevalence 

of either one depends on the nature of the solvent: in non‐polar solvents, the 

conformation identified by the close interaction of the C‐3’ benzamide and C‐2 

benzoyl groups dominates (Figure 7a);64‐66 the polar conformation (Figure 

7b),58,67,68 characterized by the clustering of the C‐2 benzoyl, C‐3’ phenyl and C‐4 

acetyl groups, was described by NMR in polar solvents, including D2O or D2O/DMSO 

mixtures. 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Figure 7. The two proposed bioactive conformations of PTX that present 

hydrophobic collapse: (a) Non‐polar or apolar and (b) Polar.  (c) A general 

representation (4) of conformationally resistricted analogs of the polar 

conformation and (d) a specific example (5) that does not compete with PTX for the 

binding site. 

The design of bioactive taxane analogs based on the collapsed conformations 

was attempted with varying degrees of success.  Conformationally restricted 

analogs of the polar conformation were built with 2‐carbon tethers connecting the 

C‐3’ phenyl and C‐2 benzoyl groups (Figure 7; 4).69  The presence of the 

conformation in solution was validated by NMR, with large H‐2’/H‐3’ couplings, as 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well as aromatic‐aromatic and aromatic/C‐4 acetyl NOEs observed, but none of the 

analogs presented any significant microtubule assembly.  In addition, the E‐

configured macrocyclic olefin (Figure 7; 5) does not compete with PTX for the 

binding site on tubulin.  The results indicate that another conformation acts as the 

bioactive conformer of PTX.  Also, taxanes were synthesized that replaced the C‐2 

benzoyl group, the one always involved in the hydrophobic collapse, with C‐2–

OC(O)‐alkyl or ‐alkenyl groups.70  These taxanes showed equivalent or higher in 

vitro activity as compared to the parent drug, suggesting that the active 

conformation of PTX does not require hydrophobic collapse. 

A significant development towards the discovery of the bioactive 

conformation of PTX occurred when Nogales, Wolf and Downing solved the EC 

structure of the α,β‐tubulin dimer by analyzing polymeric sheets of microtubules 

stabilized by zinc cations and the bound drug.61  Unfortunately, while the 3.7 Å 

resolution structure (PDB id 1TUB)71‐73 presents the protein fold as a readily 

discernable collection of α‐helices and β‐sheets, it was insufficiently resolved to 

define the conformation of PTX.  Consequently, the single‐crystal X‐ray structure of 

DTX (3)38 was positioned in the ligand density as a placeholder.  In this structure, 

DTX exhibits a conformation that folds the C‐13 side chain to place the C‐3’ tert‐

butoxy amide group close to the C‐2 benzoyl phenyl ring, reminiscent of the 

apolar64‐66 conformation (Figure 7a).  This important but tantalizing result led to a 

number of efforts to define the details of the ligand’s conformation.  A number of 

groups synthesized bridged analogs based on various principles that enforce the 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collapsed conformation, but none of the early attempts proved to match PTX’s 

profile against either the protein in vitro or cells.74‐76 

Deconvolution of Conformationally Averaged Structures 

To summarize, up through the release of the EC structure of tubulin in 

1998,61 two conformations prevailed as competitors for the bioactive form (Figure 

7).  These conformations, differing mainly in the torsion angles around the flexible 

C‐13 side chain, were proposed by NMR methods and are also found in the solid 

state.  As mentioned above, crystallography only yields one or two conformations 

and cannot provide information about the dynamics of small molecules.  As for NMR, 

spectra of flexible molecules are time averaged.  NOE’s and coupling constants (J’s) 

reflect a weighted average from the rapidly exchanging individual conformations.  

NMR spectra, though, are commonly fitted to one structure, with the assumption 

that only one conformation exists in solution or strongly dominates an equilibrium 

mixture.  If the assumption does not hold, then a “virtual” conformation is obtained 

by over‐fitting the NMR data to a single form that is not present in solution.77 

PTX (1) possesses at least nine easily rotated single bonds in addition to 

three C‐OH bonds.  The existence of a low population conformer different from the 

two described above was considered to be highly likely.  In order to identify any 

such conformers, members in this laboratory pursued an empirically based 

conformational search of the molecule.78  The NAMFIS methodology (NMR analysis 

of molecular flexibility in solution)79 was applied to the PTX system.  NAMFIS is a 

hybrid experimental/computational technique that uses the NOEs and J’s obtained 

by NMR in combination with a conformer pool obtained by Monte Carlo (MC) 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conformational searches80 to select an ensemble of structures that best satisfy the 

data.  In this way, the different conformations obtained by a flexible molecule in 

solution can be established instead of settling on a “virtual” conformation77 that will 

never be observed. 

The authors made use of the ROESY data set carefully obtained by Hilton81 in 

CDCl3 and the AMBER*/GBSA/CHCl3 conformational search protocol as 

implemented in Schrödinger’s MacroModel (v2).82,83  A 30,000 step MC search 

produced 2995 conformers that were clustered into 509 families and subjected to a 

NAMFIS fit of 42 NOE‐derived H‐‐‐H distances and a H‐2’/H‐3’ coupling constant of 

2.7 Hz.  The analysis resulted in eight PTX conformations (Table 2) with solution 

populations ranging between 1 and 35%, corresponding to a maximum free energy 

difference (ΔΔG(CDCl3)) of 2.1 kcal/mol based on a Boltzmann distribution of the 

mole fractions at 298 K.78 

Table 2.  PTX conformers derived from NAMFIS analysis:78 Mole fractions 

(MF), ΔG(CDCl3), Ph—Ph centroid distances and conformer family. 

    C‐2 Ph to C‐3’ Ph centroid distances, Å     
  MF, %  C‐3’ Ph  C‐3’ Bza  ΔG(CDCl3), kcal/mol  Family 

1  35  9.65  5.41  0.0  Apolar 
2  26  11.06  4.68  0.2  Apolar 
3  19  10.52  11.32  0.4  Open 
4  10  8.63  10.78  0.7  Open 
5  4  5.66  12.03  1.3  Polar 
6  3  9.87  10.92  1.5  Open 
7  2  10.87  4.72  1.7  Apolar 
8  1  11.66  12.87  2.1  Open 
 



22 

The eight conformers fall into three families.  Conformers 1, 2 and 7, 

representing a total of 63% of the population, represent the non‐polar form of the 

molecule with the C‐2 benzoyl and C‐3’ benzamide phenyl groups clustered together 

and the C‐3’ phenyl out in solvent.  The fifth most populated conformer (4%) is the 

only representative of the polar conformation with clustering of the C‐2 benzoyl, C‐

3’ phenyl and C‐4 acetyl groups as observed in DMSO‐d6/D2O mixtures, in CD3OD, 

and in the crystal structure of PTX.58  Conformers 3, 4, 6 and 8 comprise the third 

and second largest subset (33%) of the NAMFIS results.  They are all “open” 

conformers, lacking any phenyl—phenyl hydrophobic collapse.  At the time the 

authors did not conclude that a non‐hydrophobically collapsed conformer of PTX 

binds to β‐tubulin, but only that the single conformation hypothesis of the 

compound in solution was incomplete.78  Later work, though, demonstrates that the 

former is the case. 

The T­Taxol Conformation 

Snyder, et al. utilized the results from the NAMFIS analysis in integration 

with the EC density of the α,β‐tubulin/PTX complex (PTX‐TB) in an effort to define 

the binding conformation of the ligand.84  The individual conformers,78 along with 

conformers derived from X‐ray crystal structures85,86 and other NMR analyses,64,66‐

68,78,87,88 were docked into the EC density map of the complex.  The results depicted 

most of the conformations with the terminal C‐13 phenyl rings in regions devoid of 

density, except for three very similar conformations, two from the solid state85,86 

and one from the NAMFIS solution results,78 that fit reasonably well in the density.  

One of the later was chosen to undergo restricted low‐temperature dynamics and 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force‐field optimization within the experimental density.  The PTX conformer was 

then removed from the protein complex, conformationally altered, and flexibly 

redocked into the binding pocket to demonstrate that the obtained conformation 

was both unique and reproducible.  Of the results, the protein encased only two 

conformers and the lower energy form was identical in shape and location to that 

obtained from the optimization within the experimental density.  The authors 

named this conformation the T‐ or butterfly‐binding motif (Figure 8).84 

   

Figure 8.  (a) The T‐Taxol designation describes the almost equidistant placement 

of the C‐3’ Ph rings from the C‐2 benzoyl group and (b) is readily visualized when 

looking across the molecule from C‐2 to C‐3’.  (c) This conformation was found to be 

the best fit for the EC density.78 

The T‐Taxol conformation is characterized by the approximately equidistant 

position of the C‐2 benzoyl phenyl from the C‐3’ phenyl rings and represents one of 

the “open” conformations resulting from the NAMFIS analysis of PTX.  Nestled in the 

EC density of the PTX‐TB complex as shown in Figure 8c, the C‐2 and C‐3’ phenyl 

rings encase His229,89 preventing their hydrophobic collapse, and all three 

hydrophobic centers of the molecule engage in complementary interactions with the 

a  b  c 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protein rather than self, as in the polar and non‐polar conformations.  This model 

predicts that taxoids designed on a hydrophobically collapsed motif would be 

inactive, as is the case with the linked compound mentioned above.26,69,74‐76 

Concurrent to the above work, refinement of the original 3.7 Å resolution 

structure of the α,β‐tubulin dimer61 to 3.5 Å defined the bioactive conformer as a 

structure very similar to T‐Taxol.90  This refined structure, named 1JFF in reference 

to the PDB code, also lacks the clustering of distant phenyl rings in order to allow 

His227 to reside between the C‐3’ benzamido and C‐2 benzoyl phenyl groups. 

Although doubts have been raised that the tubulin sheet model housing the 

T‐Taxol conformation is representative of genuine microtubules,91,92 several 

observations reinforce the proposition that the taxane binding site is shared 

between them.  First, the T‐Taxol tubulin model explains the capacity of epothilones 

A and B to assemble and stabilize purified yeast microtubules (Saccharomyces 

cerevisiae) by contrast with PTX’s inability to do so.93  The same model accurately 

predicted the mutation of five yeast tubulin binding site residues that restored PTX’s 

tubulin assembly activity.94  Second, it is completely consistent with all known 

acquired tubulin mutations in resistant human cell lines in response to persistent 

taxane drug exposure.41,95  Third and most compelling, unlike all other previous 

bridging strategies, the design of bridged taxanes based on the T‐Taxol 

conformation has achieved both tubulin polymerization capacities and cytotoxicities 

in several cell lines superior to PTX.96,97  Since the T‐Taxol geometry is predictive of 

activity in this context and both types of experiments involve genuine microtubules, 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it implies that the microtubule and tubulin sheet binding sites are sufficiently 

similar to serve as mutual mimics. 

The REDOR Conformation 

However, reservations about the validity of T‐Taxol as the binding 

conformation of PTX continue to be expressed.  A combined REDOR‐NMR and 

fluorescence spectroscopy study by the groups of Schaefer, Bane and Kingston used 

the PTX derivative 2‐(p‐fluorobenzoyl)paclitaxel) (2‐FB‐PT, 6, Figure 9) to 

determine two intramolecular distances of the ligand when bound to tubulin.  They 

reported the distances between the fluorine at the para‐position of the C‐2 benzoyl 

group and 13C‐labeled C‐5’ amide carbonyl carbon (X, 9.8 Å) and the C‐3’ methine 

carbon (Y, 10.3 Å) with the uncertainty estimated to be ± 0.5 Å for both.62  This work 

interpreted the REDOR distances in terms of the hydrophobically collapsed polar 

conformer of PTX.58,67,68  However, the inactivity of bridged analogs that enforce the 

same 3‐D form fails to support it as the binding conformer.26,69,75 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RX, Å  RY, Å  Degree Conformer  (F‐‐‐C‐5’)  (F‐‐‐C‐3’)  ϕ1  ϕ2 

REDOR  9.8  10.3     
Polar  10.4  9.6  ‐101  103 
1JFF  8.1  9.3  ‐94  56 
T‐Taxol  9.1  9.9  ‐103  70 
T‐Taxol (i)  9.9  10.3  ‐89  70 
T‐Taxol (ii)  9.8  10.1  ‐103  82 
T‐Taxol (iii)  9.8  10.2  ‐97  76 
PTX‐NY  10.0  9.4  ‐160  ‐100 

Figure 9.  The distances between the fluorine and labeled carbons of 2‐FB‐PT (6) 

were determined by a REDOR experiment.62  These distances are compared 

amongst a number of different proposals for the bioactive conformation of PTX.  

Dihedral angles ϕ1 and ϕ2 correspond to C12‐C13‐O‐C1’ and O‐C1’‐C2’‐C3’, 

respectively. 

The T‐Taxol form has been criticized for its inability to comply with the two 

intramolecular distances obtained by the solid‐state experiments (Figure 9).62  

According to Geney, Ojima and coworkers92 T‐Taxol sustains values of 8.1 and 9.3 Å 

for X and Y, respectively, well outside the reported REDOR errors.  Unfortunately, 

the authors used the numbers for the 1JFF structure90 as opposed to T‐Taxol.84  As a 

result, these authors proposed a modified conformation with a reversed C‐13 side 

chain orientation (“REDOR‐Taxol”) as an equally plausible bioactive shape.  To 

obtain this conformation, they performed a MC conformational search on 2‐FB‐PT in 

vacuo, clustered the results into 16 families and performed a 2‐step partial induced 

fit docking routine to obtain a binding model.92  Covalent complexes were then 

formed between the C‐7 benzodihydrocinnamyl derivative of the PTX conformers 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and the protein on the basis of the observation that the compound labels the M‐loop 

of β‐tubulin exclusively at Arg282.98  They then performed a second MC analysis, 

this time of the entire complex, resulting in a number of conformers.  None of the 

representative structures strictly maintained the REDOR‐NMR distances (Figure 9) 

but the authors picked the conformation with the closest values.  This conformation 

is similar to T‐Taxol in that the phenyl rings are similarly positioned in the pocket, 

but the C‐13 side chain experiences a different position with the C‐2’ OH reoriented 

towards His227 and forming a hydrogen bond (Figure 10). 

 

Figure 10.  (a) The proposed NY conformation.  (b) Superposition with T‐Taxol as in 

the EC picture below demonstrates the difference in the C‐13 side chin orientation.  

Red and blue circles highlight the C‐2’ hydroxyls. 

As I mentioned, the internal interatomic distances Geney, et al. used for the 

T‐Taxol comparison were unfortunately taken from the refined PTX‐TB EC structure 

(1JFF‐PTX)90 and not from the derived T‐Taxol model (Figure 9).84  The latter 

sustains X and Y values of 9.1 and 9.9 Å, respectively (Figure 9), the lower value 

a  b 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falling outside the conservative ± 0.5 Å error bar by 0.2 Å.  Interestingly, the model 

selected by the Geney‐Ojima group for further work was recorded as having X/Y = 

10.0/9.4 Å, the second of which is also outside the reported 0.5 Å error boundary by 

0.4 Å (Figure 9).92  The latter proposal cannot be considered the “REDOR” 

conformation while disregarding T‐Taxol when neither match the reported 

distances within the error boundaries; as such, we put forth that T‐Taxol must also 

be considered a “REDOR” conformation.  Moreover, as explained in detail below, 

many different conformations actually fall into the REDOR‐defined limits; therefore, 

to distinguish the proposal by the Geney‐Ojima group92 from other “REDOR” 

conformations, it shall be referred to as PTX‐NY from here on in this document 

(Figure 10).  The purpose of the present work is to examine the various proposals 

critically in light of the REDOR measurements, as well as an array of data 

encompassing biophysical measures, including the EC density, and biological 

outcomes, such as SAR. 

Methods 

All images were prepared using PyMOL.99 

Preparation of PTX­NY.  A conformation of PTX was modified by replacing 

the para‐H of the C‐2 benzoyl side chain phenyl with para‐F to give 2‐FB‐PT.  Then, 

four C‐13 side chain angles obtained from Figure 5 of the Geney et al. paper92 were 

incorporated to generate the New York conformation (PTX‐NY): C12‐C13‐O13‐C1’ 

155°, C13‐O13‐C1’‐O1’ 4°, O13‐C1’‐C2’‐O2’ 22°, and O2’‐C2’‐C3’‐N3’ 178°.  The 

structure was then superimposed onto T‐Taxol to provide the relative orientation of 

the two structures as depicted in Figure 3A of the Geney work (Figure 10).92 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EC density maps.  All the maps were prepared by Scott Johnson as 

published.100,101  That procedure is replicated here for reference. 

For all maps,102,103 the 1JFF protein structure90 and corresponding structure 

factors were employed with b‐factors flattened to 30.0 during the map generation 

process.  The T‐Taxol structure was taken from the computationally refined PTX‐TB 

complex,84 while the New York conformation was obtained as described above.  

Both 2Fobs‐Fcalc and difference maps were generated using CNS 1.1104 and compared 

to maps generated from CCP4105 for consistency.  It should be noted that Fourier 

difference maps are capable of visualizing changes at low noise levels between two 

closely related ligands in a common binding site that correspond to only a few 

carbon atoms.106  CNS topology and parameter files were obtained from the HIC‐UP 

(Hetero‐compound Information Centre ‐ Uppsala) server hosted by Uppsala 

Universitet.107  For easier visualization of the CNS 2Fobs‐Fcalc omit map, a solvent 

mask was generated to hide solvent and protein density farther than 1.5 Å from 

either ligand's coordinates.  The maps were compared in 'O'108 and the publication 

images were generated with Pymol.  Cut‐off values for the difference maps were 

determined visually to maximize image quality and did not exceed a difference cut‐

off of +/‐ 2.50 sigma as determined by 'O'.  Due to scaling inconsistencies between 

the masked 2Fobs‐Fcalc omit map and the original map, the two maps were visually 

compared in 'O' at 1.00 sigma and the masked cut‐off was adjusted accordingly. 

Conformational Searches.  Two 15,000 step Low Mode Monte Carlo (LMMC) 

conformational searches109 using the MMFF110‐112 and MM3*113‐115 force fields and 

an aqueous continuum solvation model82 were performed for 2‐FB‐PT(6) using 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MacroModel version 8.6.83  The F—C‐5’ and F—C‐3’ distances were constrained to 

the REDOR values (9.8 and 10.3 Å, respectively),62 and an energy cutoff of 7.0 

kcal/mol was used.  The search provided 602 and 598 fully optimized MMFF and 

MM3* conformations, respectively.  Distance constraints were removed, and the two 

sets of conformations fully optimized in their respective force fields.  This resulted 

in 47 and 33 structures from MMFF and MM3*, respectively, that matched both 

REDOR distances within ± 0.3 Å. 

A 10,000 step LMMC conformational search using the MMFF force field in 

MacroModel and a 10.0 kcal/mol cutoff was performed for bridged T‐Taxol analog 9 

(C‐2 para‐X = H).  In total, 93 optimized conformations were obtained, and the 

global minimum was found 62 times.  Twelve of these structures fall into the T‐

Taxol family on basis of the observation that the centroids of the C‐3’ phenyl rings fit 

the T‐form within 20% of the distances found for the centroids of the corresponding 

T‐Taxol phenyl rings.  That is, the ranges for the 12 conformers are C‐2 benzoyl to 

benzamide phenyl, 7.9—11.2 Å (T‐Taxol 9.4 Å) and C‐2 benzoyl to C‐3’ phenyl, 8.9—

9.4 Å (T‐Taxol 10.0 Å).84  Not a single example of the PTX‐NY conformation was 

located among the conformers of the optimized dataset. 

