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Molecular models were built for the complexes of β-tubulin with 47 taxanes for which binding 

free energies have been experimentally measured. Residue-based ligand-receptor interaction 

energies were calculated in each complex, as well as the electrostatic contributions to the 

desolvation of both ligand and receptor. By assigning weights to a selection of these energy 

terms, a projection to latent structures regression method (COMBINE) succeeded in providing a 

good prediction of the binding affinities for all but three compounds. The fact that these three 

outliers display large unfavorable entropic contributions to the binding free energies highlights a 

limitation of this approximation and may attest to the importance of taxane preorganization for 

tubulin binding, a possibility that is in good accord with results from NMR data and molecular 

dynamics simulations. Ten novel taxanes bearing modifications at the C2 and C13 positions of 

the baccatin core were then synthesized and tested for external validation and model updating. 

The tubulin-binding affinity of one of the novel taxanes was higher than that of docetaxel. The 

expanded COMBINE model for 54 taxanes conserved its robustness and yielded receptor-based 

quantitative structure-activity relationships that shed additional light on the determinants of 

tubulin-binding affinity for this class of antitumor agents and pave the way to further structural 

modifications. 

 

INTRODUCTION 

Paclitaxel (PXL, a.k.a. Taxol®) was originally discovered in the bark of the Pacific yew tree 

(Taxus brevifolia) and found to promote the assembly of microtubules (MT) by preventing 

tubulin depolymerization in dividing mammalian cells.
1
 This increased MT stability results in the 

inhibition of the normal dynamic reorganization of the microtubular network that is essential for 

vital interphase and mitotic cellular functions. In clinical use since 1992, PXL became a first-in-
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class anti-mitotic drug that is currently indicated in the chemotherapy of a variety of human 

tumors including ovarian, breast and non-small cell lung carcinomas. Notwithstanding the 

remarkable potency of this antineoplastic agent, its limited availability from its natural source, its 

poor aqueous solubility and the emergence of resistance in cancer cells, partly due to 

overexpression of multidrug efflux transporters,
2
 made it desirable from the start to obtain new 

analogues (taxanes) more readily and with an improved pharmacological profile.
3-7

 This goal has 

been partially achieved with the clinical development and marketing of the semisynthetic 

derivatives docetaxel (DXL, Taxotere®) and, more recently, cabazitaxel (Jevtana®), both of which 

partially overcome some of PXL’s limitations. Nevertheless, structure-based design efforts in the 

search for novel taxanes
8
 were hampered for many years because of difficulties associated with 

tubulin crystallization, the low affinity of PXL for unpolymerized tubulin subunits and the poor 

water solubility of the drug.
9
 

The first reliable three-dimensional model of tubulin in atomic detail was reported in 1998.
10

 

This long sought-after structure, deposited in the Protein Data Bank (PDB) as entry 1TUB, was 

obtained by electron crystallography of zinc-induced sheets of bovine tubulin bound to PXL. At 

this point it became clear that PXL binds to the lumenal side of the β subunit in the α,β-tubulin 

heterodimer. Subsequent refinement improved the resolution to 3.5 Å (PDB entry 1JFF)
11

 but 

neither the acidic C-terminal tails nor the N-terminal loop including residues 35–60 in the α-

subunit could still be traced accurately. Moreover, due to the limited certainty about side-chain 

orientation for many residues at the taxane-binding site (and elsewhere), the precise set of 

interactions between β-tubulin and bound PXL
12

 (and related taxanes or other ligands such as the 

epothilones)
13

 could not be entirely clarified from this structure. 

The initial pharmacophore that was established for taxanes based on the so-called T-Taxol 

binding conformation
13-16

 has been the foundation for several structure-guided modifications
17, 18
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and structure-activity relationship (SAR) studies.
6, 15, 19, 20

 Recent collaborative work from our 

laboratories resulted in the report of an extended series of 44 semisynthetic taxanes (CTX), 

which have in common the baccatin core present in PXL, DXL and cephalomannine (CPH) but 

additionally incorporate a variety of changes at positions C2, C7, C10 and C13.
21

 A corollary of 

this endeavor was the finding of an optimal combination of substituents that yielded the high-

affinity taxane CTX40 (Figure 1), the cytotoxicity of which is unaffected by P-glycoprotein (P-

gp) overexpression. Furthermore, the binding of all of these compounds to glutaraldehyde-

stabilized bovine MT was measured and an energy-refined binding mode for PXL, DXL and 