Finally, a 5,000 step LMMC conformational search with an energy cutoff of 

7.0 kcal/mol was performed for the New York construct 11 using the MMFF force 

field in MacroModel.  A total of 105 optimized conformations was obtained, 28 of 

which conform to the T‐Taxol conformation. The global minimum was located 40 

times.  Again, no conformation corresponds to the New York variation.  A single 

MMFF conformer showed a C‐3’ side chain orientation similar to that in the latter 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and C‐3’ phenyl centroid distances within 20% of the T‐form (as that above).  

However, the torsion angles around C‐2’ direct the C‐2’ OH away from the bridge 

and, therefore, away from His227 as well, when the molecule is docked into the 

protein.  This observation is consistent with the behavior of unbridged PTX‐NY 

when subjected to MD within the taxane binding pocket (see following section). 

Molecular Dynamics.  The PTX‐TB complex84 was subjected to molecular 

dynamics for 5 ps at 300 K using the Tripos force field in Sybyl version 7.0.116  The 

imidazole ring of His227 was treated both in the neutral and protonated states 

during the separate simulations. 

Docetaxel (DTX, 3) and nonataxel (NTX, 7) were modified from T‐Taxol and 

docked into the PTX‐tubulin complex by superimposing the baccatin cores using 

Sybyl version 7.0.116  Each model was subjected to MD at 20 K for 5 ps with the 

protein backbone held as a fixed aggregate.  During this treatment, the energy 

gradually fell until it leveled off during the final picosecond.  Because the DTX and 

NTX complexes were so similar to the starting PTX complex, no further MD was 

warranted.  With the backbone still held fixed, the ligand and the tubulin side chains 

were then optimized with the Tripos force field. 

2‐FB‐PT, as prepared in the PTX‐NY conformation above, was manually 

docked into the 1JFF protein binding site.90  MD simulations were performed with 

the MMFF94 force field in Sybyl version 7.0116 by allowing movement of the ligand 

and all side chains surrounding it within a 10 Å sphere at 20 K with a time step of 

0.5 fs and dielectric constant of 4.5 for 5 ps.  Prior to molecular dynamics (MD) 

treatment, the C‐C(O)‐NH2 bond of Asp26 was rotated to give the benzamide phenyl 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room to reside in the pocket without severe steric conflict.  Three constraints were 

enforced to maintain the PTX‐NY conformation throughout the MD simulations: X 

(F—C‐5’) = 10.0 ± 0.2 Å; Y (F—C‐3’) = 9.4 ± 0.2 Å; and C2’‐OH—His227‐N = 2.5—3.5 

Å.  The model was regarded as stable because the last 3 ps of the simulation resulted 

in an overall RMS deviation of 0.35 Å for the ligand and an energy variation of less 

than 3 kcal/mol.  At this point the constraints were removed, and a full optimization 

of the site was performed using MMFF.  The optimized complex was then subjected 

to higher temperature MD to determine if the hydrogen bond distance would be 

maintained without the constraints.  The same parameters were used, but the 

temperature was increased from 20 K to 300 K during a 4 ps MD run. 

Throughout the simulations, the C2’‐OH‐‐‐N‐His227 distance was 

constrained to 2.5‐3.5 Å in accord with the observation that PTX‐NY enjoys a 

hydrogen bond between these centers.  As the MD simulations proceeded, the 

binding pocket of tubulin expanded slightly to better accommodate the ligand, 

although the only significant change observed was the position of the His227 side 

chain.  Since, the unprotonated nitrogen of the imidazole ring attempted to form a 

hydrogen bond with the C2’‐OH of the ligand (~3.0 Å), the plane of the ring rotated 

relative to its position in 1JFF to accommodate the interaction.  The hydrogen bond 

length varied between 2.5 and 3.4 Å throughout the entire simulation, although for 

90% of the trajectory it oscillated evenly between 2.5 and 3.0 Å.  When the 

constraints were released and the model allowed to follow dynamic pathway at 

slightly higher temperatures, the electrostatic interaction between the C‐2’ OH and 

His227 was not maintained.  Although the ligand stayed within the pocket for the 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most part, the C‐13 side chain, especially the phenyl rings, slowly drifted outward 

and starts to lose the PTX‐NY conformation. 

Our purpose here was not to perform a complete MD study but to generate a 

reasonable model of the New York conformer for comparison with the EC structure 

of tubulin bound to T‐Taxol.  Examination of Figure 10 in the main text and Figure 

3a in the Geney‐Ojima investigation92 makes it clear we have accomplished this goal.  

A more vigorous treatment would most likely not do so. 

Results and Discussion 

Ojima and colleagues have proposed a new conformation as the bioactive 

form of PTX (PTX‐NY)92 in preference to T‐Taxol.84  The essential difference 

between the New York and the Emory models resides in the conformation of the C‐

13 side chain from C‐1’ to C‐3’.  In the latter conformer, the C‐2’ OH group 

experiences a hydrogen bond with the backbone NH of Gly370 on the loop that 

spans β‐sheet strands B9 and B10 (Figure 10, red circle).84.  The new proposal 

involves a conformational reorientation that directs the same group toward the 

hydrophobic basin but within hydrogen bonding distance of His227 on Helix 7 

(Figure 10, blue circle).92 

Electron Crystallographic Density Compatibility 

The authors comment that the low resolution of the PTX‐TB complex density 

map eliminates the possibility of distinguishing between T‐Taxol and the New York 

variation.92  It is accurate to state that during the initial structure‐building,61 the EC 

density alone was not sufficient to provide an unambiguous solution to the PTX 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binding problem.  Follow‐up refinement that delivered 1JFF came close,90 but it has 

been a combination of modeling and NMR with the EC density that has yielded a 

well‐defined structure with predictive power.84,96  While the density in question is 

incomplete and weak in some ligand regions (e.g. between C‐2 and the terminal 

benzoyl phenyl), it is strong and discriminatory as it concerns the conformation of 

the C‐13 side chain.  Comparing T‐Taxol and 1JFF‐PTX against the New York 

conformer constructed from published torsion angles92 is illustrative. 

 

Figure 11.  The structures of (a) T‐Taxol84 and (b) 1JFF‐PTX90 (yellow) 

superimposed with the NY‐PTX conformation92 of 2‐FB‐PT (green) in the β‐tubulin 

binding site.  The 2Fobs‐Fcalc density maps for the former two are shown as blue 3‐D 

contours. 

A student in our lab, Scott Johnson, used the models I provided to develop 

omit and different maps that readily differentiate between the two conformations.  

Figure 11a depicts the T‐Taxol and PTX‐NY structures superimposed in the tubulin 

binding site simultaneously displayed with the 2Fobs‐Fcalc omit map102,103 as derived 

a

)

b
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from the original measurements.61  The 3.7 Å resolution occasions missing density 

around C‐2 and C‐10.  However, strong density displayed as a blue grid along the C‐

13 side chain from C‐1’ to C‐3’ illustrates that T‐Taxol (yellow) matches the 

experimental data perfectly.  Manual superposition of T‐Taxol and PTX‐NY within β‐

tubulin according to visual inspection of Figure 3A in the Geney, et al. report 

illustrates that the baccatin cores and the three terminal phenyl groups occupy 

similar regions of space (Figure 11a).  However, while the PTX‐NY conformation is a 

reasonable mimic of the T‐Taxol binding rotamer at its extremities, the 

conformationally inverted C‐2’ center in the modified T‐Taxol (green) falls well 

outside the EC density associated with C‐13 to C‐3’.  Comparison of the New York 

conformer with 1JFF‐PTX delivers the same result (Figure 11b).  As mentioned 

above, while T‐Taxol and the 1JFF variation sustain somewhat different C‐13 

torsions and internal distances (Figure 9), the structures occupy fundamentally the 

same space in the β‐tubulin taxane binding pocket. 

Another test of the New York conformation’s ability to fit the density was 

carried out by performing low temperature MD on the tubulin—PTX‐NY complex 

using the structure depicted in Figure 11 (green).  The MD assured that these results 

were not compromised by the manual docking guided by Ojima’s recent report.92  

The C2’‐OH‐‐‐N‐His227 distance was constrained to a 2.5‐3.5 Å window throughout 

the simulation, with the His227 side chain reorienting itself toward the C‐2’ OH 

group.  Once the MD simulations provided a stable model, the constraints were 

removed and full optimization of the PTX‐NY—TB complex was performed holding 

the protein backbone fixed.  The resulting X and Y distances were measured at 11.0 



36 

and 10.4 Å, respectively, each 1 Å longer than those reported by the authors for the 

PTX‐NY proposal.  Slight movements of the ligand in the pocket were observed, but 

it retained essentially the same conformation and binding pocket orientation.  The 

corresponding 2Fobs‐Fcalc omit map (Figure 12) is qualitatively and quantitatively 

similar to those pictured above. 

 

Figure 12.  The structures of T‐Taxol (yellow) and the NY‐PTX conformation of 2‐

FB‐PT (green) superimposed in the β‐tubulin binding site.  In contrast to the 

graphically constructed 2‐FB‐PT NY‐PTX form in Figure 11, the tubulin—2‐FB‐PT 

complex pictured here has undergone low temperature MD as described in the 

Methods Molecular Dynamics section.  By contrast with the green conformer 

pictured before, the C‐13 phenyl rings have drifted outward and moved somewhat 

away from the NY‐PTX conformation. 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Figure 13.  Difference maps (Fobs‐Fcalc) for the PTX‐NY conformation (a) built from 

published torsions92 and (b) after the MD simulation and optimization protocol 

described in the Methods Molecular Dynamics section.  Green corresponds to 

unfilled density and red to incorrectly filled density.  The latter structure shows the 

same qualitative behavior after MD as seen before. 

Another means of evaluating the fit of a protein‐ligand model is to generate 

Fobs‐Fcalc difference Fourier maps,102,103 as depicted in Figure 13a for PTX‐NY as 

positioned in Figure 11.  In order to focus specifically on the C‐13 side chain, the 

maps have been truncated to this region alone.  Where model atoms lie outside 

2Fobs‐Fcalc contours, the Fobs‐Fcalc map portrays them within negative (red) contours.  

Positive (green) contours highlight the correct locations for the same atoms.  Thus, 

the green grid represents density derived from experiment, but unfilled by the 

ligand model, while the red density corresponds to a region of the binding pocket 

that has been incorrectly filled by the taxane conformation.  A similar exercise for 

the MD relaxed form of the PTX‐NY—tubulin complex yields the same qualitative 

result (Figure 13b).  They are virtually identical in their representation that the C‐13 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side chain is most likely misplaced.  Taken together, the maps clearly distinguish the 

two conformations, suggest that the C‐13 side chain of the PTX‐NY structure has 

been improperly positioned in the binding site, and affirm that T‐Taxol is the 

conformer that best fits the EC density. 

REDOR Experiment Limitations 

Ojima and colleagues contest T‐Taxol’s validity92 as the bioactive 

conformation of PTX on account of one piece of data: the two distances reported by 

Li, et al. from their REDOR analysis of 2‐FB‐PT (6) bound to tubulin (Figure 9).62  

The Schaefer group’s double REDOR solid state NMR measurement of F—13C 

distances for quadruply labeled 6 bound to tubulin polymerized in vitro 

encompassed eight million scans and required three months of acquisition time.  

The experiment involved continuous dephasing by 15N (13C{15N}) and 19F (13C{19F}) 

to generate the difference spectra S0 and ΔS, respectively.  The ΔS/S0 ratio measures 

the dipolar coupling between the 13C and 19F atoms; i.e. the stronger the peak in the 

ΔS spectrum, the shorter the 13C—19F distance.  As the ratio depends only on the 

13C—19F distance (rCF), acquisition of the internuclear separations requires only 

determination of ΔS/S0 at a single dephasing time. 

In the REDOR analysis of 6, consideration of signal‐to‐noise in the ΔS/S0 ratio 

led to the estimate of a 6% uncertainty in the F—13C distances; i.e. ± 0.5 Å.62  In spite 

of the enormous resources expended to generate the distances, there are inherent 

limitations associated with fitting a single‐parameter curve to a single data point, 

the latter being a necessity in the analysis of Li, et al. because each additional point 

would require at least three additional months of machine time.  As a result, we 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collaborated with Dr. Anil Mehta to reexamine the error calculations and certain 

assumptions underlying the REDOR measurements. 

REDOR error recalculation.  The dipolar coupling (DCF), hence the ΔS/S0 

ratio, between two NMR active nuclei is inversely proportional to the cube of the 

internuclear distance (rCF) between them: DCF ~ 1/r3.  Using standard error analysis 

for the 9.8 Å distance, the reported value of ΔS/S0 (0.14), and the 20% reported 

error, Dr. Mehta performed the error recalculation as follows 

 

where ±r is the error in the calculated internuclear distance.  Calculating the error in 

a similar manner for the 10.3 Å distance translates into 9.8 ± 0.7 Å and 10.3 ± 0.7 Å, 

providing a slightly expanded error window by comparison with the previously 

estimated one.  In this context, the REDOR measurement accommodates the 

structures previously published for both the polar conformation and T‐Taxol 

(Figure 9). 

The REDOR dephasing curves corresponding to the reported distances62 with 

the recalculated ± 0.7 Å error are displayed in Figure 14.  Although the measured 

ratios accurately fall on the theoretical curves represented by the solid lines, a 

critical element inherent in the determined 13C—19F distances is that the distance 

measurement relies on fitting a single‐parameter curve to a single data point.  

Although the ± 0.7 Å bracket represents the experimental error, there are a number 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of reasons for believing that even this range of 13C—19F distances may be overly 

restrictive.  The basis for this assertion follows. 

 

Figure 14.  Experimental dephasing from reference 62 for 13C‐5’‐‐‐19F (circle) and 

13C‐3’‐‐‐19F (triangle) and the calculated REDOR curves assuming a single 13C‐‐‐19F 

distance to each 13C center.  Solid lines correspond to the 13C‐‐‐19F distances62 and 

the dotted lines represent the ± 0.7 Å error. 

Conformer distribution of 6.  The REDOR curves are calculated assuming a 

single 13C—19F distance and the lack of significant molecular motion.  However, as 

implied by the MD simulations described below (Figure 17b), 6 appears to 

experience dynamic conformational equilibration when bound to the protein.  Also, 

the solid‐state baccatin III 13C spectra117 is consistent with the view that the 

molecule experiences dynamic conformational equilibration in the solid state.  An 

alternative viewpoint arises from the observation that in the REDOR experiment the 

tubulin‐microtubule samples stabilized by the labeled ligand (6) were rapidly 

frozen in liquid nitrogen (77 K) and lyophilized for 3‐4 days.62  It has been argued 

that such freeze drying traps all conformations present in solution prior to flash 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freezing and thereby leads to microheterogeneity accompanied by the lack of 

equilibration.118  However, raising the temperature from 77 to 268K (‐5°C), where 

the REDOR experiment was conducted, can reestablish interconversion among a 

distribution of forms.117,119,120  Accordingly, the C‐2 and C‐13 side chains furnishing 

the distance measurements may well oscillate around a cluster of interconverting 

structures characterized by both high amplitude torsional vibrations and 

interconverting conformations.  As a result, the distributions depicted by the MD 

simulations (Figure 17b) may contribute to the observed REDOR dephasing. 

In principle, REDOR can disentangle conformational effects in the solid 

lyophilized sample.  However, to deconvolve internuclear distances for a possible 

range of trapped conformations, several dephasing times need to be collected.  

Multiple data points are required because dephasing for a distribution of distances 

depends on two parameters, the mean distance and the distribution.121  In an 

attempt to estimate the effect of C‐2 and C‐3’ side chain distributions on the shape of 

the REDOR dephasing lines in the absence of multiple measurements, we have 

modeled the dependence of the ΔS/S0 ratio in terms of Gaussian half‐widths (Figure 

15).  For the 9.8 and 10.3 Å 13C—19F distances, Gaussian distributions of 0.8 and 1.6 

Å give results essentially identical to that for no distribution.  As there is only a 

single REDOR data point, all three models (no distribution, 0.8 and 1.6 Å 

distributions) are consistent with the distance data. 

The Gaussian curves are properly interpreted as the distribution of 

conformations observed in the solid state with different 13C—19F separations.  The 

larger the full‐width half‐maximum of the Gaussian distribution, the larger is the 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disorder.  The result of fitting the data to a distribution suggests that the 13C—19F 

distances would increase, at most, by 0.1 Å (Figure 15 table).  However, for these 

distributions and distances, the raw distance error estimate is the same, ± 0.7 Å.  For 

reasons expressed above, this analysis is also consistent with the view that a ± 0.7 Å 

error on the distance measurement resulting from fitting a single‐parameter curve 

to a single data point is overly conservative. 

 

  Width of Gaussian 
Distribution (Å) 

Distance 
(rCF) (Å) 

0  9.8 
0.8  9.8 Carbonyl 
1.6  9.9 
0  10.3 
0.8  10.4 Methine 
1.6  10.5 

 

Figure 15.  Left: REDOR plots of 13C‐5’‐‐‐19F (circle) and 13C‐3’‐‐‐19F(triangle) 

dephasing with calculated curves for no distribution (solid lines) and Gaussian 

distributions with full‐width and half maximum widths of 0.8 Å (dotted lines) and 

1.6 Å (dashed lines).  Distances from reference 62.  Right: Full width at half‐

maximum of calculated Guassian distribution as a function of 13C‐‐‐19F distances. 

Lyophilization of the Tubulin­Ligand Complex.  Another potential source of 

difference between the solid state and EC‐refined distances arises from the 3‐4 day 

lyophilization to which the tubulin—2‐FB‐PT NMR samples were subjected.  The 

purpose of the process is to remove sufficient water to produce a solid but leave one 

or two aqueous solvation shells around the protein intact.  In addition, to protect the 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surface of the protein in the absence of bulk water, lyophilization is performed in 

the presence of a stabilization matrix.   In the case of the tubulin—2‐FB‐PT complex, 

polyvinyl pyrrolydine was employed.  Following the dehydration treatment, the 

presence of intact microtubules was detected in the reconstituted lyophilized 

sample by electron microscopy.62 

Despite these precautions and controls, the actual number of water layers 

remaining after lyophilizaton is unknown.  Likewise, the nature and extent of water 

structure near regions of relative hydrophobicity, for example, near the taxoid 

hydrophobic cleft, is undefined.  Given that PTX is believed to bind either at the 

inner61,122 or the outer123 surface of the microtubule, one face of the molecule is 

exposed to the aqueous environment, whereas the other concave nonpolar one may 

share the binding pocket with a small number of water molecules.124,125  

Consequently, any disruption or reorganization of the first solvation shell could 

have an effect on how deep the ligand sits in the pocket, on features of conformation, 

or on ligand mobility. 

Two interesting studies in this respect focus on a short peptide and a protein.  

The first evaluated the solid‐state 13C and 15N NMR spectra of crystalline 

pentapeptide Leu‐ and Met‐enkephalins experiencing different degrees of 

hydration.120  Not only are the peptides’ backbones and side chains dynamic in the 0 

to –100 °C temperature range, but conformational disposition is influenced by 

dehydration.  Significantly, REDOR distances were shown to change by as much as 

25% as a result of partial dehydration.  Although the hydrated crystalline 

enkephalin system is not a mimic of the PTX‐TB complex in the solid state, the work 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nonetheless teaches that modification of the solvation shells near the binding site 

carries the potential for alteration of both the static and dynamic structural features 

of the ligand.  To evaluate motion in hydrated protein microcrystals, the second 

investigation compared the X‐ray crystal structure and solution NMR analysis of 

ubiquitin with solid‐state NMR measurements of the same protein labeled uniformly 

with 13C and 15N nuclei.126  Reduced dipolar couplings were observed for residues 

with increased backbone motion, as measured both by solution‐state NMR and 

increased crystallographic b‐factors.  The three measurements concur that sectors 

of hydrated proteins near room temperature (10 °C) experience significant motion.  

In summary, both the enkephalin and ubiquitin results provide an additional reason 

for not expecting perfect agreement between REDOR‐ and EC‐determined 

internuclear distances. 