CTX40 to β-tubulin was proposed and then explored using molecular dynamics (MD) 

simulations in explicit solvent. Support for the conformation of bound DXL was provided by the 

excellent agreement obtained with data acquired from transfer nuclear Overhauser effect 

spectroscopy (TR-NOESY) measurements using MT-bound DXL.
21

 The thermodynamic 

characterization of the binding of these taxanes to MT revealed not only a range of ~10 

kcal·mol
-1

 in binding free energies (∆G) but also distinct enthalpic (∆H) and entropic (–T∆S) 

contributions. The existence of rather large enthalpy/entropy compensations
22

 within this series 

(Figure 2)
21

 attests to the difficulties that can be encountered when theoretical methods are used 

to try and rationalize the quantitative SAR (QSAR) for these ligands.
23

 

In the following we explore the QSAR for the binding to β-tubulin of these taxanes using a 

chemometric tool known as Comparative Binding Energy (COMBINE) analysis,
24

 which was 

recently implemented in a user-friendly graphical interface (gCOMBINE) and released under a 

scientific/academic nonprofit and noncommercial license.
25

 We show that robust cross-validated 

models are produced that correlate the ∆G values within the series (with only three exceptions) 

with a set of weighted selected interactions within the binding site. Additional support is gained 

for the proposed protonation state of His229,
21, 26

 a residue that is shown to play a major role in 
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modulating the affinity differences. The QSAR model was then externally challenged and 

updated with ten novel C2- and C13-modified taxanes that were synthesized and experimentally 

tested. 

 

RESULTS AND DISCUSSION 

The 47 taxanes studied in our training set span a range of binding energies of ~10 kcal·mol
-1

 

and differ from one another in the nature of the groups attached to the C2, C7, C10 and C13 

positions of the common baccatin scaffold (Figure 3). Earlier energy decomposition analyses on 

a limited set of refined taxane-tubulin complexes highlighted the amino acids that are thought to 

be key for binding and helped to understand, albeit in a qualitative way, the observed SAR.
21

 

When the whole set of complexes was subjected to a COMBINE analysis, the PLS result showed 

the clearly outlying behavior of CTX42, CTX43 and CTX44. The common characteristic of these 

taxanes is the presence of an amide linker in the C2 substituent instead of the ester found in their 

most similar counterparts CTX21, CTX11 and CTX6, respectively. That this sole modification is 

translated into a largely decreased binding free energy is in stark contrast with the facts that (i) 

the binding modes appear very similar, and (ii) no protein contacts are apparent in this region that 

could account for these differences, in contrast to what has already been described for C2 S-

linked taxanes.
27

 However, when these three grossly overpredicted compounds were removed 

from the training set, a robust cross-validated COMBINE model was obtained (r
2
=0.94 and 

q
2
=0.89 for the best model; average r

2
=0.94±0.03 and q

2
=0.87±0.02 for the 10 runs, using 5±1 

LV). To assess whether the affinity of the most tightly binding compound, CTX40, could have 

been predicted using the remaining set of analogues and/or whether this molecule was having a 

high leverage on the model, we left it out and run gCOMBINE with the remaining 43 complexes. 

The quality of the resulting PLS equation (r
2
=0.94 and q

2
=0.86 for the best model; average 
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r
2
=0.94±0.03 and q

2
=0.84±0.02 for the 10 runs, using 5±1 LV) proved to be similar to that 

obtained previously and the binding free energy of CTX40 was predicted with high accuracy 

(Figure 4). Of note, the outstanding affinity of CTX40 was also predicted earlier on the basis of 

additivity of contributions from optimal substituents.
21

 

The relative importance of the -tubulin residues that best explain the differences in binding 

free energies, as judged from the assigned PLS pseudocoefficients (Table 1), depends on the 

actual magnitude of the calculated interaction energies because these signed coefficients are used 

to properly weigh these terms.
24, 28

 Since the energy values are usually negative (i.e. attractive), a 

positive coefficient will make the calculated binding free energy more negative, and vice versa. 