The above analysis does not propose that uncertainties in the solvation 

properties of the protein binding pocket in any way invalidate the REDOR 

measurements.  It does however suggest, that the error estimates of ± 0.5 and ± 0.7 

Å are too narrow by this standard.  Consideration of fitting the REDOR curve to a 

single point, conformer distribution, molecular motion, and variations in the nature 

of the binding site hydration relative to soluble or polymerized protein can easily 

explain the minor discrepancies between REDOR‐ and EC‐determined 

intramolecular F—C distances.  In summary, the 13C—F REDOR distances are fully 

supportive of the T‐Taxol and PTX‐NY binding conformations as they are of the 

polar and numerous other energy minimum conformations. 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Conformer Variability 

As discussed thus far, two important pieces of biophysical experimental data 

support the T‐Taxol pose as the bioactive conformation of PTX.  One of these, the EC 

density, excludes the PTX‐NY conformation, while the other, the REDOR distances, 

cannot distinguish between the two when evaluated with a ± 0.7 Å error range.  One 

of the points discussed above involves the motion of the ligand during the solid‐

state experiment.  PTX is a large, flexible molecule, as especially revealed in the 

NAMFIS study that deconvolved the conformations present in solution.78  The 

REDOR data only provides two distances within the molecular volume of the 

compound.  We hypothesized that many different PTX conformations could attain 

the reported distances, even when the ± 0.5 Å error range is strictly enforced. 

Unbound PTX Structures that Conform to the REDOR Distances.  To 

examine the possible range of structures strictly meeting the REDOR measures, two 

LMMC conformational searches109 were performed for 2‐FB‐PT (6, Figure 9) using 

the MMFF110‐112 and MM3*113,127,128 force fields and an aqueous continuum solvation 

model.82  Throughout the searches, the F—C‐5’ and F—C‐3’ distances were 

constrained to the REDOR values (9.8 and 10.3 Å, respectively).  A total of 602 and 

598 structures were obtained with MMFF and MM3*, respectively, within an energy 

window of 7 kcal/mol from the global minimum.  The distance constraints were 

removed, and the two sets of conformations were fully optimized with the 

respective force fields.  Forty‐seven structures with MMFF retained the REDOR 

distances within ± 0.3 Å, whereas 37 structures with MM3* did so. 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Figure 16a displays a subset of the fully optimized conformations with 

retained REDOR distances for which the baccatin cores have been superimposed.  

With only two distances measured, the conformational profile of the system is not 

well defined.  Within the boundaries of the search, the two phenyl groups emanating 

from C‐3' are free to occupy a wide range of locations.  Consequently, although the 

NMR‐determined distances provide important intramolecular measures for two C‐

13 side chain atoms buried within the volume of the PTX molecule, they are silent 

with respect to the C‐3’ terminal hydrophobic contacts between ligand and protein.  

As a result, the REDOR outcome cannot distinguish between many of the proposed 

bioactive conformations, including T‐Taxol, PTX‐NY and the polar one (Figure 7‐

Figure 10). 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Figure 16. (a) A subset of the fully optimized conformations resulting from the 

MM3* LMMC conformational analyses of 6 with the F‐‐‐C‐5’ and F‐‐‐C‐3’ distances 

constrained to the REDOR values.  (b) The spatial disposition of the C‐3’ terminal 

phenyl groups from superimposing the baccatin cores of T‐Taxol (blue), 1JFF‐PTX 

(red) and the polar conformation (green). 

A subtler question concerns the spatial variability of the same two rings 

when the empirical structures for the bound conformation are superimposed.  

Figure 16b depicts the situation for T‐Taxol (blue),84 1JFF‐PTX (red)90 and the polar 

conformation (green)58,129 when the C‐2, C‐4, C‐13 and C‐15 baccatin core atoms are 

matched.  The first two structures present fundamentally different orientations of 

the C‐3’ phenyl rings as compared to the polar conformation.  1JFF‐PTX can be 

considered a T‐type structure with its phenyl rings similarly positioned to those of 

T‐Taxol and its C‐13 side chain obtaining a comparable conformation.  None of the 

structures, though, adhere strictly to the 9.3—10.3 and 9.8—10.8 Å ranges dictated 

by the ± 0.5 Å error boundaries derived from the REDOR data (Figure 9); T‐Taxol 

a  b 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falls outside the error limit by 0.2 Å for the first distance, while the polar 

conformation does so by 0.1 Å and 0.2 Å, respectively.  The large 1JFF‐PTX 

differential of 0.5—1.7 Å is undoubtedly a consequence of the low‐resolution data 

(3.5 Å) achieved during refinement. 

T­Taxol and the C­13 Side Chain Dihedral Angles.  Concerning T‐Taxol 

itself, what are the origins of the observation that the F—13C distances from the 

computationally refined structure fall near the lower boundaries of the error bars?  

This can be traced to small deviations in the C12‐C13‐O‐C1' and O‐C1'‐C2'‐C3' 

dihedral angles (ϕ1 and ϕ2) compared to those required for exactly meeting the 

REDOR constraints (Figure 9).  In the published T‐Taxol structure84 these are –103 

and 70°, respectively.  A separate reduction of the first dihedral angle by 14 to –89° 

or enlargement of the second by 12 to 82° provides perfect agreement with the 

REDOR distances (T‐Taxol (i) and (ii), respectively, in Figure 9).  If both angles are 

simultaneously altered to –97° and 76°, respectively, a diminutive 6° change for 

each, the structure is once again brought into perfect alignment with the solid state 

distances (T‐Taxol (iii) in Figure 9).  One possible interpretation of the distance 

discrepancies is that the Kollman all‐atom AMBER force field130 used in the PTX‐TB 

structure refinement utilized torsional parameters for the two angles in question 

that were not fully optimized.  Nonetheless, the small 6—14° ϕ‐angle variations do 

not alter the fundamental nature of the T‐Taxol conformation.  The differences are 

readily accommodated by the realization that small torsional angle variations 

correspond to ambient vibration about the corresponding energy minima.  Figure 

17a depicts the spatial consequences for the C‐3' phenyl rings across the range of 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angles with Δϕ = 6—14°.  Again, even the somewhat deviant 1JFF‐PTX structure 

appears to be a closely related member of the T‐taxoid family.  A larger alteration in 

the later angle (ϕ2) of 20°, with a slight change of 3° in the former (ϕ1), results in 

the same dihedral angles as T‐Taxol (iii), readily placing 1JFF‐PTX in the T‐Taxol 

shape. 

   

Figure 17.  The spatial disposition of the C‐3’ terminal phenyl groups from 

superimposing the baccatin cores of various T‐Taxol forms: (a) T‐Taxol (blue), 1JFF‐

PTX (magenta) and the torsion angle variants (i)‐(iii) (red, green and yellow) from 

Figure 9; (b) snapshots from the MD trajectory of 6 in the β‐tubulin binding pocket. 

Molecular Dynamics of T­Taxol in β­Tubulin.  After a ligand has bound to 

its protein target, many degrees of freedom available to it in solution are lost and 

the structure becomes more static.  This does not, however, mean that no movement 

is present within bound compounds.  Thermal motion is always present, allowing 

for small changes in positions and torsion angles within the ligand, the protein and 

between the two.  Therefore, we adopted a dynamic approach to learn how thermal 

a  b 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motion at room temperature might alter the F—C separations when 2‐FB‐PT (6) is 

bound to β‐tubulin.  Since His227 is believed to be in intimate association with the 

bound drug, we treated the imidazole ring in both its neutral and protonated states.  

The corresponding PTX‐TB complexes were subjected to MD for 5 ps at 300 K with 

the Tripos force field,131 during which time the F—C‐5’ and F—C‐3' separations 

were constantly monitored.  For neutral His227, the F—C distances fell in the 8.3—

9.8 and 8.7—10.3 Å ranges, respectively.  For the protonated side chain, the values 

oscillated more broadly between 6.8—10.2 and 7.5—10.2 Å.  The Tripos force field, 

like AMBER, delivers values at the low end of the 268 K REDOR error boundaries.  

To illustrate the relationship with the static T‐forms depicted in Figure 17a, the 

corresponding view for snapshots of 6 across the His227‐neutral trajectory are 

shown in Figure 17b.  Qualitatively, the conformational fluctuations are very similar. 

Apart from the actual numerical values of the REDOR‐determined distances, 

the present case is an illustration of the important fact that molecular structures 

above absolute zero are not static entities.  Whether internal or external to a 

protein, small molecules are in constant motion, oscillating around the values 

measured by structural analyses.  The degree to which they experience motion is 

related to both the temperature and medium employed for the measurements.  An 

illustrative study in this respect examined a DMSO solvate of 10‐deacetylbaccatin III 

(2) by 13C NMR in the solid state.117  Varying the temperature from 23 to –120 °C 

resulted in a strong chemical‐shift dependence for the aromatic ring carbons of the 

C‐2 benzoyl group.  The changes were interpreted as a result of molecular motion 

causing the conjugated C=O and the phenyl groups to significantly deviate from 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planarity.  The baccatin III work suggests that movement within the C‐2 center of 6, 

which contains the fluorine label, may be significant.  This is of interest because 

molecular motions of labeled atoms can reduce dipolar interactions resulting in 

apparent overestimation of internuclear distances.132  Reduction of the reported 

REDOR distances by less than 0.5 Å would readily accommodate both T‐Taxol and 

the polar conformation. 

An important detail about the T‐Taxol conformation is that it is not a static 

structure but a representation of the bound conformation of PTX.  Slight variations 

in torsions may change certain physical properties, such as the distances between 

atoms or ring centroids, but still maintain the overall molecular shape and volume 

of the 3‐D structure.  This can be especially seen with 1JFF‐PTX; it is not an ideal T‐

Taxol structure, but its overall shape accommodates the same spatial features in the 

protein and slight adjustments of different torsions brings it closer to the published 

values for the former. 

Taxane Analogs 

All bioactive proposals must be consistent with the biophysical properties of 

other taxane analogs.  Each conformation must explain the significant PTX SAR data 

that is readily available.27,48‐56  To address this, we considered docetaxel, nonataxel 

and a number of bridged compounds to distinguish between the abilities of T‐Taxol 

and PTX‐NY to explain their activities. 

Docetaxel and Nonataxel.  Docetaxel (DTX, 3), as discussed above, is an 

FDA‐approved chemotherapeutic agent used in the treatment of advanced or 

metastatic breast cancer as well as others.  Its X‐ray structure38 was used as a 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placeholder in the original EC structure of PTX‐TB (1TUB).61,71‐73  It is twice as 

effective as PTX at stabilizing microtubules and killing murine P388 leukemic 

cells.133  Nonataxel (NTX, 7) is a nonaromatic taxane derivative that is 2‐7 fold more 

cytotoxic than PTX in a number of cell lines.70  The collapsed form of this compound 

was very popular as a template26 for an abandoned common pharmacaphore 

binding model for the taxane pocket.  Both DTX and NTX differ structurally from 

PTX in replacing the benzamido side chain phenyl with the O‐tert‐butyl moiety.  In 

addition, NTX employs isobutenyl instead of the phenyl functionality at C‐2 and C‐3’ 

(Figure 18). 

 

Figure 18.  Docetaxel (DTX, 3) and nonataxel (NTX, 7) are both slightly more active 

than the parent PTX (1). 

Given the different steric requirements for the hydrophobic termini at C‐2 

and C‐3’ for 1, 3 and 7, we decided to examine the relative disposition of the analogs 

in the binding site associated with T‐Taxol (Figure 8).84  The latter two structures 

were modified from the T‐form of PTX and docked into tubulin by superimposing 

the baccatin cores.  Each model was subjected to cold MD (20 K) with the backbone 

held in a fixed position to remove short ligand‐protein contacts and optimized with 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the Tripos force field.100,131  Figure 19a illustrates overlap of the three structures in 

the T‐conformation within the tubulin taxane binding pocket.  Each structure 

resides comfortably in the site and shows no evidence of high‐energy contacts with 

the protein.  However, Figure 19b, depicting the overlapped NH—C(O)‐R moieties 

for 1 and 3, shows that both the phenyl and O‐t‐Bu  groups, respectively, are in van 

der Waals contact with the CH2 of the Asp26 side chain.  The geometry around the 

carbamate oxygen atoms in both DTX and NTX positions the amide groups to permit 

a hydrogen bond between one of the Asp carboxylate oxygens and NH (1.8 Å).  

However, the shorter connector and less flexible C‐3’ benzamido group for Taxol 

leads to an AspCOO—HN distance of 4.2 Å, short enough to sustain a productive 

electrostatic interaction but too long to qualify as a hydrogen bond.  The more 

favorable interaction could well be the source of the 2—7‐fold increase in activity in 

DTX and NTX in comparison with that in PTX. 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Figure 19.  (a) Superposition of PTX (1, blue), DTX (3, magenta) and NTX (7, 

yellow) in the T‐Taxol‐tubulin binding site showing residue His227 sandwiched 

between the C‐2 Ph and C‐3’ substituents.  (b) The spatial relationship of PTX and 

DTX with Asp26: both C‐3’ side chains experience van der Waals contact with the 

residue with H‐‐‐H distances ranging from 2.2 to 3.0 Å, but DTX makes a productive 

N‐H‐‐‐O hydrogen bond with the carboxylate (1.8 Å), whereas PTX does not (4.2 Å). 

A related analysis in a Taxol‐resistant epidermoid tumor line with the 

acquired Asp26Glu mutation likewise employs the T‐Taxol model to explain the PTX 

versus DTX‐resistance profile in the resistant cells.95  Again, the DTX NH has been 

proposed to form a strong hydrogen bond to the Glu carboxylate, whereas PTX is 

prevented from doing so by steric congestion. 

Bridged Taxanes.  Four research teams have prepared a wide range of 

bridged PTX analogs based on several conformational themes in an attempt to lock 

the molecules into the actual binding conformation.26,69,74‐76,134‐136  The only design 

approach that has been able to match and surpass the biological action of parent 

PTX 1 in both cytotoxicity and in vitro microtubule assembly assays is that based on 

a  b 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the T‐Taxol conformation.96,136  In this conformer, a short separation of 3—4 Å 

between the methyl of the C‐4 acetyl group and the ortho position of the C‐3' Ph 

(Figure 8) suggested that short bridges between these centers would constrain the 

molecule largely to the T‐taxane shape.  A generic representation of the bridged 

series is given by 8, while 9 (C‐2 para‐X = H) exemplifies a structure with at least a 

20‐fold greater potency than PTX in the A2780 ovarian cancer cell line and a 2‐fold 

greater effect in the microtubule assembly assay (Figure 20).96 

   

Figure 20.  A generic representation (8) of a bridged series of analogs that enforce 

the T‐shape and a specific example (9) with a 20‐fold greater potency than PTX. 

Conformational analysis for 9 (C‐2 para‐X = H), employing the MMFF94s 

force field83,110‐112 yielded 93 conformers, 12 of which fall into the T‐family by the 

measure of the distances between the centroids of the C‐2 and C‐3’ phenyl rings (see 

Methods Conformational Searches).  The C‐2 benzoyl phenyl was supplemented 

with a p‐F atom and the F—C‐3' and F—C‐5’ distances that were measured ranged 

from 8.8 to 9.8 and 7.4 to 10.0 Å, respectively.  These values average to 

approximately 1 Å lower than the REDOR distances (Figure 9).62  A more specific 

measure for the T‐form is the distances between the centroids of the C‐2 benzoyl 

phenyl ring and the C‐3’ phenyl and C‐3’ benzamido phenyl rings.  Unlike the C‐3’ 

O

O

H

OBz
HO

OH
AcO O

2

13

!
O

Z

O

OH

HN
X

Y

O

3'

!

O

O

H

O
HO

OH
AcO O

2

13

O

O

OH

HN

O

3'
(p-X)Bz



56 

and C‐5’ centers with the potential to rotate within the van der Waals surface 

boundaries of the bound taxane ligand, these three rings are in direct contact with 

the protein amino acid side chains composing the binding pocket.  Not a single 

example of PTX‐NY was found among the 93 conformers of 9. 

As mentioned above in connection with Figure 16, the REDOR distances 

tolerate a wide variation in the positions of the two terminal C‐3’ phenyl groups.  

The reverse situation appears to be mutual.  Namely, the terminal phenyl rings in 

taxane derivatives can be located in T‐form locations although permitting a range of 

C—F distances.  Four of the p‐fluorinated C‐2 Ph conformers of 9 (C‐2 para‐X = F) 

were docked into β‐tubulin and, although displaying shorter C—F separations 

within the van der Waals volume of the molecule, they nonetheless sustain phenyl 

centroid—centroid distances very similar to those of T‐Taxol (9.4 ± 0.1 and 10.0 ± 

0.3).84  Figure 21 illustrates one of the four conformations in the tubulin‐taxane 

pocket following an extensive MD treatment superimposed on the EC structure of 

PTX84 in the same pocket.  This highly active and constrained T‐taxoid PTX analog 

(9) (C‐2 para‐X = F) does not appear to place its C‐3’ phenyl rings precisely in the 

same locations as those of PTX.  The rather broad hydrophobic cleft is tolerant of 

small phenyl displacements along this wall as suggested by the molecular dynamics 

portrait in Figure 17b and by the lack of significant side chain displacement from 

PTX to 9 (C‐2 para‐X = F) (Figure 21).  The same does not appear to be true along 

the floor of the pocket when a longer bridge falls outside the parent Taxol molecular 

volume.53 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Figure 21.  T‐Taxol conformation of C‐4 to C‐3’ bridged taxane (9, C‐2 para‐X = F) 

docked into the β‐tubulin taxane binding site and subjected to MD (magenta).  The 

EC structure of PTX is shown in blue.  The surrounding side chains show little 

change between the structures. 

In support of these ideas, a report by Dubois and co‐workers implemented a 

taxoid design based on bridging between the C‐2 benzoyl phenyl group and an alkyl 

replacement of the C‐3’ benzamido moiety.135  Most of the compounds were found to 

be inactive, but the tubulin polymerization assay ranked one as effective as PTX, 

although the compound fell considerably short of PTX in the cytotoxicity assays.  

The authors interpreted the results as confirmatory of the T‐conformer, 

demonstrating in their docking study that the analog obtains the T‐form with the 

long bridge (n = 7) organized around His227. 

In the spirit of the T‐Taxol design study,96 the Ojima group measured short 

distances between the C‐4 acetyl methyl and the C‐2' carbon and between the C‐14 

center and the C‐3' benzamido phenyl.  The analysis led reasonably to the design of 



58 

structures 10 and 11 (Figure 22), respectively, which bridge the model’s contiguous 

centers.  The compounds were prepared and tested against a variety of cell lines and 

subjected to the microtubule stabilization assay.  Compound 10, with a bridging 

point from the C‐4 acetyl methyl similar to 8 and 9 (Figure 20) and the C‐13 side 

chain of DTX (3), proved to be completely inactive.  In contrast, the C‐14 to C‐3' 

analog 11 was shown to be as effective as PTX in inhibiting tubulin 

depolymerization, although in several breast and colon cancer cell lines it is 4—20‐

fold less cytotoxic than the parent drug. 

 

Figure 22.  Ojima and co‐workers designed macrocyclic taxanes 10 and 11 to 

constrain PTX in their proposed conformation.92 

The authors submit the effective analog (11) as supportive of their bioactive 

proposal, PTX‐NY (Figure 10), while at the same time dismissing T‐Taxol, which has 

led to the design of highly active molecules (8 and 9, Figure 20).96,136  In an effort to 

analyze the New York construct, we performed a 5000 step LMMC conformational 

search for the 15‐membered ring of 11 that encompasses both the C‐13 side chain 

and the C‐14 to C‐3' benzamido bridge.  The resulting conformational pool contains 

105 structures, 28 of which sustain the T‐Taxol geometry.  One of these was docked 

into the taxane site of β‐tubulin and subjected to a series of MD steps at 20 K to 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remove unfavorable steric contacts.  The simulation was continued at 350 K for 5 ps 

to model the behavior of compound 11 in the protein.100 

 

Figure 23.  Superposition of β‐tubulins from the optimized protein‐ligand 

complexes containing T‐Taxol (blue) and bridged 11 (red).  The active‐site side 

chains show little change, whereas 11 is seated a little higher than T‐Taxol in the 

binding pocket. 

As is evident from Figure 23, the side chains of the protein around the 

binding pocket, colored red and blue, change very little.  Compound 11 is seated 

almost identically to T‐Taxol with the exception that the linker relocates the C3’ 

benzamide group somewhat less deep in the pocket.  And as observed for bridged 9, 

the C‐3’ phenyl rings are shifted somewhat from those of PTX.  Nonetheless, 11 

displays distances between the centroid of the C2 benzoyl phenyl and the C‐13 

terminal phenyls very similar to those found for T‐Taxol in the EC‐refined model (C‐
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3’ benzamido Ph: 10.0 vs 9.4 Å; C‐3’ Ph: 9.6 vs 10.0 Å).84  A characteristic feature of 

the complex is that the C‐2’ OH group is associated with the backbone NH of Gly368 

as it is in the EC model.  This contrasts with a proposed reorientation of the OH 

functionality in PTX‐NY.92  Clearly, the distribution of forms represented by the 

structures in Figure 17 is accessible to bridged taxanes with very similar but non‐

identical spatial requirements. 

Finally, we have addressed the idea of constrained analogs in a slightly 

different way.100  As mentioned above, the T‐Taxol conformer has been used to 

design highly active taxane analogs with short bridges as a result of H—H distances 

measured at 2.5—2.9 Å between the C‐4 acetate methyl group and the ortho 

position of the C‐3’ phenyl.  For example, compound 12, incorporating a two carbon 

tether between these centers, is 2—13‐fold more cytotoxic than PTX depending on 

cell line and 5‐fold as effective in the tubulin aggregation assay.96  We wondered if 

the New York proposal was predictive of this taxane modification.  The 

corresponding H—H separations in the MD‐optimized structure (Figure 12) were 

measured to be 3.5—5.3 Å.  Although these quantities might possibly motivate 

bridging between the two centers in question, an inspection of PTX‐NY reveals that 

the location of C‐2’ OH group would interfere with such a bridge.  To test this idea, 

we converted the New York conformer shown in Figure 10 into 12 and optimized its 

geometry in both the unbound and bound state (see Methods).  As expected, the 

structure experiences conformational reorganization around the C‐13 side chain to 

avoid a steric clash with the built in bridge.  Superposition of the PTX‐NY 

conformation (green) and the corresponding tethered, optimized variant (magenta) 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depicted in Figure 24a shows that both the C‐3’ OH’s (red arrow) and the C‐3’ 

phenyl groups experience serious displacement. 

 

 

   

Figure 24.  (a) Superposition of PTX‐NY shown in Figure 10 (green) and the same 

conformer enhanced with a two‐carbon bridge as shown in 12 followed by 

optimization (magenta).  The arrow marks the location of the two C‐2’ OH groups.  

(b) Superposition of the PTX‐NY complex in Figure 11 (blue) and the MD optimized 

structure of 12 in the PTX‐NY conformation (magenta).  Red arrows indicate the 

movement of the C‐2’ OH of the bridged analog and the displacement of the 

structure due to a clash of the bridge with Phe272. 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Whereas protein‐free optimization of the bridged species caused a major 

conformational reorganization, the rather tight binding site captures the structure 

in a less reorganized form (Figure 24b, magenta).  Nonetheless, the ligand still 

attempts to relieve strain by uncoiling.  The red arrows in Figure 24b illustrate the 

torquing of the C‐2’ C‐OH group in response to the steric encumbrance.  Equally 

important, the path of the bridge in the New York form runs beneath the baccatin 

core and is directed toward the deep hydrophobic cleft of the protein.  

Consequently, this conformation encounters an unfavorable steric contact with 

Phe272, pushing it further out of the pocket in comparison with the unbridged form.  

As was previously shown in a report from this lab, a bridge—Phe272 interaction of 

this type leads to reduced activity for the corresponding taxanes.53  Accordingly, the 

New York conformation in complex with tubulin cannot account for the superior 

activity of the analogs of 8. 

T­Taxol Inspired REDOR Experiment 

As with the use of T‐Taxol to derive highly active bridged taxanes, the 

conformation was used to inspire a new REDOR experiment.137  The previous study, 

with labeled PTX 6 did not provide information on the spatial separation of the C‐4 

acetate methyl group and atoms or groups located in the C‐13 side chain.  In 

collaboration with the Jake Schaefer group, this consideration led to the design of 

two labeled PTX analogs (13 and 14, Figure 25).  Ligand 13 was particularly 

attractive, since in principle it allows the determination of two key distances; 

namely, between the C‐4 acetate and the C‐2 benzoate and between the C‐2 

benzoate and the C‐3’ Ph.  Ligand 14 was designed to allow a direct measurement of 



63 

the distance between the C‐4 acetate and the C‐3’ Ph.  Both compounds were tested 

for their tubulin assembly activity: 13 was found to be about 2‐fold less active than 

PTX, while 14 showed similar activity to the parent drug.  When tested for 

cytotoxicity in the A2780 ovarian cancer line, 13 showed more than 2 orders of 

magnitude less cytotoxicity.  Compound 14 was found to be comparable to PTX. 

 

RA, Å  RB, Å  RC, Å 
Conformer 

(C2‐F‐‐‐Ph‐D)  (C2‐F‐‐‐CD3)  (C3’‐F‐‐‐CD3) 

REDOR  > 8  7.8  6.3 
Polar  4.5  7.4  5.5 
1JFF  11.6  6.5  7.2 
T‐Taxol  12.2  7.9  6.6 
PTX‐NY  13.1  7.3  6.4 

Figure 25.  PTX analogs 13 and 14 were designed to measure specific distances (A, 

B, and C) that distinguish between the T‐Taxol conformation and other proposals. 

Schaefer’s group performed the REDOR experiment on both compounds for 

64‐rotor cycles.  They accumulated 640,000 scans and determined the distances to 

be 7.8 Å and 6.3 Å between the C‐4 deuterated acetate methyl and the two 

fluorinated groups: C‐2 labeled benzoate and C‐3’ labeled phenyl (B and C in Figure 

25, respectively.  The error was again calculated to be ± 0.5 Å.  Due to technical 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reasons, the lower boundary of distance A could not be determined, but they 

confidently concluded that the C‐2 F‐‐‐C‐4 CD3 distance is greater than 8 Å.137 

As can be seen in the table in Figure 25 the polar conformation lies 0.3 Å 

outside the error range of the C‐3’ F‐‐‐C‐4 CD3 distance, but this does not fully 

disqualify it, for the reasons discussed above that detail the need for a broader error 

estimate.  It is the C‐2 F‐‐‐Ph‐D distance that truly excludes this conformation as a 

potential bioactive form.  The greater than 8 Å gap corroborates the need for an 

extended conformation in the taxane binding pocket.  The other three 

conformations discussed (T‐Taxol, 1JFF‐PTX and PTX‐NY) present this requirement.  

1JFF‐PTX again fails to match the REDOR distances, falling outside the reported 

distances by 1.3 and 1.1 Å for B and C in Figure 25.  Unfortunately, the new REDOR 

distances cannot distinguish between T‐Taxol and PTX‐NY.  The former matches the 

measured distances more closely, 7.9 to 7.8 Å for B and 6.6 to 6.3 Å for C, but PTX‐

NY falls within the ± 0.5 Å error for both. 

Our analysis of the PTX‐NY conformation had, up to this point, been done 

with a model reconstructed from the published torsions92.  Professor Ojima kindly 

provided the original coordinates after our original publications100,101 and we 

compared the two structures to verify that our results were valid.  Figure 26 shows 

the original PTX‐NY (green) overlaid on the reconstructed version (rust) by a five‐

point atom—atom superposition (C‐2, C‐11, C‐13, C‐15 and C‐3’).  The terminal 

phenyl rings are offset somewhat, particularly at C‐2, but the conformation of PTX‐

NY is faithfully reproduced from C‐1’ to C‐3’ as highlighted by the circled atoms in 

Figure 26.  As a result, the previous comparisons of the conformations100,101 detailed 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above are completely valid, including the EC density omit and difference maps 

(Figure 11, Figure 12 and Figure 13) which eliminate the New York proposal as the 

bioactive conformation of PTX. 

   

Figure 26.  PTX‐NY (green)92 and our reconstructed version (rust) superposed and 

with key oxygens at C‐1’ and C‐2’ encircled in red. 

In the comparison of our reconstructed version of PTX‐NY to the one 

provided by Professor Ojima, a spatial discrepancy of the C‐2 phenyl rings troubled 

us.  The distances from the original REDOR experiment,62 as well as two of the three 

from the more recent one,137 involve measurement from a fluorine atom at the para 

position of the C‐2 benzoyl phenyl to other atoms in the taxane structure.  Accurate 

atomic separations in a given structure require that the fluorine is correctly located 

relative to other atoms in the molecule.  We decided to examine which of the two 

structures in Figure 26 was responsible for the visual discrepancy and try to 

understand the origin of the difference.  As standards, we selected the X‐ray 

structures of PTX58 and DTX.38  These were supplemented with para‐F atoms and 

superposed, along with T‐Taxol, by aligning the baccatin cores (i.e., atoms C‐2, C‐11, 

C‐13 and C‐15).  Figure 27a shows that, in all three cases, the C‐2 ester group and 

a  b 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the pendent phenyl rings overlap well; the three fluorines cluster within the red 

sphere with a radius of 1.1 Å. 

The identical superposition of PTX‐NY is shown in Figure 27b.  It would 

appear that, while the remainder of the PTX molecule is reasonably optimized, the 

C‐2 side chain in PTX‐NY is at odds with the experimental structures.  The origin of 

the displacement is captured in Figure 28.  While the T‐Taxol geometry around C‐2 

is very similar to the experimental structures, PTX‐NY exhibits a distortion 

characterized by a flattening of the C‐2 tetrahedral geometry (d = 0.41 Å) and by an 

expansion of all three measured bond angles, but especially of θ3 to 131°.  These 

distortions all work together to displace the C‐2 side chain toward the concave face 

of the baccatin core, as illustrated by Figure 26 and Figure 27b.  The implication is 

that, while the PTX‐NY structure closely matches the REDOR distances from the 

second experiment (Figure 25), the match is fortuitous and dependent on an 

incorrectly optimized C‐2 geometry that deviates significantly from experiment. 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Figure 27.  Superposition of the baccatin cores of (a) PTX crystal structure 

(magenta), DTX (orange) and T‐Taxol (yellow), as well as (b) PTX‐NY (green).  The 

fluorines are encased in red spheres to emphasize the spatial similarities and 

differences. 

 

  θ1 (°)  θ2 (°)  θ3 (°)  d (Å) 

PTX X‐ray  117.4  119.6  123.5  0.49 

DTX X‐ray  117.3  119.6  121.7  0.50 

T‐Taxol  119.1  119.1  123.9  0.48 

PTX‐NY  125.3  123.1  130.6  0.41 
 

Figure 28.  Geometry around C‐2 in the PTX baccatin core: bond angles θ1 (C‐1—C‐

2—C‐3), θ2 (C‐2—O—C(O)) and θ3.  The latter measures from the bisector (b) of C‐1 

and C‐3 to the ester O (i.e., (b—C‐2—O)).  Variable d corresponds to the distance 

from C‐2 to the centroid of C‐1, C‐3 and O. 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Summary and Conclusions 

A number of biophysical techniques have been used to understand the 3‐D 

shape of PTX in the taxane binding pocket of tubulin.  Two important and highly 

cited studies are those using REDOR solid‐state NMR62,137 and electron 

crystallography (EC).  The latter initially resulted in an insufficiently resolved 

structure61 that could not define the conformation of PTX, but further refinement 

led to 1JFF‐PTX (Figure 11b, yellow).90  It was the combination of the EC density 

with solution NMR data that resulted in T‐Taxol (Figure 8),84 a conformation that 

agrees with the available experimental data and has predicted highly active 

analogs.96 

The earlier REDOR study62 provided two intramolecular 13C—19F ligand 

distances of 9.8 and 10.3 Å for PTX (Figure 9).  They were initially associated with 

an uncertainty of ± 0.5 Å and are characterized by several noteworthy features as 

they pertain to PTX conformation.  First, the corresponding T‐Taxol conformer 

values differ by 0.7 and 0.4 Å, respectively, the first difference falling outside the 

original error estimate by 0.2 Å.  One interpretation of the discrepancy can be traced 

to two torsions in the C‐13 side chain.  Alteration of both by a diminutive 6° restores 

perfect agreement with the measurement (T‐Taxol (iii), Figure 9).  Second, a 

reconsideration of the signal‐to‐noise in the ΔS/S0 ratio yields a 6.7% uncertainty in 

the distances leading to a ± 0.7 Å rather than an error value of ± 0.5 Å.  This places 

the published distances of both T‐Taxol and the polar PTX conformation within the 

expanded error boundaries.  Third, in view of the fact that data analysis of the 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resource‐expensive REDOR experiment relied on a single measurement, the ± 0.7 Å 

window would appear to be too conservative. 

Of equal importance is the fact that the solid‐state measurements monitor 

intramolecular atomic separations deep within the molecular volume of bound PTX.  

Conformational searches show that the REDOR distances can be maintained by a 

variety of conformations with a wide spatial dispersion of the C‐3’ phenyl rings 

(Figure 16a), which are groups that are in contact with the protein side chains when 

the molecule is bound.  A better measure of the overall shape of the bioactive 

conformation of PTX would seem to be distances between the centroids of the 

terminal C‐2 and C‐3’ aromatic rings (Figure 8), though even these are not absolute 

quantities.  In the protein, MD suggests the presence of a distribution of forms near 

room temperature (Figure 17b) oscillating around the REDOR‐measured distances.  

The single‐point measurements (Figure 14 and Figure 15)62 cannot differentiate 

between them.  Although the taxane binding site is reasonably well defined, it 

nonetheless accommodates certain small variations in the placement of the ligand’s 

hydrophobic groups at the molecular periphery.  Thus, variations in the location of 

C‐3’ phenyl rings along the wall of the taxane binding pocked are tolerated for both 

super active and moderately active bridged PTX analogs (e.g. 9 and 11, respectively) 

by comparison with PTX (Figure 21 and Figure 23).  These observations are also 

consistent with the proposal that the biological properties of DTX (3) and NTX (7) 

are readily accommodated by the T‐conformation (Figure 19).  The T‐Taxol model 

cannot be regarded as a structure characterized by an immutable set of 

intramolecular distance relationships. 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Another important point is that any proposal of a bioactive conformation 

must strive, at a minimum, to be consistent with the array of data encompassing 

biophysical measures, biological outcomes and the constraints imposed by super‐

active bridged analogs.  As detailed by our work, T‐Taxol84 is the only published 

conformation that attains all these constraints.  T‐Taxol is compatible with REDOR‐

derived intramolecular distances62 (Figure 9) and fits the available EC density 

(Figure 11a);61 1JFF‐PTX does not do the former and the polar and PTX‐NY 

conformations do not do the latter.  Crucially, the model has led to the design and 

synthesis of bridged PTX analogs that match and surpass the bioactivity of paclitaxel 

itself (8 and 9; Figure 20 and Figure 21).96,135  Constrained analogs based on the 

polar conformation are inactive and sometimes do not even compete for the taxane 

binding pocket.69  While the C‐13 variant, PTX‐NY, does have the power to suggest 

reasonably active alternative bridged structures (11; Figure 22),92 the compounds 

readily obtain the T‐Taxol form (Figure 23).  Finally, T‐Taxol was used to design a 

new REDOR experiment137 that resulted in measured distances (Figure 25) fully 

compatible with the proposal. 

In more recent work performed by a colleague in our laboratory, molecular 

mechanics and quantum chemical methods were used to reveal that PTX‐NY is less 

stable than T‐Taxol, on average by 10‐11 kcal/mol.138  Docking of various PTX 

conformers into the EC binding site of tubulin demonstrates that PTX‐NY cannot be 

accommodated unless the pocket is reorganized.  In the structure provided by 

Professor Ojima, the short loop connecting strands B9 and B10 in tubulin has moved 

into the binding site, displacing the backbone residue atoms by 2 to 4 Å.  This 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pushes the ligand in the direction of the M loop on the opposite side of the binding 

site.  In turn, the M‐loop is remodeled by as much as 7.5 Å relative to the 

experimental structure (backbone atom displacements range from 2 to 7.5 Å).  

However, the most severe dislocation of tubulin in the structure is the unraveling of 

Helix 1.  This reorganized pocket is not compatible with the original EC density of 

the protein.61,90  Along with the distorted geometry around C‐2 of PTX‐NY (Figure 27 

and Figure 28), this demonstrates the troubling lack of attention devoted to assuring 

that the structures are compatible with experimental values and data by the Stony 

Brook group.  The proposed bioactive structure does not reside among low‐energy 

conformers while T‐Taxol was selected from two dozen experimental conformations 

within 2 to 3 kcal/mol of either solid‐state or solution global minima. 

Overall, T‐Taxol has repeatedly proven to be consistent with experimental 

data of all forms and should not be excluded from contention for the bioactive form 

when other proposals are almost fully “virtual” in nature, 10 kcal/mol higher in 

energy and incompatible with the EC density.  In the next chapter I discuss the use 

of the T‐Taxol form to analyze and direct the research of new analogs. 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In the previous chapter I discussed the different proposals for the bioactive 

conformation of PTX (1, Figure 3) and demonstrated how T‐Taxol is the only form 

that is compatible with all the available experimental data, including both 

biophysical properties and biological measures.  I continue here by discussing how 

we have used the T‐Taxol conformer to analyze new SAR data and direct research, 

especially in the generation of constrained and simplified analogs. 

Design of Constrained Analogs 

Before T‐Taxol, the different proposals for the bioactive conformation of PTX 

inspired a number of elegant synthetic studies designed to generate constrained 

analogs that maintain these conformations (Figure 7).69  However, none of the 

constrained analogs synthesized yielded analogs with both tubulin polymerization 

and cytotoxicity activities equal to or greater than those of PTX itself.26,69,74‐76,134,135 

After determination of T‐Taxol as the bioactive form of PTX,84 a similar study 

to those described above ensued through an on‐going collaboration between our 

group and those of David G. I. Kingston at Virginia Polytechnic Institute and State 

University and Susan L. Bane at SUNY Binghamton.  Examination of the T‐shape 

shows that the C‐3’ phenyl and C‐4 acetate moieties are juxtaposed (Figure 29).  The 

distances between the o‐ and m‐phenyl hydrogens and the methyl hydrogens are 

only 2.5‐2.9 Å and 4.3‐4.9 Å, respectively.  The co‐authors hypothesized that if the T‐

Taxol model accurately reflects the PTX‐TB interaction, conformationally 

constrained analogs which maintain this juxtaposition would yield PTX analogs with 

improved tubulin binding properties.53,96,136,139  Constraining the molecule would 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greatly reduce the entropic penalty resulting from binding, thus demonstrating 

higher bioactivity than the parent compound PTX. 

   

Derivatives  R1  R2—R3 
15  H  Z‐CH=CH(CH2)2CO 
16  H  Z‐OCH2CH=CH(CH2)2CO 
     

Derivatives  R1—R3  R2 
9  Z‐CH2CH=CHCO  H 
12  (CH2)3CO  H 
17  E‐CH=CHCH2CO  H 
18  E‐OCH2CH=CHCO  H 
19  O(CH2)3CO  H 

 
Figure 29.  Depiction of T‐Taxol with emphasis on the distances between the C‐4 

methyl hydrogens and the ortho and meta hydrogens of the C‐3’ phenyl, as well as, 

some of the structures developed to take advantage of this juxtaposition. 