Thus, improved van der Waals interactions between the C13 moiety and both Val23 and Asp26 

are predicted to result in gains in binding affinity. The same can be said for those established 

between the baccatin core and the C2 substituent and residues Asp226, His229, Ala233, Phe272 

and Leu275. On the contrary, the more the ligands interact with other residues, particularly 

Cys213, Leu217 and Leu219, the lower the affinity, which most likely reflects the existence of 

steric clash.
28

  

From the electrostatics point of view, the importance of the interactions with His229, Arg278 

and WAT2 is reflected on the positive coefficients assigned to the terms involving these two 

protein residues and one of the water molecules. In this respect, it is noteworthy that the mutation 

of Arg278 to Ser is known to confer resistance to PXL.
29, 30

 On the other hand, the negative PLS 

coefficient that modulates the electrostatic contribution to ligand desolvation strongly suggests 

that this factor plays an important role in the binding affinity differences, in contrast to the small 

positive coefficient that is assigned to the desolvation of the binding pocket.  

These computational studies were undertaken considering a pH of 6.5 for the calculation of the 

protonation state of ionizable groups in β-tubulin to mimic the experimental conditions.
21

 At this 
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pH the side-chain imidazole of His229 (found in the middle of helix 7 and positionally 

equivalent to Arg229 in α-tubulin) is likely to be protonated on both N  and N  giving rise to (i) 

a MEP in the taxane-binding site that is quite distinct from that obtained with a neutral imidazole 

side chain,
21

 and (ii) different hydrogen-bonding possibilities. To consider an alternative 

scenario, we also refined the whole set of complexes with a β-tubulin in which His229 was 

protonated exclusively on N . The corresponding COMBINE model (Supporting Information 

Figure S1) turned out to be of inferior quality (average r
2
 and q

2
 over 10 runs of 0.75±0.02 and 

0.63±0.02, respectively, using 2±1 LV) and was unable to predict accurately the binding free 

energy of CTX40 when this compound was taken out of the training set. The largest change in 

the PLS pseudocoefficients affected precisely the electrostatic interaction energy with His229 

(Supporting Information Table S1). From this comparison we surmise that His229 is indeed more 

likely to be protonated of both imidazole nitrogens. 

With a view to expanding the exploration of the taxane-binding pocket and validating our best 

COMBINE model with some external molecules, ten novel taxanes (CTX55-CTX64, Figure 5) 

were designed, synthesized and tested (Supporting Information Tables S2 and S3). The rationale 

for synthesizing CTX55 and CTX56 was to explore the effect of replacing the O-benzoyl (OBz) 

substituent at the C2 position with an extended N-containing aromatic ring system (i.e. a 

quinoline or an isoquinoline, respectively) that might improve the stacking interactions with the 

imidazole of His229. In taxanes CTX57 to CTX60, one of the methyl groups in the tert-

butoxycarbonyl attached to the NH bonded to C3’ on the C13 substituent (3’N position) was 

replaced with a small substituent in an attempt to fill a protein cavity in the vicinity of this 

moiety. Finally, three different ring systems were attached to C3’ to probe the pocket where the 

common phenyl ring of taxanes is lodged. Most of these modifications were therefore intended to 
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improve the interactions with His229 and other residues to which some of the highest PLS 

coefficients were assigned in the COMBINE model (Table 1). 

The binding affinities of the new analogs were overpredicted to different extents (Figure 6). 

The calculated ΔG values for the taxanes bearing modifications at C2 and C3’, including the 

most potent CTX63 and CTX64, deviated from the experimental measurements much less than 

those modified at 3’N. Of these, CTX59 clearly behaved as an outlier. This result is likely a 

consequence of the lack of accurate information in the PLS model regarding the protein residues 

that interact with the 3’N substituents because this region was totally unexplored in the original 

training series. As discussed before, lead optimization is a cyclic process involving repeated 

rounds of compound design, synthesis and testing, and QSAR models derived at one stage need 

to be continually updated incorporating as much new information as possible.
24

 To prove this 

point we added the 3’N-substituted analogues CTX57-CTX60 to the original training set and 

tried to predict the affinity of the remaining novel taxanes. This updated model (r
2
=0.93, q

2
=0.77 

for the best model and average r
2
=0.94±0.01, q

2
=0.72±0.04 over 10 runs using 6±1 LV) was able 

to predict the binding free energies of CTX55, CTX56 and CTX61 to CTX64 remarkably well 

(Figure 7). The PLS coefficients barely differed from the original ones except for those assigned 

to Lys19 and Glu22 which became larger than before and of opposite signs for the van der Waals 

and electrostatic terms (Table 2). Finally, when the whole set comprising 54 taxanes was 

subjected to COMBINE analysis using random groups for cross-validation, similarly good 

figures of merit (r
2
=0.94, q

2
=0.79 for the best model and average r

2
=0.94±0.01, q

2
=0.77±0.2 over 

10 runs using 7±1 LV) were obtained (Figure 8) and updated PLS coefficients were assigned 

(Table 3).  