The initial strategy resulted in the design of compounds 15 and 16 with 3 

and 5 atom linkers, respectively, connecting the C‐4 methyl acetate to the meta 

position on the C‐3’ phenyl.53  These analogs exhibited modest cytotoxicity against 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the A2780 ovarian cancer cell line and significant tubulin polymerization activity, 

but the activities were considerably less than those of PTX. 

In order to understand the reduced activities of these two PTX analogs, 

members of our group at the time, Ami Lakdawala and Ben Cornett, performed 

thorough conformational searches of both molecules with a number of different 

force fields.53  A number of torsional isomers with excellent superposition of both 

the diterpenoid core and the C‐2, C‐4 and C‐13 side chains on the same moieties of 

T‐Taxol resulted.  To determine if the T‐forms were simply too high in energy to be 

available in solution, they proceeded with a NAMFIS deconvolution analysis for 16 

that resulted in eight conformations with predicted populations ranging from 2 to 

35%.  Among these they found an unambiguous 3‐D mimic of the T‐form in 5%, 

along with two nonpolar forms and a number of other extended conformers.  Since 

the compound in the T‐form is clearly energetically available, the authors docked 

these T‐conformers into the PTX binding pocket of the refined EC structure90 

resulting in poses for both molecules that do not fit nearly as snugly within the 

hydrophobic taxane pocket as PTX.  Examination of the floor of the cleft reveals both 

a kink in the C‐4—C‐3’ tether and close contacts between Ala233 and Phe272 of the 

protein and the propene fragment of the linker.  Since the docking procedure held 

both bodies rigid, the authors attempted to introduce a degree of induced fit to the 

system by performing MD on the complex under different conditions and at several 

temperatures for 20 ps.  The Phe272—tether interaction is not abated.  Thus, while 

the results demonstrated compatibility with the T‐Taxol binding motif, they 

concluded that a flexible and extended bridge can be deleterious to full expression 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of taxoid activity.53  The bridge does not remain within the PTX molecular volume, a 

necessity emphasized by my work detailed in Chapter 2.  Other meta‐linked taxanes 

were prepared, but they were inactive or demonstrated up to 125‐fold less activity 

than PTX, seemingly for the same reasons as for 15 and 16.139 

Work continued into this area, resulting in a second attempt at obtaining 

constrained analogs that mimic the T‐Taxol form and demonstrate increased 

bioactivity over PTX.  To this end, the same groups continued their collaboration to 

seek experimental verification of the T‐shape bioactive form from constrained 

analogs.96  Since, the previous work resulted in less active compounds due to the 

close contact between the propene moiety of the meta‐phenol linked tether and 

Phe270 of the protein, the authors theorized that a tether linked to the ortho 

position of the C‐3’ phenyl would be pulled closer to the baccatin core, remain 

within the molecular volume of the parent compound, and thereby, minimize the 

ligand‐protein interaction.  Thus, compounds 9, 12, 18 and 19 were synthesized 

and analyzed in tubulin‐binding studies and by NMR to verify the hypothesis.  The 

first three compounds (9, 12 and 18) proved to be as potent as or more so than PTX 

in two cell lines while 19 was slightly less potent when compared with the same 

standard.  Compound 9 proved to be highly active, approximately 50 times more 

potent than PTX in the A2780 ovarian cancer cell line.  The analogs’ capability to 

promote tubulin assembly was roughly parallel to their cytotoxicities (Table 3). 

A NAMFIS analysis of compound 18, as performed by Ami Lakdawala, 

resulted in 83% of the population demonstrating the T‐form, clearly demonstrating 

that decreasing the torsional freedom and reducing the molecular volume of the 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bridged taxane 16 to those of the ortho‐bridged 18 contributes to the increase in 

potency.  Compound 18 seats itself in the binding site in a manner almost identical 

with that of PTX, escaping a steric clash with hydrophobic residues at the bottom of 

the ligand pocket.96 

At this point, the students working on the computational aspects of this on‐

going project graduated and it was passed on to me.  Though other ortho‐linked 

analogs were prepared, only one other achieved the potency of 9 and 12, also with a 

2‐carbon linker.139  I continued the investigation into these analogs using NAMFIS, 

docking and molecular dynamics (MD). 

Methods 

NAMFIS Analysis for 9 and 17.  2D NMR‐ROESY Spectra: The 1D 1H 

assignments of 9 and 17 were accomplished by interpretation of the corresponding 

COSY, HMBC and HSQC spectra by our collaborators.  The 2D NMR ROESY analysis 

for both compounds was performed on an INOVA 400 MHz NMR spectrometer with 

70, 100, 125, 150, 180 ms mixing times to check linearity of the cross‐relaxation 

buildup rates.  Interproton distances were calculated from the integrated cross peak 

volumes using the initial rate approximation and an internal calibration distance 

between H‐16a and H‐16b of 1.77 Å. This provided 19 and 15 ROE‐based 

interproton distances for 9 and 17, respectively. 

Solution conformation deconvolution for 9 and 17: A 10,000 step 

conformational search was performed on both molecules with the MMFF110‐112 force 

field and the GBSA/H20 solvation model in MacroModel v7.2.82,83  An energy cutoff 

of 12 kcal/mol resulted in a pool of 93 and 374 unique conformations for 9 and 17, 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respectively, with the global minimum found 62 and 29 times, respectively.  The 

NAMFIS methodology78,79 integrated the 19 ROE‐determined distances measured in 

CDCl3 and the 93 conformers of 9 to deconvolute the NMR data into four 

conformations with populations of 59, 33, 5 and 3% (SSD=54).  The top populated 

conformer is in the T‐form; the second most populated one is a slightly collapsed 

form of the T‐conformation in which the C3’‐phenyl to C2‐phenyl centroid distance 

is 3 Å shorter.  The third conformer is a non‐polar collapsed conformation, and the 

last one is a fully collapsed conformation in which all three phenyl ring centroids are 

within 5‐7 Å of each other.  For 17, NAMFIS deconvolution of the 374 conformer 

pool employed 15 ROE‐determined distances.  Three conformations resulted with 

populations of 52, 46 and 2% (SSD=82).  The first one is an extended conformer, 

while the later two are T‐like forms. 

Glide docking.  The structures used for docking are the following: PTX is the 

optimized T‐Taxol structure;84 9 and 17 are the highest populated T‐like 

conformers derived from the NAMFIS analysis; and 12 was modeled by hydrating 

17 and optimizing it with MMFF in Maestro.110‐112,140  All four structures were 

docked into the 1JFF tubulin pocket using Glide in Maestro.141  The protein structure 

was initially prepared and refined with the Protein Preparation tool in Glide, adding 

hydrogen atoms and optimizing the side chain positions to avoid vdW contacts; then 

the grid was generated.  Extra precision (XP) flexible docking of the ligands 

followed.  The vdW radii of the ligand atoms with partial atomic charges of less than 

0.15 were scaled by 0.80 Å, and the top 20 poses for each ligand were kept.  For PTX, 

only the top pose maintained the T‐Taxol shape, with the other 19 showing a variety 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of conformations and binding modes.  Eleven of the twenty poses obtained for 17 

were T‐shaped, with the other nine giving the C2‐benzoyl side chain in different 

orientations.  Only the top five poses for 9 were in the T‐form; the rest covered a 

variety of binding modes that were up to 5 kcal/mol higher in energy.  12 resulted 

in 16 T‐ conformations.  The remaining four exhibited similar binding modes, but 

the C‐13 benzamide or C‐2 benzoyl groups were located in different positions.  All 

twenty poses were no more than 2.5 kcal/mol higher in energy than the top pose.  

The resulting top T‐pose for each ligand was employed for subsequent MD 

simulations. 

Molecular Dynamics.  All molecular dynamics (MD) simulations were 

performed with GROMACS 3.2.1.142‐144  The taxane ligand structures were prepared 

for the GROMOS96.1 force field145 using the Dundee PRODRG2.5 Server.144  Each 

compound was solvated in a box of SPC water molecules;146 512 for PTX and 

approximately 750 for the three bridged analogs.  The systems ran for one 

nanosecond, initially, to determine how they behaved and what changes in 

conformation could be detected.  After minimal analysis, the systems were run for 

an additional 10 ns (11 ns total) at 300K with a time step of 1 fs under NPT 

conditions (see below).  Two plots were made to summarize the results of the 

dynamics.  In the first, the RMSD of the molecules were calculated with respect to 

their starting T‐form geometries (Figure 32). The bridged analogs 9 and 12 remain 

in the T‐form throughout the entire 11 ns simulation, although 17 experiences a 

conformational interconversion.  The second plot (Figure 33) represents the RMS 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deviation of each atom in each molecule from its starting position throughout the 

entire simulation. 

The MD simulations of the protein‐ligand complexes were performed by 

Matthew Geballe as published97,147 and are reproduced here for reference.  The 

structure of the α,β‐tubulin dimer was converted to the GROMOS96 united atom 

force field;145 GTP, GDP and the taxane ligands were parameterized with the 

PRODRG Server.144  The structures of apo α,β‐tubulin (GTP and GDP still present), 

PTX‐bound α,β‐tubulin (based on 1JFF)90 and 9‐ and 12‐bound α,β‐tubulin (based 

on the docking described above) were prepared for MD simulation.  Each α,β‐

tubulin‐ligand complex was solvated in a box of 35,000 to 39,000 SPC water 

molecules146 with two magnesium cations associated with the phosphates of the 

nucleotides and 36 sodium cations added to each system to neutralize the overall 

charge.  After a steepest descents minimization, the systems were subjected to a 

restrained MD run of 20 ps where the water was allowed to equilibrate around and 

within the structures.  The restraints were removed, and the system was simulated 

at 50K for 5 ps to alleviate high energy interactions without large displacements.  

The systems were then treated with reverse annealing where the temperature was 

raised from 20K to 300K over a period of 25 ps.  The simulations at 300K were then 

allowed to run for over 5 ns.  Apo and PTX‐bound α,β‐tubulin were simulated for 10 

ns.  Trajectories were analyzed and visualized using VMD.148  All simulations made 

use of PME electrostatics149,150 with a 9 Å cutoff, were performed under NPT 

conditions utilizing the Berendsen thermostat,151 and employed a time step of 2 fs 

except during the 5 ps simulation at 50K where a timestep of 1 fs was adopted. 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Results and Discussion 

At the outset of these bridging studies, it was hypothesized that linking the 

methyl of the C‐4 acetate group to the C‐3’ phenyl would result in active constrained 

T‐analogs.  Though at first the strategy resulted in less than desired activities,53 the 

creation of short bridges between the ortho‐position of the C‐3’ phenyl and the C‐4 

acetate have resulted in highly active taxane analogs (Table 3).96  The apex of these 

is demonstrated by 9 and 12.  Gratifyingly, the bridged taxoid 9 exhibited excellent 

bioactivity.  It is at least 50 times more potent than PTX against A2780, while its 

dihydro derivative 12 shows about 30 times more activity than PTX against the 

same cell line.  Both bridged taxoids also show slightly increased cytotoxicity 

compared with PTX against the PC3 cell line.  An attempt to synthesize the E bridged 

macrocyclic analog of 9 resulted exclusively in the isomerized E alkene 17.  The 

compound was tested and showed cytotoxicity almost equal to that of the Z bridged 

derivative 9, indicating that the precise stereochemistry of the bridging alkene 

linker causes only a small difference in the activity.  The length of the linker appears 

to be the most important quality, with 2‐atom linkers providing the greatest 

increase in activity. 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Table 3.  Cytotoxcicity and Tubulin Polymerization activity of ortho‐linked 

macrocyclic PTX analogs. 

IC50, nM  IC50 (PTX) / IC50 (cmpd) Compound 
A2780  PC3  A2780  PC3 

ED50, μM 
(TB polym) 

PTX (1)  15  5  —  —  0.50 
9  0.3  2.5  50  2  0.30 
12  0.5  2.4  30  2.1  0.21 
17  0.5  3.1  30  1.6  0.33 
18  15  5  1.0  1.0  0.28 
19  19  17  0.8  0.3  0.83 

 

Though it appears that the T‐Taxol form has been verified as the bioactive 

conformation, no experimental structure of a bridged‐taxane/tubulin complex is 

available.  Even if one existed, the resolution would probably be too low to 

determine the absolute conformation just from the EC structure, as with the PTX‐TB 

structure,61,90 and would require a combination of experiment and modeling to 

obtain the structure, as with T‐Taxol.84  For 9 and 17, the two‐carbon bridges 

between the C‐3’ and C‐4 positions enforce a 17‐membered ring with two lactones, 

two C=C units and seven bonds rigidified by the baccatin core.  It is still possible, 

though, that the newly installed macrocyclic rings might sustain sufficient flexibility 

to require considerable conformational reorganization upon binding to tubulin.  To 

examine this question, we performed empirical conformational analyses for these 

two highly active analogs.139 

For both compounds, a quantitative NMR‐ROESY determination was carried 

out.  The corresponding cross‐peaks were translated into intramolecular proton‐

proton separations based on internal distance standards.  The corresponding 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distances were combined with taxane conformers derived by MC conformational 

analyses within the NAMFIS framework.79  As briefly described in Chapter 2 and in 

numerous studies by our lab,78,152‐154 this technique is able to deconvolve an 

averaged NMR spectrum into a description of the ensemble of contributing 

conformations along with an estimate of the individual conformer populations. 

As applied to 9, NAMFIS analysis using 19 NMR‐ROE‐derived intramolecular 

atomic distances delivered only four conformations with estimated populations of 

59, 33, 5 and 3%.  The top populated conformer is in the T‐form; while the second 

most populated one is a slightly collapsed form of the T‐conformation in which the 

C3’‐phenyl to C2‐phenyl centroid distance is 3 Å shorter.  The 5% third structure is a 

non‐polar collapsed conformation, and the 3% form is a fully collapsed 

conformation in which all three phenyl ring centroids are within 5‐7 Å of each other.  

Compound 17 delivers a similar result, namely only three conformations from 15 

ROE cross peaks.  One is an extended conformation (52%); the other two, T‐forms 

(46 and 2%).  A similar analysis for parent PTX (1) delivered T‐conformers with 

much reduced populations of 2‐5%.78  Short‐bridge ortho‐tethering for this 

compound class increases the concentrations of the apparent bioactive conformers 

by 20‐50 fold and thereby contributes to their exceptional activity.  Figure 30 

illustrates the superposition of PTX and 9 in the β‐tubulin binding cleft as the 

molecules both accommodate the locus of His227 and avoid steric interaction with 

Phe272.139 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Figure 30.  T‐Conformations of PTX (blue) and 9 (red) in the β‐tubulin binding site, 

the latter having been docked by the Glide software.141  Both conformations were 

derived by NAMFIS analyses.  His227 is shown in front of the structures, the 9 

bridge behind, and Phe270 further behind. 

As the work was being performed, an important discovery about some of the 

bridged PTX analogs was made.  They display promising activity against PTX‐

resistant and epothilone A‐resistant cell lines.  These cell lines were developed by 

long‐term exposure of 1A9 human ovarian carcinoma cells to PTX or epothilone A in 

order to generate cells with drug resistant clones.  Molecular characterization of 

these clones revealed that distinct acquired β‐tubulin mutations at the taxane 

binding site were providing the resistance.24,155  The mutations impair PTX’s ability 

to interact with tubulin, resulting in a significant lack of drug‐induced microtubule‐

stabilizing activity and G2/M arrest.156  Testing our analogs against the parental and 

drug‐resistant cell lines demonstrates that many of them exhibit similar or slightly 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improved activities over PTX (Table 4).139  However, two compounds stand out: the 

bridged taxoid 9 and its dihydro analog 12 exhibit a remarkable activity in that not 

only are they about 50‐fold more active than PTX against the parental 1A9 cells, but 

they are also 1200‐ and 150‐times more effective than PTX, respectively, towards 

the PTX‐resistant cell lines PTX10. 

Table 4.  Bioactivity of bridged taxoids 9 and 12 against PTX and epothilone A 

resistant cell lines. 

IC50, nM  RR  IC50, nM  RR 
Compound 

1A9  1A9‐PTX10 
(Fβ270V)  PTX10/1A9  1A9‐A8 

(Tβ274I)  A8/1A9 

PTX (1)  4.8  157  20  21.5  4.5 
9  0.32  0.13  1.8  0.27  0.84 
12  0.07  1.03  12  0.44  6.3 

 
As shown by their relative resistance values, 9 completely overcomes PTX 

resistance while 12 does so by about 50%.  Both compounds are also 50 to 100 

times more active than PTX against the epothilone‐resistant 1A9‐A8 cells.  The 

relative resistance values (RR) for 1A9‐PTX10 cells across the compounds listed in 

range from 2 to 21 and those for 1A9‐A8 from 3 to 82.139  The same quantities for 9 

and 12 are perfectly normal by comparison, similar to PTX, and found in the 

windows RR = 0.8‐2 and 6.8‐12, respectively.  The implication is that the bridged 

compounds, from the point of view of acquired resistance, are normal taxanes.  The 

remarkable improvements of the two compounds over PTX in apparently 

overcoming resistance owe their origin to an unusually high potency rather than to 

subtle structural features of the ridged molecules that enable them to bypass the 

mutated binding site residues. 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Though some of the resulting compounds exhibit both higher cytotoxicity in 

A2780 and PC3 cell lines and increased potency as inducers of microtubule 

assembly in comparison to the parent compound PTX, these assays do not 

necessarily directly test the original hypothesis about the receptor site binding 

conformation.  Polymerization assays are a function of both the intrinsic affinity of 

the taxane for its receptor site and the effect of ligand binding on assembly.  The two 

are not necessarily related.157  Cytotoxicity is affected by both these factors, as well 

as, relative cell permeability, cytoplasmic metabolism and other variables.  

Therefore, separate evaluations of the affinity of taxanes for microtubules and the 

efficacy of the bound ligand on microtubule assembly are necessary.123 

To further test these analogs, our collaborators in the Susan Bane group 

quantitatively determined the apparent association constants of the ligand/receptor 

interaction by competition experiments and the effects of the different ligands on 

the critical concentration of tubulin (including the effects of low temperature and 

the influence of Mg2+).97 

Association Constants.  The apparent affinities of PTX and a number of 

bridged analogs for assembled tubulin were assessed by a competition assay with 

N‐AB‐PT (C‐3’ benzamido phenyl replaced by m‐anilino group), a fluorescent 

derivative of PTX that binds to the taxane site on microtubules with comparable 

affinity.  PTX and the analogs cause a concentration dependent decrease in N‐AB‐PT 

emission with GMPCPP‐microtubules, providing data that can be used to calculate 

the relative affinity of taxanes for GMPCPP‐microtubules.  The ortho‐linked 

derivatives resulted in more stable complexes than the meta‐linked taxanes 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(apparent ΔΔG° = 1.0‐1.5 kcal/mol).  Among the former group, the relative affinity of 

the taxanes decreases with increasing number of atoms in the linker.  Compounds 

with the shortest 2‐atom tether (9, 12 and 17) bind to GMPCPP‐microtubules with a 

2‐ to 3‐ fold greater apparent affinity than PTX.  The latter enhancement is most 

likely due to an entropic effect resulting from the constraint of the drugs to a few 

conformations, most notably an increase of 10‐30% of the T‐Taxol form in solution 

as opposed to the parent compound.78,139  This enhances an already favorable 

entropy change due to the burial of accessible surface area and the release of water. 

Critical Concentration Measurements.  The critical concentration of tubulin 

is the concentration below which no microtubule formation occurs.  To a good 

approximation, it is the reciprocal of the elongation equilibrium constant, Kp, which 

is the measure of affinity of the end of a microtubule for the unassembled tubulin 

dimer.158  The critical concentrations of GDP‐tubulin with the meta‐linked 

derivatives are about 3‐fold higher than the critical concentration of GDP‐tubulin 

with PTX.  In the ortho‐linked derivative series, critical concentration decreases 

with decreasing chain length.  For example, a 4‐atom tethered analog induces a 

tubulin critical concentration similar to that induced by PTX, while the 2‐atom 

tethered compounds, 17 and 9, decrease the critical concentration of GDP‐tubulin 

by 2‐ to 4‐fold, respectively, when compared to the parent compound.  Thus, the 

taxanes with the shortest tether are most efficient in inducing GDP‐tubulin 

assembly, with the Kp for GDP‐tubulin assembly in the presence of 12 being 12‐fold 

greater than that for PTX.  Two points of interest for these highly active analogs are 

important to note.  First, the microtubules formed in the presence of equimolar 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concentrations of 9 and 12 were observed to be shorter than those formed in the 

presence of PTX, as determined from the length distributions performed on the 

electron micrographs of the formed microtubules.  Second, the “lag time” for tubulin 

assembly as observed by apparent light scattering appears to be significantly 

reduced in the presence of these analogs in comparison to PTX‐induced assembly.  

These observations suggest that the macrocyclic taxanes with the 2‐atom tethers 

result in more efficient tubulin nucleation than PTX. 

Low­Temperature GDP­tubulin Assembly.  The critical concentrations for 

GDP‐tubulin in the presence of the 2‐atom tethered macrocyclic taxanes and PTX 

were determined at 12, 25 and 37 °C, and as expected, they increase with a decrease 

in temperature.  In other words, microtubule formation decreases with decreasing 

temperature.  Interestingly, 12 was found to promote GDP‐tubulin assembly at 12 °C 

when no significant assembly was observed in the presence of PTX under the same 

conditions, with a 3‐fold decrease in critical concentration observed for both 9 and 

12 as compared to PTX. 

Influence of Mg2+ Ions on GDP­tubulin Assembly.  An interesting 

observation with the 2‐atom bridged taxanes 9 and 12 is their ability to successfully 

induce robust microtubule assembly in Mg2+ free, 0.1 M PIPES buffer.  No assembly 

of GDP‐tubulin with PTX was observed under identical conditions.  To further 

investigate the role of Mg2+ ions in 12‐induced GDP‐tubulin assembly, critical 

concentrations of GDP‐tubulin with 12 were determined in 0.1 M PIPES at different 

Mg2+ ion concentrations.  Remarkably, the critical concentration of GDP‐tubulin 

remains unchanged within experimental error for 12‐induced assembly, suggesting 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that it is able to dispense the Mg2+ ion requirement for GDP‐tubulin assembly in 0.1 

M PIPES. 

To summarize the data: first, the receptor binding data runs analogous to 

that for cytotoxicity.  For example, meta‐linked compounds such as 15 and 16 are 6‐

40‐fold less cytotoxic than PTX, while their corresponding ortho‐linked compounds 

are similar to PTX in cytotoxicity and induction of tubulin assembly.  The 2‐atom 

tethered macrocycles are more cytotoxic than PTX.  These derivatives (9, 12 and 

17) also bind to microtubules with apparent affinities higher than PTX.  In vivo, PTX 

and 12 both cause bundling of microtubules in PC3 and A2780 cells.97  Also, the 

assembly of GDP‐tubulin induced by these derivatives is more robust than that 

induced by PTX, as is evident from the low critical concentration values observed 

and their abilities to induce GDP‐tubulin assembly in the absence of Mg2+ ions and at 

12 °C.97 

 



90 

Log K a

7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4 8.6

Log K
p

5.2

5.4

5.6

5.8

6.0

6.2

6.4

6.6

6.8

7.0

258

282

257

295

289

153

278

PTX

CY216

CY234

CY195

CY221

 

Figure 31.  Correlation between ligand induced polymerization of GDP‐tubulin (log 

Kp) and apparent affinity constant (log Ka) for the ortho‐linked taxane derivatives.  

The relationship between affinity and efficacy changes when the size and flexibility 

of the C‐3’ phenyl to C‐4 acetate bridge are decreased.  The lines illustrate the trends 

in the data. 

Correlating Apparent Affinity with Efficacy.  The relationship between the 

affinity and efficacy (induced polymerization) of ortho‐substituted C‐3’ analogs is 

plotted in Figure 31 as two separate trends.  The dataset clustered about the green 

trend‐line represents a classic SAR in which protein affinity increases as a function 

of reduced bridge length, introduction of unsaturation, and the replacement of the 

C‐3’ benzamido phenyl with OtBu (as in DTX, 3).  The acyclic parent, PTX, clearly 

contributes to this correlation.  At log Ka ~ 8, however, a second trend‐line (red) 

materializes.  At this point, the macrocyclic taxanes are more effective promoters of 

Lo
g 

K
p 
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tubulin assembly than would be predicted based on their apparent affinities for 

microtubules.  Compounds 9 (258) and 12 (282) are extreme in this respect, as is 

216, the C‐3’ OtBu congener of 12, and 234, the 216 construct with a methoxy group 

in the para position of the C‐2 phenyl group.  These compounds induce robust GDP‐

tubulin assembly at the low temperature of 12 °C and dispense with the Mg2+ ion 

requirement for tubulin assembly in 0.1 M PIPES.  They appear to be tailored to 

form more stable microtubules than any other taxanes studied to date.  Even at a 3‐

fold higher concentration than normal, PTX is not able to achieve such results. 

One notable feature of the highly efficacious compounds is the steeper slope 

of the inhibition curves.  The average slope of the sigmoidal curves for the four most 

extreme compounds (216, 282, 234, and 258) is 2.6 ± 0.4, indicating apparent 

cooperativity in ligand binding to the microtubules.  In contrast, the average slope 

for the less‐active taxanes, including PTX, is 1.1 ± 0.3.  The association of these 

taxanes with microtubules can be properly described as an association of a ligand 

with identical and independent sites on the microtubule lattice.  Cooperative ligand 

binding cannot be accurately described with the same analyses.  The deviation from 

linearity for the Ka—Kp plot may be attributed to the presence of cooperativity in 

one set of ligands and the absence of cooperativity in others.  Sorting out the various 

parameters involved in cooperative binding requires direct measurements of ligand 

binding to microtubules rather than competition experiments.159  In the interim, the 

trends in the apparent affinity constant values reveal a fundamental difference in 

the ways that different classes of taxanes affect microtubule structure.97 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Dynamicity of Uncomplexed Taxanes.  To understand the dynamic 

properties that may contribute to the efficacy of these highly active taxanes, we used 

molecular dynamics (MD) to monitor any changes in both the individual unliganded 

compounds, as well as, liganded complexes of α,β‐tubulin.  In chapter 2 I discussed 

the variability of PTX and the use of conformational searching to obtain different 

static conformations that the molecule can obtain.100  NAMFIS analysis of the 

compound78 and a number of the bridged analogs,96,139 as described above, also 

demonstrates the conformational variability of small molecules.  Here, I have 

adopted a dynamic approach to study the behavior of these taxanes.  PTX, 9, 12, and 

17 were placed in boxes of water and subjected to MD simulations.97  Figure 32 

compares the overall RMSD for all the four compounds relative to T‐Taxol over the 

11 ns time course of the simulation.  PTX assumes a number of conformations 

finding T‐forms at least four times, while 17 samples at least two different 

conformations.  By contrast, 9 and 12 are stable as T‐Taxol conformers over the 

duration of their MD trajectories demonstrating a much reduced conformational 

flexibility.  The latter is highlighted in terms of molecular fragments in Figure 33 by 

depicting the RMS fluctuation of each atom in the taxanes across the MD trajectories 

relative to the respective starting structures.  PTX is most mobile with the C‐4 

acetate, the phenyl rings, and particularly the untethered C‐3’ phenyl group 

exhibiting the largest fluctuations.  While molecular flexibility falls in the order PTX, 

17, 9, and 12, the C‐4 acetate and the C‐3’ phenyl centers experience the greatest 

degree of motional damping from PTX/17 to 9/12 (Figure 33) as expected for the 

termini of the short bridges connecting distal parts of the PTX framework. 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Figure 32.  Relative molecular fluctuations throughout the MD for PTX and three 

bridged taxanes in a box of water at 300K for 11ns; PTX (black), 9 (green), 12 

(blue), 17 (green).  Movements are plotted as the average RMSD of the heavy atoms 

from the optimized T‐form geometries of the individual molecules; T‐Taxol is 

baseline at RMSD = 0.  PTX can take a number of conformations, but finds the T‐form 

at least four times.  Structure 17 interconverts between two forms, while 9 and 12 

are conformationally stable over the time course. 



94 

 

Figure 33.  Relative atom fluctuations following MD for PTX and three bridged 

taxanes in a box of water at 300 K for 11 ns.  Movements are plotted as the average 

RMSD from atomic positions in the optimized geometries of the individual 

molecules; important functional groups are identified; PTX (black), 9 (green), 12 

(blue), 17 (red). 

Dynamic Effects of Bridged Taxanes on β­tubulin.  While I addressed the 

uncomplexed ligands, another student in our group, Matt Geballe, examined the 

dynamics of the individual complexes of PTX, 9, and 12 with α,β‐tubulin, as well as, 

the unliganded protein.  The four systems were prepared for computation as 

described in the Methods section.97,147  The key changes in the vicinity of the 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binding site are associated with the location and conformation of the M‐loop.  Figure 

34 summarizes the results for the complexes at 4 ns, the time point at which each 

has equilibrated and achieved stability.  The M‐loop of the ligand‐free protein 

depicted in purple collapses onto the taxane binding site, and in this conformation 

presumably blocks ligand binding.  In the presence of PTX, however, the loop (gray) 

adopts a less compact conformation and serves as one of the boundaries for the 

taxane binding pocket.  With 9 as ligand, the M‐loop (green) recedes further, 

reaching its most modulated conformation (brown) when interacting with 12.  Seen 

from this dynamic point of view, both PTX and the bridged ligands have a dramatic 

but differential effect on the conformation of the M‐loop.  It is precisely those 

compounds exhibiting a 3‐fold decrease in the critical concentration of GDP‐tubulin 

relative to PTX and inducing significant microtubule assembly in Mg2+ free buffer (9 

and 12) that are predicted to alter the M‐loop conformation of β‐tubulin to the 

greatest extent. 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Figure 34.  Four β‐tubulin proteins overlapped following 4 ns MD treatment at 

300K.  M‐loops at upper left; no ligand (purple); PTX (gray); 9 (green); 12 (brown).  

PTX is shown in the taxane binding site, the purple M‐loop having moved in to fill 

the open pocket. 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Figure 35.  Geometric characteristics of PTX and bridged taxanes docked in β‐

tubulin and subjected to MD.  (a) Relative orientation of C‐2 benzoyl phenyl groups 

following superposition of the protein complexes depicted in Figure 34.  (b) 

Distance between C‐4 and C‐13 in PTX.  (c) The expanded C‐4 to C‐13 distance in 

bridged 9.  (d) Maximal C‐4 to C‐13 distance achieved by 12. 

The relative behavior of PTX, 9, and 12 as depicted by Figure 34 and 

reflected by the SAR of Figure 31 suggests both static and dynamic aspects in the 

binding event rarely considered for ligands with such similar structures.  A critical 

static element is registered by Figure 35a.  In the latter, the R‐carbon backbones of 

the taxane‐tubulin complexes after 4 ns of MD were superposed and then the 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protein structure hidden.  The baccatin cores of the PTX, 9, and 12 ligands occupy 

the same volume, but the C‐2 benzoyl phenyl groups are displaced as shown by the 

red ellipse.  It is noteworthy that the displacements are in the same direction as the 

M‐loop translations of Figure 34.  Measurement of the distances between C‐4 and C‐

3’ in the individual taxanes (Figure 35b‐d) reveals another parallel; namely, the 

distances increase in the order PTX < 9 < 12, stretching the molecules along the 

approximate long axis.  This static effect alone suggests that overall molecular 

length may reposition the taxane ligands in the binding site and promote M‐loop 

transposition.  Along this analogue series, two molecular features reinforce one 

another.  That is, the greater the molecular flexibility (Figure 32 and Figure 33), the 

more globular the taxane ligand (Figure 35).  The least flexible structures are thus 

the more extended; namely, 9 and 12.  This observation correlates closely with the 

ability of these structures to enforce the greatest conformational change in the β‐

tubulin M‐loop. 

Bridged Taxanes, the M­Loop, and Kp.  As outlined above, the taxane series 

PTX, 17, 9, and 12 increases in molecular length (Figure 35), decreases in molecular 

mobility (Figure 32 and Figure 33), and displaces the M‐loop from its position in 

unliganded β‐tubulin (Figure 34) in the order given. The operation of the ligands in 

the taxane binding cleft is best described by the panels of Figure 36, snapshots taken 

at the end of the protein ligand MD trajectories.  Figure 36a shows that 12 resides 

near the luminal or interior surface of the microtubule.  A 90° rotation of the protein 

(Figure 36b) illustrates that 12 spans the space between helix 1 (H1, at left in red) 

and the M‐loop (at right in red).  As pictured dramatically by the space‐filling model 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in Figure 36c, the benzamido phenyl is pushed up against H1, while the C‐2 phenyl 

ring is pinioned against the M‐loop.  Hydrogen bonds between Asp26 in β‐tubulin 

and both the benzamido NH and 2’‐hydroxyl hydrogens facilitate this tight packing 

of the benzamido phenyl against H1.  A similar hydrogen bond between the 

benzamido NH and the backbone of helix H1 was observed for 9, but not for PTX.  It 

should be recalled that 12 is the most rigid bridged T‐taxane that forces the MD‐

positioned M‐loop furthest from the body of the protein (Figure 34).  This contrasts 

with the more flexible PTX, which binds in the more compact T‐Taxol form.  Also 

sandwiched between H1 and the M‐loop, PTX sits somewhat deeper in the pocket 

and is less “right‐shifted” toward the loop.  The less pronounced molecular 

translation is partly the result of the conformational mobility of the unbridged 

molecule; it is able to place its C‐2 phenyl group in a narrow subpocket orthogonal 

to the disposition of the β‐tubulin M‐loop (Figure 36d).  As a consequence, this loop 

is folded around the PTX B, C, and D rings rather than being oriented outward 

toward the adjacent protofilament. 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Figure 36.  The binding sites of 12 and PTX in complex with β‐tubulin following MD 

at 300 K for 4 ns in a box of water molecules.  The C‐2 benzoyl phenyl groups are 

identified within yellow ellipses.  (a) 12 sandwiched between H‐1 and the M‐loop 

and exposed to the microtubule lumen.  (b) Rotation of the latter by 90° to show the 

tight van der Waals interaction between the C‐2 phenyl and the M‐loop.  (c) 

Representation of H‐1 and the M‐loop as space‐filling boundaries for 12 in the 

binding pocket.  (d) PTX sequestered between H‐1 and the M‐loop shown in space‐

filling format. 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Figure 37.  Four subunit component of a 13‐protofilament microtubule illustrating 

the interaction between two vertically oriented protofilaments.  In the β‐subunits, 

two PTX molecules (space‐filling) and two M‐loops (blue) are highlighted.  The 

space‐filling M‐loop associated with the β‐subunit at lower right is in van der Waals 

contact with a PTX molecule to the right and the H1‐S2 and H2‐S3 loops to the left. 

The latter underpins the remarkable observation that the cytotoxicity of 

certain bridged taxanes is dominated by microtubule elongation (Kp) rather than 

apparent affinity (Ka, Figure 31).  It is well‐known that protofilament‐protofilament 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interactions in microtubules are mediated by M‐loops in contact with H1‐S2 (the N‐

loop) and H2‐S3 loops in a β‐tubulin subunit within an adjacent protofilament122,160 

as modeled in Figure 37.  It has also been suggested that PTX’s microtubule 

stabilizing effect is likely to involve reshaping of the M‐loop to induce a 

conformation that favors productive protofilament interaction.84,122,161  In order to 

achieve strong lateral contact, the M‐loop needs to be extended away from the β‐

tubulin subunit and into the space between protofilaments.  In order to maintain 

this contact, a restraint on conformational refolding of the M‐loop would be ideal.  

We suggest that the rigid structures of compounds 9 and 12 serve this purpose by 

directing the M‐loop toward the adjacent protofilament and by hindering both the 

loop’s mobility and the establishment of a pool of rapidly equilibrating conformers.  

Depleting the latter conformational ensemble of forms that place the M‐loop near 

the surface of the home β‐subunit eliminates torsional isomers that cannot furnish 

productive lateral interactions.  Compounds such as 9 and 12, once docked into 

microtubules, act as rigid rods to hold the M‐loop away from β‐tubulin and further 

facilitate persistent contact with the secondary structure on the neighbor 

protofilament.  The space‐filling representation of the blue M‐loop in Figure 37 

illustrates this idea for bound but flexible PTX.  We presume that structure 12 

translates the M‐loop slightly further into the inter‐protofilament space, while 

offering the loop no opportunity to escape by conformational redistribution.  In this 

way, the lateral interface is stabilized and microtubule depolymerization is 

suppressed. 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Reshaping of the M‐loop by the most potent bridged taxanes may 

reverberate through the microtubule lattice, allowing these taxanes to associate 

with microtubules in a cooperative manner.  The idea that taxanes with similar 

structures can affect the architecture of microtubules in distinctly different ways is 

not unprecedented.  PTX (1) and DTX (3), which differ primarily in the substituent 

bonded to the C‐3’ nitrogen (benzoyl and OtBu, respectively), promote the 

formation of different microtubule lattices.162‐164  Microtubules assembled in the 

presence of PTX have a significant population of 12‐protofilament microtubules, 

while those assembled in the presence of DTX consist of mainly 13‐ and 14‐

protofilament microtubules, like those assembled in the presence of GTP.  

Microtubules assembled in the presence of DTX, however, can be reduced to 12‐

protofilament microtubules by addition of PTX to the solution.165  The exchange of 

ligand in the taxane binding site is accompanied by a reorganization of the 

microtubule without disassembly of the polymer.  In a similar fashion, the tubulin 

conformation change caused by compounds such as 9 and 12 may affect the 

conformation of adjacent tubulin dimers, reshaping the lattice in a manner that 

favors taxane binding. 

Summary 

Starting with the analysis of T‐Taxol, we developed taxanes that contain 

bridges between the methyl group of the C‐4 acetate and the ortho‐position of the C‐

3’ phenyl group, constraining the molecules to the bioactive molecular shape.  A 

number of compounds were prepared, but three in particular are of great interest: 

12 and 17 are about 30‐fold more cytotoxic than PTX, while 9 shows a 50‐fold 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improvement.  Also of consequence, 9 and 12 are 1200‐ and 160‐fold more active 

than the parent compound in the PTX‐resistant cell line PTX10.  Application of the 

NAMFIS method to these two compounds resulted in four and three conformations, 

respectively, with 59% and 48% contributions from T‐Taxol structures.  While the 

significant activity increases measured for these substances cannot be attributed 

completely to conformational biasing, the results strongly suggest that this is a 

dominating factor.  Direct measurement of the association constants and critical 

concentration of tubulin with the different analogs reveals that these highly active 

compounds are more effective promoters of tubulin assembly than would predicted 

(Figure 31).  Molecular dynamics of the different tubulin‐ligand complexes 

demonstrates a change in the protein conformation (Figure 34 and Figure 36) 

occurs that appears to depend on the ligand rigidity (Figure 35) and we propose 

that this translates throughout the microtubule, resulting in a decrease in the 

disassembly rate. 