Among the novel taxanes reported herein, CTX63 and CTX64 display binding affinities that 

are higher than and similar to, respectively, those measured for DXL under identical conditions. 
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The better binding affinity reported for CTX63 arises from the favorable hydrogen bonding 

interaction that the benzylic alcohol at C3’ in this ligand establishes with the side-chain 

carboxylate of Glu27. 

Perhaps the most striking feature of our overall results is the outlying behavior (Figure 4) of 

taxanes CTX42, CTX43, and CTX44, which have in common not only an amide linker instead of 

an ester between the C2-substituent and the baccatin core, but also a thermodynamic binding 

profile that is characterized by a large unfavorable entropic contribution to the Gibbs free energy 

of binding (Figure 2). It is usually agreed that solvation entropy changes originating from the 

release of water molecules brought about by the burial of a significant hydrophobic surface are 

favorable for binding
31

 whereas the loss of conformational degrees of freedom by the inhibitor 

and/or some residues in the protein is unfavorable.
32

 Thus, a common goal in molecular design is 

to minimize ligand entropy loss by restraining conformational flexibility and promoting a 

configuration in the unbound state that optimally matches the binding site,
33

 even though doubts 

have been cast on this assertion.
34

 This “preorganization” may lead to ligands with affinities in 

the nanomolar range even in the presence of unfavorable binding enthalpies.
35

 Conversely, 

favorable binding enthalpies can be largely offset by unfavorable entropic contributions, as 

clearly seen in the series presented here. In this case, although we have tried to take into account, 

at least in part, the cost of ligand and binding-site desolvation as well as some water-mediated 

interactions, we have neglected the configurational entropies of the ligands, the water molecules 

and the protein.
22,34

 Therefore, we speculated that CTX42, CTX43, and CTX44 might be 

stabilized in aqueous solution in a conformation that is not compatible with binding to the site. 

To test this hypothesis, NMR experiments were carried out to characterize the conformation of 

CTX42, the most water-soluble derivative in both the free and bound states (Supplementary 

Information Figure S2). In addition, we performed several MD simulations in explicit water to 
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sample the conformational space of these amide-containing taxanes and also of CTX40 as a 

representative example of an ester-containing analog. 

The conformation of MT-bound CTX42 was deduced from analysis of TR-NOESY cross 

peaks. The strong negative cross peaks observed for CTX42 in the presence of MT indicate 

binding of the taxane to the tubulin preparation (NOESY cross peaks were essentially zero for 

the free ligand). The fact that the TR-NOESY spectrum of CTX42 in the presence of MT shows 

an NOE pattern similar to that described for DXL
21

 points to a similar conformation for both 

molecules in the bound state. Clear NOEs are observed between the C13 tert-butoxy and C2 

aromatic ring protons. The 4-OAc group also gives NOEs with both aromatic rings, and they are 

stronger with the protons of the phenyl ring on the C13 substituent, which also gives an NOE 

contact with the methyl group at C12. 

In contrast, no ROE contacts were detected between the C3’ tert-butoxy protons and those of 

the C2 aromatic ring in the ROESY of free CTX42. Moreover, weak ROEs were observed 

between the 4-OAc group and the C13 phenyl ring protons whereas no ROEs were observed 

between this latter moiety and the C12 methyl group. All these data support the hypothesis of 

different conformations for CTX42 in the free and MT-bound states. 

To compare with the NMR data, MD simulations in explicit water were carried out for CTX42, 

CTX43 and CTX44, as well as for the most potent analog in the whole series (CTX40), whose 

binding is both enthalpically and entropically favored. The MD trajectories showed that the 

probabilities of the microstate corresponding to the bound conformation were 0.78 for CTX40 

but only 0.0005, 0.0001, and 0.03, respectively, for CTX42, CTX43 and CTX44. Therefore these 

amide derivatives in aqueous solution appear to be locked in a hydrophobically collapsed 

conformation that is fully compatible with the ROESY spectrum of free CTX42 and is more 

energetically favorable than the tubulin-bound conformation by ~6.0 kcal·mol
-1

 for CTX44 and 
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~4.0 kcal·mol
-1

 for CTX42 and CTX43 (Supporting Information Figure S3). Collectively, these 

results support the view that the entropic penalty associated to tubulin binding (Figure 2) may 

arise from an energetically unfavorable conformational change in the ligand. On the contrary, for 

taxanes that are preorganized for binding to the site, e.g. CTX40, the ligand-dependent entropic 

component is likely to be favorable. 

Ruth/Fer/Wei, please, paragraph on cytotoxicity. 

 

CONCLUSIONS 

Robust QSAR models have been derived using the COMBINE methodology that support a well-

defined orientation for a large series of taxanes within the PXL-binding site of β-tubulin and 

highlight the relative importance for binding affinity of a number of protein residues as well as 

the electrostatic contribution to ligand desolvation. Our results favor the view that His229 is 

doubly protonated on the imidazole ring and also that some water molecules get trapped in the 

binding process. When new molecules were synthesized and tested to enrich the chemical 

diversity of the series and further explore the binding site, we found it necessary to expand the 

training set to strengthen the predictive ability of the PLS model. A serious limitation was found 

when it was realized that the affinities of a few analogues whose binding is characterized by a 

large unfavorable entropic component could not be correlated with the calculated interaction and 

desolvation energies. To account for this anomalous behavior we hypothesized, on the basis of 

results from MD simulations in aqueous solution, that the most populated conformation in the 

free state is unsuitable for binding and is stabilized by hydrophobic collapse. NMR data obtained 

for the only representative taxane that could be studied tubulin-free in a water-DMSO mixture 

(CTX42) provided qualitative support to this hypothesis. Given the known additivity of 

contributions from optimal substituents,
21

 attempts are being made to use this recently acquired 
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information to further expand the series and synthesize more analogues that, for example, 

incorporate the bridging water’s hydrogen-bonding functionality into their own structure or a 

benzylic alcohol in place of a phenyl on C3’ in CTX40. The results of this continued effort will 

be reported in due course. 

 

METHODS 

Theoretical Methods. 

The refined structure of the α,β-tubulin heterodimer at 3.5 Å resolution (Protein Data Bank 

code 1JFF) was used for molecular modeling and automated docking of DXL and CTX40, as 

already described.
21

 In brief, addition of missing hydrogen atoms and computation of the 

protonation state of ionizable groups in -tubulin at pH 6.5 were carried out using the H++ Web 

server,
36

 which relies on AMBER force-field parameters
37, 38

 and finite difference solutions to the 

Poisson-Boltzmann equation. The GDP molecule was conserved and the protein side-chains in 

the nucleotide binding site were slightly reoriented so as to reproduce the same interactions that 

are observed in the 2.51 Å resolution X-ray crystal structure of γ-tubulin bound to 5'-guanosine-

diphosphate-monothio-phosphate
39

 (PDB entry 1Z5V). Following energy minimization, MD 

simulations at 300 K were run for these two ligand-protein complexes during 10 ns under 

periodic boundary conditions in truncated octahedra each containing ~10,000 TIP3P water 

molecules and 11 randomly placed sodium ions to neutralize the total charge of the systems. 

After this time, the temperature was gradually decreased from 300 K to 273 K over 1200 ps. 

Energy minimization of the resulting “cooled” structures employing 5000 cycles of steepest 

descent followed by 4000 cycles of conjugate gradient provided the “frozen” templates that were 

used as representative structures to build the remaining complexes for all the CTX derivatives. 
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The need for two templates arose from the fact that the C2 substituent can be placed slightly 

differently inside the hydrophobic binding pocket, depending on the absence or presence of 

substituents on the phenyl ring, in such a way that the stacking interaction between the latter and 

the side chain of His229 is also different. Therefore the bound conformation of DXL was used as 

the template for model building those taxanes that have no substituent on this ring whereas those 

bearing bulky substituents on this phenyl were modeled from CTX40. Of note, during the MD 

simulations we observed the long residence times of two water molecules that bridged a 

hydrogen bonding interaction between the carbonyl oxygen present in the C2 linker and the side-

chains of Asp226 and His229. Consequently, we decided to keep these two water molecules 

(WAT1 and WAT2) as part of the ligand-receptor complexes (Figure 3). These two extra 

residues were later shown to be instrumental for an accurate prediction of taxanes CTX22–27, 

which have in common the presence of non-ester C2 linkers. 

The remaining taxanes bearing modifications on the C2, C7, C10 and C13 substituents were 

built within the molecular graphics program PyMOL
40

 using as templates the common baccatin 

cores of the refined CTX40 and DXL structures in their respective complexes with -tubulin. 