Simplified Taxanes 

The T‐Taxol84 conformation has not only led to highly active constrained 

analogs (9 and 12),96,97,139 but it has been used to develop a set of simplified 

taxanes.166  One of the set‐backs of taxanes is their difficulty of synthesis.  

Structurally simpler congeners of PTX would lead to a highly desirable future 

generation drugs that could be readily acquired, while retaining the full activity of 

the parent compound.  Others have attempted such a feat, preparing various 

simplified PTX analogs.  Some of these showed very weak cytotoxicities, but no 

tubulin polymerization activity.167‐171  Ojima and coworkers synthesized a simplified 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macrocyclic PTX analog170 based on the nonpolar conformation that exhibits no 

tubulin polymerization activity, but does have micromolar cytotoxicity in two cell 

lines. 

After establishing the T‐Taxol conformation as the bioactive form through 

the synthesis of highly active constrained compounds (9 and 12), we decided to 

pursue simplified taxanes that maintained the principal taxane pharmacophore, in 

addition to a short bridge.  Namely the C‐2 benzoate, C‐3’ phenyl and C‐4 acetate 

groups would be maintained as they are in the parent compound, but the baccatin 

core replaced by a simplified bicyclic moiety.  SAR studies indicate that 

modificiations to the northern hemisphere of PTX do not cause significant detriment 

to its bioactivity27 so these groups were ignored in the simplified structure.  This led 

to the simplified PTX analogs displayed in Figure 38 with a modified hydrophobic 

[3,3,1]‐bicyclononane moiety replacing the baccatin core. 

Methods 

Structures 21 and 23 were constructed using T‐Taxol84 as the template in 

MacroModel 6.5.83  Each was fully optimized using the MM3*113‐115 force field 

including the GBSA/H2O solvation model.82  The structures were manually docked 

into the β‐tubulin binding site by superimposing them on bound PTX.84  MD was 

then performed on a 10 Å sphere around the binding site of each model for 250 fs at 

20K using the Tripos force field, followed by full optimization of the complex while 

holding the backbone of the protein aggregate fixed.  The structure of 21 retains the 

essential features of the T‐Taxol binding conformation by locating the 

bicyclononane core on the baccatin core and by superposing the C‐13 phenyl rings 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on those of PTX.  The C‐2 phenyl rings overlap, but that of 21 is offset and buried 

deeper in the pocket where it encounters a steric clash with the protein.  When the 

T‐Taxol model of 23 is docked into the β‐tubulin protein coordinates, the C‐13 

terminal phenyl rings are positioned similar to those of paclitaxel.  However, the 

diastereomerically relocated C‐2 phenyl ring is positioned in the northern part of 

the binding site near Leu371, Pro274 and Phe272 (ligand—side‐chain H‐‐‐H 

separations from 2.2 to 2.7 Å).  The resulting steric clash pushes the ligand out of the 

binding site during MD simulations. 

Results and Discussion 

Our collaborators in Virginia (D. G. I. Kingston group) proceeded with the 

design and synthesis of compounds 20‐24.166  Susan Bane’s group again obtained 

relevant biological data.  All the compounds were cytotoxic, but significantly less so 

than PTX, against the A2780 ovarian cell line.  They were, however, comparable to 

those prepared by Ojima.170  These measurements were made very difficult by the 

very low solubility of the compounds in DMSO‐H2O mixtures, possibly leading to 

underestimated cytotoxicities.  Interestingly, the cytotoxicities of all five compounds 

were all comparable within a factor of two, indicating that the relative 

regiochemistry of the benzoate group does not affect the activity significantly. 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Cmpd  X  Bridge 
IC50 (μM) 
A2780 

  Cmpd  X  Bridge 
IC50 (μM) 
A2780 

20  OCH2  Z  15.1    22  OCH2  Z  11.3 
21  OCH2CH2  E  20    23  OCH2CH2  E  18 
          24  CH2  E  10.9 

 
Figure 38.  The five simplified taxane analogs in which the baccatin core has been 

replaced with a modified hydrophobic [3.3.1]‐bicyclononane moiety.  The measured 

cytotoxicities in the A2780 cell line are also listed; PTX’s IC50 is 0.02 μM. 

Compounds 20‐23 were also tested for microtubule assembly activity in 

vitro.  All four molecules enhanced the rate and extent of DMSO‐induced tubulin 

assembly at concentrations of 30 μM, which is near the limit of solubility for these 

molecules under the assay conditions.  They also stabilize the microtubules to cold 

induced disassembly.  In the absence of added ligand, DMSO‐induced microtubules 

are completely depolymerized by dropping the temperature from 37 to 4° C.  In the 

presence of the compounds, some polymer remains in the samples at 4° C.  

Compound 20 was the most active in stabilizing assembled microtubules, while 

compound 21 enhanced assembly to the greatest extent.  These, of course, are 

nowhere near the numbers for the macrocyclic analogs of the PTX (Table 3),96,139 

but are interesting nonetheless.  We hypothesize that a more soluble compound 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with this simplified scaffold could produce better data and demonstrate greater 

activity. 

We performed some modeling studies of 21 to determine if the molecule can 

obtain a T‐like conformation.  As seen in Figure 39 in the β‐tubulin taxane site, the 

C‐4 and C‐13 side chains of the simplified analog match those of PTX closely.  The C‐

2 phenyl overlaps that of PTX, but is forced deeper into the hydrophobic pocket as a 

result of a somewhat different positioning occasioned by the nonane core by 

comparison with the PTX baccatin core.  This elicits steric congestion via short H‐‐‐H 

contacts with the Leu230 and Leu275 tubulin side chains.  Apart from insolubility, 

the reduced activity of 21 relative to PTX most likely derives from this source.  

Structure 23 does not dock into the taxane binding pocket in the T‐form, but can 

assume a number of alternative conformations and binding modes.  Considering the 

low potency of the compound, we regard none of these as predictive.  The 

diminished activity of our diastereomers as well as that exhibited by the Ojima 

compounds170 make it clear that neither class is sufficiently tailored to fully exploit 

the T‐Taxol concept. 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Figure 39.  Overlay of structure 21 (yellow) on T‐Taxol (blue) in β‐tubulin; the C‐4 

and C‐13 side chains match closely. 

In summary, we designed a new class of cytotoxic PTX‐like molecules that 

can approximate, but not precisely achieve the T‐Taxol conformation.  However, 

incorporation of polar functional groups in the structures to make them water‐

soluble may increase their bioactivity.  Studies towards this end are in progress. 

C­2 Sulfur Linked PTX Analogs 

Some of the PTX SAR data was discussed in chapter 2, with specifics about 

DTX and NTX in our evaluations of bioactive conformation proposals.  T‐Taxol can 

explain the available data, taking into account modifications in all the side chains 

and to the baccatin core itself.  The confirmation of this form as the bioactive 

conformation allows us to evaluate new SAR data and perhaps even make 

predictions about the activities of new ligands. 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The extensive SAR studies over the past couple of decades have led to several 

generalizations, with a crucial one involving the three key side chains on the 

southern hemisphere of the PTX molecule: the C‐13 N‐benzoyl phenylisoserine, the 

C‐2 benzoate and the C‐4 acetate moieties.  All are critical to taxane tubulin binding 

and cytotoxicity in terms of both atomic constitution and molecular 

conformation.27,54,172  SAR studies at the C‐2 position have shown that both the 

nature and stereochemistry of the 2‐benzoyl group in PTX derivatives are 

determinants of activity.  Removal of the 2‐aroyl ester173 (2‐deoxy‐PTX) or 

reorientation from α to β174 (2‐epi‐PTX) causes either two‐orders of magnitude 

reduction or complete abolition of cytotoxicity, respectively.  On the other hand, 

many PTX analogs with aroyl175,176 or alkyl70 ester groups at the C‐2 position have 

been reported with modest to highly potent bioactivity.  In a continuing effort to 

probe the PTX C‐2 structural requirements more deeply, Lei Wang, in Wei‐Shuo 

Fang’s lab at the Chinese Academy of Medical Sciences, undertook the preparation of 

a series of 2‐N‐ and S‐substituted taxanes. 

When they approached us for collaboration, they had already reported on the 

synthesis of C‐2 N‐substituted taxoids,177 the first transformation of the heteroatom 

on C‐2 from oxygen reported to date.  They used the methodology developed in that 

report to make other C‐2 analogs, including 2‐amido analogs, their C‐10 modified 

analogs, and 2‐debenzoyloxy‐2α‐phenylthio 10‐acetyl docetaxel whose inactivity 

was attributed to its shorter chain length at C‐2 compared with the benzoate.178,179  

They proceeded with the isosteric replacement of the C‐2 ester of PTX with sulfur‐

linked substituents to further detail the structural requirements at this PTX side 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chain.  We performed some conformational analyses and used modeling to correlate 

their biological activities to the ability to bind to β‐tubulin.180 

Methods 

Compounds 26 and 28 were analyzed in the binding pocket of α,β‐tubulin 

using molecular dynamics (MD).  Each one was built in MacroModel v.8.683 using T‐

Taxol84 as a template and optimized with MMFF94/GBSA82,110‐112 to the nearest local 

minimum.  The compounds were then manually and independently docked into the 

binding site of the α,β‐tubulin model by superimposition of the baccatin cores of the 

molecules on bound PTX.84  An extensive MD procedure was then followed to 

develop a stabile model for each complex.  Sybyl 7.0116 was used with the MMFF94 

force field, a time step of 0.5 fs and a dialectric constant of 4.5 for each simulation. 

An initial MD run was performed on each complex at 20K for 500 fs with the 

ligand and side chains in a 10Å sphere around the binding site allowed to move.  

This removed the bad steric contacts present from the docking placement of the 

new ligand.  Another 500 fs of MD at 20K was performed with the 10Å sphere‐

binding site of the protein allowed to move and the ligand held fixed to allow the 

binding site to reorganize slightly if necessary.  A 1 ps MD simulation at 20K 

followed with the ligand and side chains in a 10Å sphere around the binding site 

allowed to move.  At this point, the energy of each complex had leveled off and no 

major fluctuations were observed so they were fully minimized with the backbone 

held fixed using the MMFF94 force field.  The individual complexes were then each 

subjected to higher temperature MD by running 5 ps simulations at 50K, 100K, 

200K and 300K to evaluate each ligand’s behavior in the protein. 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When minimized with MMFF94, compound 26 obtains a C2‐S‐C(O)‐Ph 

torsion of 136°.  Searching the Cambridge database181 for C‐S‐C(O)‐Ph containing 

compounds found 83 hits.  While a few angles are in the 168‐170° range, the vast 

majority fall in the 175‐179° range.  The 136° angle obtained using MMFF94 is an 

artifact; therefore, the C2‐S‐C(O)‐Ph torsion was restrained to 178° + 1° when 

performing the MD simulations.  As the initial MD proceeded, the side chains in the 

binding site and the ligand rearranged slightly to better orient themselves, but no 

major changes in the pocket occurred.  With longer and higher temperature MD, the 

C2‐side chain attempted to obtain the same position as that of T‐Taxol, i.e. 

encompassed in the pocket formed by His227, Asp224, Leu215 and Leu217.  Due to 

the longer C‐S bonds though, the side chain does not fit well, forcing the entire 

ligand to lift out of the pocket slightly (1.2 Å).  The compound’s inability to obtain 

the optimal binding conformation in the pocket may explain its lack of activity. 

Compound 28 with a C2‐S‐CH2 ether angle of 100° as compared to PTX’s 

180° C2‐O‐C(O) ester angle changes the shape of the C2 side chain.  The phenyl ring 

sits flat and perpendicular to His227 and further out of the pocket than that of 

paclitaxel.  As the initial MD proceeded, the binding site opened up slightly (0.20Å 

overall) with the largest variations occurring with Leu215 and 217.  These two 

residues started out in direct contact with the C2 phenyl ring and moved slightly to 

avoid steric clashes.  At the end of the simulations, the ring sits slightly further out of 

the pocket and more exposed to solvent, though the ligand remains in the pocket 

throughout the higher temperature MD simulations, sitting a little further out of the 

pocket than paclitaxel does throughout similar MD treatment.  Again, the 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compound’s lack of activity seems to be due to its inability to obtain the proper 

conformation to fit into the pocket. 

Results and Discussion 

Lei Wang synthesized compounds 25‐28 and their binding affinities to β‐

tubulin were determined by a fluorescent ligand displacement assay, as described 

above.  Free energy changes for all four S‐linked taxoids, calculated from binding 

constants at 35 °C, are ‐27 to ‐30 kJ/mol, corresponding to 65‐72% of the affinity 

exhibited by PTX (ca. ‐42 kJ/mol).182,183  The compounds’ cytotoxicities were also 

measured against A2780 and the multidrug‐resistant (MDR) counterpart that 

overexpresses P‐glycoprotein (P‐pg) (A2780/AD10).  All members of the series 

were found to be 3‐4 orders of magnitude less active than PTX in the former and 10 

times less so in the latter cell line.180 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IC50 (μM) Compound  R  R’ 
A2780  A2780/AD 

ΔG (kJ/mol) 

PTX (1)  PhC(O)O  Ph  1.6 X 10‐3  0.92  ‐42.1 
25  PhC(O)S  Boc  2.4  6.96  ‐30.1 
26  PhC(O)S  Ph  11.7  27  ‐28.4 
27  PhCH2S  Boc  3.5  8.3  ‐29.9 
28  PhCH2S  Ph  9.9  9.4  ‐28.6 

 
Figure 40.  The four C‐2 analogs with sulfur replacing the ester oxygen are listedn 

along with their cytotoxicities and calculated binding free energies. 

In order to explain the low activity of these taxanes, the ligand‐tubulin 

interaction was analyzed with molecular dynamics (MD) based on the T‐

conformation.  The diminutive binding affinities and cytotoxicities of the series can 

be attributed to the alteration of the local geometry around the sulfur atoms by 

comparison with the classic C‐2 benzoyl ester.  In the latter case, the C‐2 phenyl ring 

of PTX is encapsulated in a rather narrow pocket in the EC structure of tubulin.84,90  

The opposite faces of the ring are within van der Waals contact of His227 and 

Leu215, while the para‐position is in equally short contact with the protein 

backbone at Asp224.  Extension of the C‐2 substituent either perpendicular to the 

faces of the ring or further from the baccatin core can be predicted to create one or 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more steric clashes.  To test the idea that the latter distance increment could cause a 

steric problem for series 10, thioester 26 was constructed by an O to S modification 

of T‐Taxol, optimized with the MMFF/GBSA force field,110‐112 and docked into β‐

tubulin by superposing the taxane on the location of the original PTX ligand.84  To 

relax the protein‐ligand complex, MD was performed for the thio‐PTX ligand and the 

side chains in a 10 Å sphere around the binding site at 20 K.  Once any unfavorable 

steric contacts were removed, the temperature was slowly increased to 300 K and 

the system allowed to reach a stable state, as measured by energy equilibration.  At 

this point, the entire taxane molecule had risen out of the binding site by 1–2 Å, and 

the terminal C‐2 phenyl ring had slipped from the tight His/Leu/Asp sub‐pocket to 

be repositioned in the first water shell around the protein.  Figure 41a depicts these 

changes. 

A similar set of calculations for thioether 28 causes a comparable extrusion 

of the molecule from the binding pocket.  In this case, however, the saturated C‐2 

side chain deviates from planarity and causes a significant rearrangement of the 

surrounding residues.  Of particular note, the terminal phenyl ring is now 

perpendicular to His227 and located in a pocket opened by the movement of the 

Leu217 and Leu215 residues.  Figure 41b depicts the final conformation of the C‐2–

S–CH2–Ph moiety and the displacement of the baccatin core by comparison with 

PTX. 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Figure 41. (a) Thioester 26 (peach) moves out of the pocket by 1‐2 Å during the MD 

simulation; (b) Thioether 28 (cream) reorients the C‐2 side chain out of the pocket 

formed by His227, Leu215 and Asp224; T‐Taxol is in blue. 

To summarize, C‐2 S‐linked PTX analogs were synthesized and analyzed.  The 

compounds were found to be much less active in both tubulin binding ability and 

cytotoxicity, although for different reasons as revealed by molecular simulations.  It 

is noteworthy that the T‐Taxol conformation again explains the bioactivity of a new 

series of taxanes. 

Conclusions 

If a given compound adopts the bioactive form, does this guarantee amplified 

activity?  In a review of bridged taxanes, the authors point out that enforcing the T‐

Taxol conformation is a necessary but not sufficient condition for eliciting high 

levels of drug potency.136  In addition to the appropriate molecular conformation, 

the tubulin‐taxane ligand must also adopt a compatible molecular volume, as 

discussed in the previous chapter.  Compounds with longer bridges and those that 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extend from the meta‐position of the C‐3’ phenyl illustrate the molecular dilemma.53  

Compound 16, like PTX, displays about 5% of the T‐form in solution.  Unlike PTX, 

however, the compound is 4‐45‐fold less cytotoxic depending on the cell line and 

10‐fold weaker as a tubulin polymerization agent.  Modeling demonstrates that a 

section of the long, suboptimally substituted bridge falls outside the molecular 

volume of PTX and competes with tubulin’s Phe272 for the same space within the 

binding pocket.  Consequently, the ligand either rides higher in the pocket or is 

pushed out of it.  By constrast, compound 18, with a three atom ortho‐bridge, 

likewise presents the T‐from in solution, but the truncated bridge avoids a steric 

clash with the protein and results in activities equivalent to that of PTX.96 

From the standpoint of microtubule assembly, taxanes synthetically bridged 

between the C‐4 acetate methyl and the C‐3’ phenyl groups fall into two classes.  The 

first class contains meta‐bridged and long‐linked ortho‐bridged molecules, as well 

as the multitude of untethered analogs prepared over the years, PTX and DTX 

among them.161  The compounds represented by this wealth of material exhibit 

significant conformational mobility particularly in the C‐13 side chain, and the 

action of some of them can be traced to modest microtubule elongation capacities 

(Kp < 106) and affinities within a factor of two relative to PTX (Ka < 108; Table 3 and 

Figure 31).  The second much smaller category encompasses four, maybe five, 

relatively elongated taxanes, including 9, 12, and 17 among them.  These taxanes 

are characterized by the lack of significant dynamic behavior, little or no 

conformational freedom and high microtubule elongation constants (Kp > 106 and Ka 

> 108; Table 3, Figure 31 and Figure 33).  They are also some of the most cytotoxic 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taxanes known, with the ability to overcome taxane‐resistant cell lines.96,139  We 

propose that the substances operate within the β‐tubulin taxane binding site by 

holding the M‐loop in an open orientation with a conformation that strengthens the 

contact between adjacent microtubule protofilaments to an extend unachievable 

with the more flexible PTX ligand.  Consequently, microtubules are locked into 

elongated states in which the rates of disassembly are significantly retarded. 

An important consequence of this proposal is the potential for designing 

other highly active analogs with reduced resistance profiles.  Such molecules would 

seem to need to incorporate three characteristics: 1) molecular geometries able to 

precisely span the space between helix‐1 and the M‐loop (Figure 37); 2) molecular 

rigidity to prevent the M‐loop from folding out of the inter‐protofilament regions 

(Figure 35); and 3) sufficient functionality to result in effective binding within the β‐

tubulin taxane cavity.  We have begun to use these ideas to pursue further analogs in 

our respective groups.  Some of these analogs may also use the knowledge we 

gained from the simplified PTX analogs.  They need to be more water‐soluble and 

perhaps obtain a longer and more rigid core that will enforce the tubulin 

conformation we observe with the highly active constrained analogs 9 and 12. 

The T‐Taxol conformation is not only consistent with all the experimental 

data, as I discussed in Chapter 2, but is useful in both the analysis of SAR data, as 

with the C‐2 S‐linked PTX analogs, as well as an impetus for analog development. 