The geometries of the isolated new analogues were fully optimized at the Hartree-Fock level 

using the Gaussian 03 program
41

 and the 3-21G basis set. Charge distributions for all the ligands 

were then obtained by fitting the quantum mechanically calculated (HF/6-31G*//HF/3-21G*) 

molecular electrostatic potential (MEP) to a RESP point charge model.
42

 Covalent and non-

bonded parameters for the inhibitors were derived, by analogy or through interpolation, from 

those already present in the AMBER
37, 38

 database (ff03). The tubulin-taxane complexes were 

refined by energy minimization using only the steepest descent algorithm in the sander module 

until the root-mean-square (rms) value of the potential energy gradient was below 0.1 

kcal·mol
-1

·Å
-1

. 
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The set of 47 refined ligand-receptor complexes (including WAT1 and WAT2) was then used 

as input to the gCOMBINE program,
25

 which calculates all the van der Waals (AMBER force 

field) and electrostatic interaction energies between each ligand and every protein residue. The 

electrostatic contributions were calculated using Goodford’s implementation of the images 

method
43

 and a uniform dielectric constant of 4.0 Debye. For each complex, the electrostatic 

contributions to the desolvation energies of both the protein and the ligand, calculated by 

numerically solving the linear Poisson-Boltzmann equation using the finite difference method as 

implemented in program DelPhi,
44

 were used as additional descriptors (a.k.a. external 

variables).
24

 To this end, each complex was centered in a cubic box with a grid spacing of 0.5 Å 

and a minimum separation of 11 Å was allowed between any solute atom and the box walls. The 

solute dielectric constant was set to 4, while the solvent dielectric medium was set to 80. The 

dielectric boundary was calculated using a solvent probe radius of 1.4 Å. The potentials at the 

grid points delimiting the box were calculated analytically by treating each charge atom as a 

Debye–Hückel sphere. 

The data matrix containing the computed energy components (X variables) was then subjected 

to a multivariate statistical analysis using projection to latent structures (a.k.a. partial least 

squares, PLS)
45

 in order to find a correlation with the experimental binding free energies (Y 

variable). For cross-validation purposes, a group consisting of 5 randomly chosen complexes was 

excluded from the training set and used as a test set, as described,
25

 and this procedure was 

repeated a total of 10 times. This provides a more rigorous estimation of the robustness of the 

model than the very conservative leave-one-out method. The dimensionality of the model (i.e. the 

number of extracted latent variables, LV) was chosen as that corresponding to the peak cross-

validated regression coefficient (q
2
) value. 
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To study the conformational preferences of these taxanes in aqueous solution, CTX40, CTX42, 

CTX43 and CTX44 were selected as representative compounds. Each of them was extracted 

from its respective complex and immersed in a cubic box of approximately 1,400 TIP3P water 

molecules. Following energy minimization, a 100-ns MD simulation at 300 K was carried out for 

each taxane. The resulting trajectories were processed with the ptraj module of AMBER to 

monitor the rms deviations from the initial T-taxol geometry. Desolvation energies of 

representative structures of each conformation were obtained using the Generalized Born method 

that is implemented in the AMBER 10 distribution. The relative energies of each conformer were 

used to calculate the probability of the microstates (p), as defined by a Boltzmann distribution:  

pi= n e 
–Ei/RT

 ⁄ Σj n e 
–Ei/RT

 

where n is the number of structures belonging to each cluster i, Ei is the energy of the average 

structure extracted from each cluster, T is the temperature in Kelvin, R is the gas constant 

expressed in kcal·mol
-1

 and j is the total number of clusters. 
 

The molecular graphics program PyMOL (v. 0.99rc6, DeLano Scientific, LLC, Palo Alto, 

CA)
28

 was employed for molecular editing, visualization and representation. 
 

NMR Experiments. 

Samples of MT-bound CTX42 were prepared using a 300 μM concentration of CTX42 and 20 

μM of tubulin in D2O, 10 mM KPi, 0.1 mM GMPCPP, 6 mM MgCl2 pH 6.7. The tubulin 

samples were prepared by removing sucrose, Mg
2+

, and H2O from the storage buffer of a 20 mg 

sample of frozen tubulin using a two-step procedure by chromatography in a drained centrifuge 

column of Sephadex G-25 medium (6 × 1 cm) equilibrated in D2O, 10 mM KPi, 10 μM GTP pH 

7.0 in the cold, followed by a second chromatography using another Sephadex G-25 medium 

column (15 × 0.9 cm) equilibrated in D2O, 10 mM KPi, pH 7.0. Tubulin was centrifuged, and its 

concentration was determined spectrophotometrically by employing an extinction coefficient of 
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107,000 M
-1

 cm
-1

 in 10 mM phosphate buffer containing 1% SDS. Tubulin was diluted to 20 μM 

and GMPCPP 0.1 mM and 6 mM MgCl2 (final pH 6.7) were added prior to drug incorporation. 

The samples were then incubated at 37 ºC for 30 min prior to measurement. 

The increased solubility of CTX42 relative to the other amide-containing taxanes allowed 

preparation of a sample of this free compound in the same buffer described above. TR-NOESY 

information was acquired for CTX42 in the presence of MT with a mixing time of 200 ms at 310 

K. 2D NOE in the rotating frame (ROESY) data were acquired for CTX42 in the free state 

because the NOESY cross peaks for the free molecule were essentially zero at 310 K. All the 

spectra were obtained in a Bruker 500 MHz spectrometer. 

Synthetic Procedures. 

For C2 modification, the 2-ethyl baccatins were prepared from 10-deacetyl baccatin III (10-

DAB) by a procedure similar to that described in the literature,
42

 in which the 2-debenzoyl 

baccatin intermediates were reacted with mesyl chloride and then transformed into the C2 ethers 

after treatment with sodium phenolate. Subsequent reduction of the 13-oxo group, incorporation 

of the C13 side chain bearing the 3’N-Boc group, and further desilylation led to the final 

products CTX55 and CTX56.  

As it is known that chloroformates derived from tertiary alcohols bearing electron-donating 

groups (EDGs) are unstable, whereas those bearing electron-withdrawn groups (EWGs) are 

relatively stable,
46

 p-nitrobenzoyl carbonates were used instead of chloroformates during the 

carbamoylation of the 3’-NH2 for some taxanes. For the syntheses of EWG-bearing analogs 

CTX57, CTX60 and CTX61, the 3’-debenzoyl PXL was transformed into a carbamate by 

reacting with the corresponding chloroformates, whereas for EDG-bearing 3’N-modified taxanes 

CTX58 and CTX59, 3’-debenzoyl PXL was transformed into a carbamate by reacting first with 
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the corresponding p-nitrobenzoyl carbonate,
47

 and then with the corresponding alcohol. By 

subsequent desilylation the 3’N-modified DXL analogues CTX57 to CTX61 were obtained. 

For C3’ modifications, the syntheses of the 3’-thiophenyl and 3’-(m-hydroxymethyl)phenyl -

lactams were accomplished as previously reported,
48

 with addition of the Schiff base to the 

ketene (Staudinger reaction) as the key step. During the synthesis of 3’-benzo[d][1,3]dioxol-5-yl 

-lactam, di-(3,4-methylenedioxybenzaldehyde) substituted Schiff base was applied to 

Staudinger reaction, and subsequent N-deprotection with AcOH furnished the -lactam. Further 

kinetic resolution of racemic -lactam and incorporation of the Boc group to the N atom 

furnished optically active N-Boc- -lactam, which was conjugated to 7-triethylsilyl (TES) 

baccatin III to afford the corresponding 2’,7-silyl-protected DXL analogues. Subsequent 

desilylation furnished 3’-modified taxanes CTX62 to CTX64. 

Measurement of the Equilibrium Binding Constants and Cytotoxicity. 

Stabilized, moderately crosslinked MT were prepared from purified calf brain tubulin as 

reported before.
49

 Binding constants and thermodynamic parameters were measured by 

displacement of the fluorescent taxane derivative Flutax-2 from the PXL-binding site in these 

MT.
50

 Wild-type A2780 ovarian carcinoma cells and their P-gp-overexpressing counterparts 

A2780AD were cultured as described previously.
50

 Cell proliferation was measured using a 

modified (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) bromide assay, as 

previously reported.
6
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FIGURES 

  
 

PXL DXL CTX40 

Figure 1. Chemical structures of paclitaxel (PXL), docetaxel (DXL) and CTX40. 
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Figure 2. Thermodynamic parameters (kcal·mol
-1

) for the binding of the taxanes studied to the 

PXL site in bovine -tubulin, as reported in Table 1 of reference 21. Note that actual values 

correspond only to the length of the colored block, i.e. are not cumulative. 
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Figure 3. Superposition of the set of taxanes studied inside the PXL-binding site of β-tubulin. 