119 

 

PPART ART  II II   

EELUCIDATING LUCIDATING  IINTERDEPENDENT NTERDEPENDENT 

BB INDING INDING SS ITES ON ITES ON TTUBULINUBULIN 
  

  

  

  

  

  

 

The most exciting phrase to hear in science, the 
one  that  heralds  new  discoveries,  is  not 
'Eureka!' but 'That's funny...' 

Isaac Asimov 
 

Trust  that  little  voice  in  your  head  that  says 
"Wouldn't it be interesting if..."; And then do it. 

Duane Michals 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Background 

Colchicine (COL) is a small three‐ring molecule first isolated from autumn 

crocus, or the meadow saffron, in 1820.  It is one of the oldest identified anti‐mitotic 

agents binding to tubulin and inhibiting microtubule polymerization.  COL has the 

distinct privilege to be the compound used to initially isolate the protein.  While COL 

has played a central role in the elucidation of the physical properties and biological 

function of tubulin and microtubules, its high toxicity has limited its therapeutic 

application.  COL is used in the treatment of gout and other inflammatory diseases, 

but the maximum complete dose allowed for an individual is 4 mg for the entire 

treatment.  This is the main reason it has never been developed as a 

chemotherapeutic. 

 

Figure 42.  Depiction of colchicine (COL). 

A lot of research proceeded on COL and tubulin after their identification.  The 

compound was found to bind to tubulin stoichiometrically and with pseudo‐

irreversible kinetics, displaying a fast step followed by a slow step involving a 

conformational change in both the ligand and protein.  The latter appears to 

promote fluorescence characteristic of the tropolone moiety of the molecule.  Many 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analogs of the compound have been prepared and studied, resulting in a varied SAR.  

It has been proposed that the A and C rings of COL both bind to specific loci of the 

protein, whereas the B ring is primarily a regulator of binding kinetics.184 

From the beginning, many attempts were made to localize the binding site of 

COL in the tubulin dimer, but most led to conflicting results.  Photolabeling 

experiments and NMR suggest what we will call binding site A. 

Binding Site A 

ANPAH‐CLC, a photoaffinity derivative of COL, was used in photolysis 

experiments resulting in the α‐subunit being identified.  Covalent incorporation of 

the compound blocks binding of [3H]COL.185  The distance between the 

photoreactive aryl azido moiety and the nitrogen on the B‐ring of COL is about 20 Å, 

however, so to reduce the distance between these two moieties, NAPDAC was 

synthesized, reducing the distance to 10 Å.  This also allowed the examination of 

binding and photolabeling of tubulin by a COL analog with the carbonyl of the amide 

on the B‐ring removed.  This makes the compound more similar to colcemid than 

COL.186  Limited proteolysis of photolabeled protein (with both ANPAH‐CLC and 

NAPDAC) demonstrates that the two analogs interact with different sets of residues.  

The authors conclude that NAPDAC binds and photolabels two classes of COL sites 

on tubulin, one on α and one on β.  They assume that the α‐site is the high affinity 

one because the binding constants for three tested ligands are consistent with 

previous data; however, only one peptide from the α‐subunit was labeled for both of 

the ligand‐treated samples, though each one is different.  Five labeled peptides were 

detected in β‐tubulin of the NAPDAC‐labeled tubulin.186 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Ultraviolet irradiation of the [3H]COL‐TB complex leads to 70 to > 90% of 

labeling on β‐tubulin early after irradiation, with α‐monomer labeling occurring 

later, reducing the α/β labeling ration by prolonged incubation.  The authors 

conclude that COL possibly binds at the interface or spans the interface of the dimer.  

Labeling of α‐tubulin may result from structural modifications in the dimer coming 

from older, or “aged” tubulin.  Labeling of β‐tubulin is strongly favored, rendering 

unlikely any explanations based on filling a low‐affinity site on this monomer, 

though one would be consistent with the α‐subunit data.187  The authors were later 

able to digest the labeled protein with chymotrypsin and trypsin, resulting in two 

labeled peptides corresponding to residues 1‐46 (N‐terminal) and 214‐241 (C‐

terminal) of β‐tubulin.  These results show that at least two regions in this monomer 

are specifically involved in COL binding and that the span of the molecule, ≤ 11 Å, 

bridges these two regions in the native β‐subunit.  The findings are consistent with a 

model in which the two peptides, which are far removed from each other in the 

primary sequence, constitute a portion of the COL binding site in tubulin.184  13C‐

NMR analysis of COL binding to tubulin demonstrates that the tropolone methoxy 

carbon undergoes a chemical shift of about 0.3 ppm (37.7 Hz) downfield, suggesting 

that the tropolone methoxy group binds near an aromatic group(s) in the protein.188 

Comparison of the different β‐tubulin sequences with the equilibrium 

constants for COL (Ka) and the Ki for inhibition by podophyllotoxin suggests that 

residue β‐316 is directly involved in binding the common trimethoxyphenyl ring (A‐

ring).  By contrast the analysis indicates that the local hydrophobicity affects the 

rate of one of the two conformational changes associated with COL binding, but does 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not determine the affinity of the COL binding site.  Analysis of the β‐tubulin 

sequences strongly suggests that the relative affinities of the different tubulins 

depend upon residues in the immediate vicinity of β‐316.  Comparison of these 

residues with the experimental association constants indicates that tubulins with 

Iso316 must bind COL significantly more weakly than those with Val316 and/or 

Thr315/Val316, but more strongly than the Met316, Ala313/Ser314/Leu316, or Phe316.189 

The COL competitive inhibitor 3CTC binds to and covalently reacts with β‐

tubulin in a reaction inhibited by COL site drugs.  As much as 90% of the covalent 

reaction between the [14C]3CTC and β‐tubulin occurs at Cys354 and the 

intramolecular distance between the C‐3 oxygen and the chlorine atom of the 3‐

chloroacetyl group is 3 Å, indicating that the C‐3 oxygen atom of colchicinoids is 

within 3 Å of the sulfur atom of the Cys354 residue.  The authors also found minor 

reactivity at Cys239, which is within the sequence identified by Uppuluri et al.  

Examination of reactivity with 2CTC was hampered by a 2‐4‐fold lower covalent 

reactivity, but the authors found that the C‐2 oxygen of COL is closer to Cys239 than 

is the C‐3 oxygen and that the C‐2 oxygen may be equidistant from both sulfur atoms 

of Cys239 and 354.  This suggests that the COL A‐ring lies between the two cysteines 

and the tropolone C‐ring lies between the peptide region containing Cys239 and the 

amino‐terminal β‐tubulin sequence.  This would agree with the failure of tropolonic 

compounds to inhibit formation of the Cys239‐354 cross‐link.190 

Continuation of their work demonstrates that the adduct ratios for Cys239 to 

Cys254 are 77:23 and 27:73 for 2CTC and 3CTC, respectively.191  The authors found 

two potential binding sites using docking to 1TUB.61  One was entirely encompassed 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within β‐tubulin and the C‐2 and C‐3 oxygen atoms of 2CTC and 3CTC overlapped 

poorly with those of COL and thioCOL, but the distances from the reactive carbon 

atoms of the analogs to the sulfur atoms of the cysteins were qualitatively consistent 

with their reactivities.  The other binding site was found at the α/β interface of the 

dimer with the oxygen atoms of the analogs overlapping well with those of COL, but 

the relative distances of the reactive carbons to the cysteine sulfur atoms did not 

correlate with the observed reactivities.  The authors did note that several amino 

acid side chains form a ‘significant’ barrier between the sulfur atoms of both 

cysteines and COL for site A.  For site B, these side chains form a barrier between the 

bound COL and the sulfur of Cys239 only.  They conclude that site B is the most 

consistent with the data and that a significant conformational change must occur 

from this state of the tubulin dimer when COL binds or in the transition from the 

unpolymerized to the polymerized state.191 

From the experimental data, we conclude that there is a binding site for COL 

most likely at the interface of the α,β‐tubulin dimer.  Bai, et al.’s second site may be 

the most reasonable representation to this point. 

Binding Site B 

In 2004 a crystal structure of tubulin in complex with COL was published by 

Ravelli, et al at 3.5 Å.192  Because the compound depolymerizes microtubules, the 

dimer had to be stabilized with the stathmin‐like domain (SLD) of protein RB3, a 

microtubule acting protein.  Figure 43 shows the interaction of RB3‐SLD with one of 

two tubulin heterodimers in a curved complex capped by the SLD amino‐terminal 

domain.  This domain prevents the incorporation of addition tubulin dimers to form 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microtubules.  When compared with the structure of tubulin in protofilaments 

(1TUB and 1JFF),61,90 changes can be seen in the structure that correlate with the 

loss of lateral contacts and provide rationale for rapid microtubule 

depolymerization. 

 

Figure 43.  Overlay of Ravelli structure of COL binding (blue) on the 1JFF structure 

of straight tubulin (violet).  RB3‐SLD is the helix at the bottom of the picture.  A 

pronounced can be observed from this view. 

The authors put forth their structure as the complex that explains the 

mechanism of COL: it binds at a location where it prevents curved tubulin from 

adopting a straight structure, therefore inhibiting assembly.  Comparison of the T2R 

structure to straight protofilaments shows three important differences: 1) rotation 

of 11.6 + 1.0° is required to superimpose their α and β subunits in the T2R complex; 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2) in both α and β, an 8° and 11° rotation, respectively, of their intermediate 

domains is required to superimpose them in the two structures (the N‐ and C‐

terminals superpose well); and 3) there are noticeable local differences comprised 

of conformational changes in the loops located at the longitudinal interfaces in 

protofilaments and also changes in the long, flexible, M and H1‐S2 loops, mostly due 

to the influence of crystal packing.  Changes at the intradimer α‐β interface 

comprise of a movement of the β subunit T7 loop and H8 helix, which lie close to the 

COL binding site as well as differences in the conformations of the α subunit T5 and 

H6‐H7 loops.  Changes at the interdimer α‐β interface comprise a different T5 loop 

conformation and a movement in one block of the H6‐H7 loop following a 2.5 Å 

translation of the H7 helix along its axis, dragging along the C‐terminal end of Helix 

6 and interfering with the neighboring subunit positioned across a longitudinal 

straight protofilament interface.192 

The problem with the Ravelli structure is that it does not meet some of the 

experimental criteria I described above.  Most specifically, COL is located 

approximately 8 Å away from Cys239, one of the identified residues by the 3CTC 

photolabel.  Many groups have attempted to develop predictive models based on 

this structure as well.  Nguyen, et al. used a large number of synthetic and natural 

compounds with diverse structures to dock into the site and determine the binding 

modes.  They then used these binding models and molecular dynamics to construct 

a comprehensive, structure‐based pharmacophore.193  Binding sites A and B are 

different.  We set out to determine if we could properly identify site A based on the 

experimental data. 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Methods 

Colchicine Model.  The model of α,β‐tubulin with only GDP, GTP and Mg+2 

that has undergone 10 ns molecular dynamics (MD)97,147 was used as the starting 

point for all referred to modeling.  The area encompassed by the H1—B2, H7—H8 

and B9—B10 loops, the C‐terminal ends of H1, H7, B8 and B9, and the N‐terminal 

end of B10 was chosen as the primary investigative site for COL binding.  Phe242 on 

the H7—H8 loop covers a small pocket containing Cys239 and Cys354, two residues 

known to be closely associated with COL.190,191  In order to allow for opening and 

binding of this area, β‐tubulin residues 237‐246, part of the H7—H8 loop, were 

deleted from the structure and replaced with the previously proposed open 

conformation (unpublished).  The referred to open conformation was obtained by 

performing MD on the loop with no protein as described: residues 239‐251 of the 

H7—H8 loop were extracted from the optimized 1JJF tubulin‐PTX structure and the 

terminal residues were defined as an aggregate.  The rest of the peptide underwent 

MD at 300 K using a distance dependent dielectric of 4.5 in Sybyl.116  A conformation 

that allows for opening of the binding site without steric conflicts with other protein 

residues was chosen to replace the original loop; the final low‐energy loop model fit 

Ramachandran criteria.  The area around the modified loop was optimized using 

MD.  Simulations were run at low temperature and for short intervals, then 

manually analyzed to identify local atomic strain and adjusted to fit experimental 

data.  This process continued until the model fit the data without manual 

intervention.  At this point, using induced fit docking, a MMFFs minimized version of 

the X‐ray conformation of COL194 was inserted into the newly opened binding 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pocket using the centroid of residues B42, B239, B318, B354 and B356 as the center 

of the enclosing box in Glide.  B239 and B354 sulfurs were also chosen as receptor 

H‐bond constraint atoms.  In the initial docking step, protein prep constrained 

refinement was allowed, B242, B356, B42 and B43 residue side chains were 

removed, receptor vdW scaling of 0.70 and ligand vdW scaling of 0.50 were 

enforced and 20 poses were kept.  During the second Prime induced fit phase, 

residues within 5.0 Ang of the ligand poses were refined, optimizing side chains, as 

well as all the residues of the H7—H8 loop (237‐250).  A final step of Glide 

redocking was then performed in which COL was redocked into the structures 

within 30 kcal/mol of the best structure and within the top 20 structures overall, 

using the SP setting.140,141  Five poses of COL resulted, all with the B‐ring amide 

facing α‐tubulin and the A‐ring methoxy groups pointing into the pocket.  The major 

differences in the poses are the side chain placements and how deep COL is in the 

pocket.  A MM‐GBSA calculation was performed on all the results, but there are no 

large differences.  In that respect, the top result was accepted as the new complex.  

The rotamers of Cys239 and Arg318 were then changed to the second most 

populated ones so that the cysteine could be in closer proximity to the COL methoxy 

group and the arginine would fit a better. 

2ME2 Model.  No crystal structure exists of 2ME2 bound to tubulin.  The 

same MD model of tubulin used as the starting point for opening the COL site was 

used to open a site for 2ME2 to bind.  The β‐Val236Ile mutation causes a 30‐fold 

resistance to 2ME2 binding in tubulin.  The residue is located on Helix 7 and points 

towards a tiny hydrophobic pocket.  To open this pocket enough to allow 2ME2 to 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bind, residues 240 to 249, coinciding with the H7—H8 loop, were deleted from the 

protein.  2ME2 was then docked into the area, using Glide.  In order to keep 2ME2 in 

the area of interest, the smallest grid available (8X8) was used and the ligand was 

forced to interact with Val236.  A number of different poses resulted.  The top one is 

located entirely within the protein molecular volume and forms a hydrogen bond 

between the A‐ring –OH group and Thr237; it is also within vdW of Val236.  

Residues 240 to 249 were built back into the model with continuous minimization, 

allowing the loop to reorganize itself around 2ME2.  The final complex was then 

subjected to at 300K for 50 ps with a 1.5 fs time step and 1.0 ps equilibration time 

using MMFFs/GBSA in Maestro.82,110‐112,140 

Results and Discussion 

Examination of the protein around the Cys239 and 354 demonstrated a site 

blocked by another section of the protein (Figure 44a).  Specifically, residue Phe244 

covered the area.  Phe244 is located on a 12 residue loop that spans a part of the β‐

tubulin subunit at the α,β‐interface.  A previous member of our group, Jim Nettles, 

hypothesized that this loop, and more specifically the triad, Phe‐Pro‐Gly, could act as 

a gate to control access to the binding site.  He did some examination of the area, but 

I continued the project after he graduated.  Molecular dynamics can be used to open 

the loop and allow for docking of COL as described in the Methods.  Phe244 is 

repositioned from a location folded within a hydrophobic cleft of β‐tubulin to an 

extended position against complementary residues on the adjacent alpha subunit 

(Figure 44b).  It is as if Phe/Pro of the H7—H8 loop act as a lid to cover the COL site. 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Figure 44.  (a) Phe242 covers a hydrophobic cleft in which Cys239 and Cys354 are 

located.  (b) MD of the area, and loop in particular, allows for a conformational 

change of Phe242 so that COL (green) can bind and interact with the cysteine 

residues. 

Our interest in the COL binding site was augmented when some of our 

collaborators presented us with mutation data for 2‐methoxyestradiol.  2ME2 is the 

major mammalian metabolite of estradiol.  While studying the inhibitory effects of 

angiogenesis of 2‐methoxyestradiol (2ME2), it became apparent that the compound 

has antimitotic properties.  It is a relatively weak competitive inhibitor of the 

binding of [3H]COL to tubulin (apparent Ki of 22 μM versus 0.5 μM for 

podophyllotoxin).  Understanding the effects of the compound on tubulin assembly 

proved complicated.  Under some conditions, it is incorporated into the microtubule 

polymer without any morphology change, but at high concentrations, it forces 

depolymerization of the protein.  It has been hypothesized that 2ME2 is an 

Cys354

Cys239

Phe242
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endogenous microtubule regulator and interest in developing antimitotic 

compounds based on the steroid is extensive. 

 

Figure 45.  Depiction of 2ME2. 

Due to its inhibitory effects, it has always been assumed that 2ME2 binds to 

the COL site.  However, mutation of Val236 to Ile, which provides 30‐fold resistance 

of cells to 2ME2, does not afford cross‐resistance to COL.  Investigation into the 

location of this residue demonstrates that it is located on the edge of what I have 

referred to as site B, the Ravelli COL binding site.192  If COL truly binds here, some 

cross‐resistance must be observed with the change into a bulkier residue.  This 

residue, however, is not close to our proposed site for binding of the ligand. 

We set out to determine if we could find a site for 2ME2 binding that 

demonstrates two equally important properties: resistance due to the Val‐Ile 

mutation and inhibition of COL binding when 2ME2 is bound.  To start, the mutant is 

located on Helix 7 and points into a very congested hydrophobic area.  Interestingly 

the top part of that area is formed by the same H7—H8 loop involved in our model 

of COL binding.  This encouraged us to investigate this area, as it could be integral in 

the competition between the two ligands. 

OH

HO

H3CO
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Figure 46.  (a) Val236 (red space‐fill) is located on Helix 7 and points into a 

congested hydrophobic pocket (red oval).  (b) Loop H7—H8 (red) covers the area of 

interest. 

As described in the methods, I removed the H7—H8 loop from the structure 

and docked 2ME2 into that site, forcing it to interact with the mutation.  This 

resulted in a number of poses, though the only structurally significant ones are the 

ones that stay completely within the protein and form a specific interaction with the 

residue.  The loop was then built back into the structure, residue by residue, 

allowing for optimization around the docked 2ME2.  The final model was then 

allowed to relax fully, removing any bad contacts. 

Conclusions 

Examination of the final model shows that a conformational change of Ala250 

is the only requirement to open up the site and allow 2ME2 to slip in.  This new site 

is located right at the edge of Site B, overlapping with the Ravelli structure of COL.  

It, however, sits underneath COL Site A, with the loop in between.  Comparing the 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two structures, one notes that opposing conformational changes in the loop open 

one site as opposed to the other.  The flip of Phe244 opens the site for COL, fully 

blocking any entrance for 2ME2, while the conformational change of Ala250 results 

in an opposite effect.  With one ligand bound, the loop is locked and cannot open for 

the other compound.  In this way, you can have competing ligands that do not 

necessarily bind to the same site and interact with the same residues, and therefore 

have no cross‐resistance. 

 

Figure 47.  (a) Final model of 2ME2 binding site (brown) overlayed on the starting 

structure (green) with the original position of loop H7—H8 depicted in red.  The 

conformational change of Ala250 can readily be observed.  (b) As before with COL 

binding model (blue) also present.  Red circles highlight the sections of loop H7—H8 

(Phe244 above and Ala250 below) that undergo conformational changes to allow 

for interdependent binding of the compounds. 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When you have reached the end of all the light 
that you know, and you must step out  into the 
darkness of the unknown, faith is knowing that 
one  of  two  things will  happen:  either  you will 
have something solid to stand on, or you will be 
taught how to fly! 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