For simplicity, only the cartoon representation of the protein (from the DXL-tubulin complex) 

enveloped by a semitransparent grey van der Waals surface is shown. 
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Figure 4. Correlation between the binding free energies calculated in the cross-validated 

COMBINE model and the experimental values for compounds in the training set () upon 

exclusion of the three outliers (). This model, with only 5 LV, accurately predicts the affinity of 

CTX40 (), which was not included in model derivation. 
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R1 C2 

A B C 

   

R2 3’N 

A B C D E F 

      

R3 C3’ 

A B C D 

    

 

Compound R1 R2 R3 Compound R1 R2 R3 

CTX55 A A A CTX60 C E A 

CTX56 B A A CTX61 C F A 

CTX57 C B A CTX62 C A B 

CTX58 C C A CTX63 C A C 

CTX59 C D A CTX64 C A D 

 

Figure 5. Novel taxanes incorporating modifications at positions C2 and C3’ and 3’N. 
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Figure 6. Correlation between the binding free energies calculated in the cross-validated 

COMBINE model (5 LV) and the experimental values for compounds in the training set () and 

for the external set consisting of the newly synthesized taxanes (). 
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Figure 7. Correlation between calculated and experimental binding free energies in the updated 

COMBINE model that now includes in the training set () the 3’N-substituted derivatives 

CTX57 to CTX60 and correctly predicts the external set () consisting of the fourth 3’N 

derivative CTX61, the new C2-substituted taxanes CTX55 and CTX56, and the C3’-substituted 

analogs CTX62 to CTX64. 
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Figure 8. Updated COMBINE model (7 LV) that includes all the studied taxanes in the training 

set (). 
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TABLES 

Table 1. Selected PLS pseudocoefficients (absolute value  |0.1|) for the energy terms that 

contribute the most to explaining the predicted binding free energy differences in the COMBINE 

model used to predict the novel taxanes.  

Residue vdW Ele  Residue vdW Ele 

Lys19  0.11  Phe272 0.60  

Glu22 -0.1 0.16  Pro274 0.1  

Val23 0.15   Leu275 0.24  

Asp26 0.30   Thr276 -0.1 0.1 

Glu27  0.14  Arg278  0.31 

Cys213 -0.21   Gln282 -0.1 0.1 

Leu217 -0.33   Pro360 0.1 -0.1 

Leu219 -0.26   Arg369 0.1  

Asp226 0.25 -0.49  Gly370 -0.23 -0.15 

Hip229 0.55 0.50  WAT2 -0.52 0.62 

Leu230 0.14      

Ala233 0.48   DesolvL  -0.16 
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Table 2. Selected PLS pseudocoefficients (absolute value ≥ |0.1|) for the amino acid residues that 

contribute the most to explaining the predicted binding free energy differences in the model after 

introducing 3’N modifications in the training set. 

Residue vdW Ele  Residue vdW Ele 

Lys19 -0.70 -0.68  Pro274 0.18  

Glu22 -0.97 0.28  Leu275 0.45 -0.1 

Val23 0.45 -0.1  Thr276  0.20 

Asp26 0.1   Ser277 0.19 0.16 

Glu27 0.22 0.12  Arg278 -0.23 0.36 

Cys213 -0.18   Gln282 -0.20 0.20 

Leu217 -0.41   Arg320 -0.23  

Leu219 -0.31   Pro360 0.1  

Asp226 0.20 -0.46  Arg369 -0.10 0.36 

His229 0.43 0.61  Gly370 -0.49 -0.25 

Leu230 0.12   WAT1  0.19 

Ala233 0.55   WAT2 -0.27 0.38 

Gly237 -0.14 -0.14  DesolvR  0.1 

Phe272 0.94   DesolvL  -0.2 
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Table 3. Selected PLS pseudocoefficients (absolute value ≥ |0.1|) for the amino acid residues that 

contribute the most to explaining the predicted binding free energy differences in the final 

updated COMBINE model. 

Residue vdW Ele  Residue vdW Ele 

Lys19 -0.72 -0.67  Pro274 0.20  

Glu22 -1.02 0.25  Leu275 0.46 -0.10 

Val23 0.45   Thr276 -0.1 0.24 

Asp26  -0.1  Ser277 0.21 0.18 

Glu27 0.25 0.26  Arg278 -0.22 0.35 

Cys213 -0.15   Gln282 -0.18 0.22 

Leu217 -0.48   Pro360 0.34  

Leu219 -0.33   Arg369 -0.20 0.46 

Asp226 0.12 -0.48  Gly370 -0.48 -0.23 

His229 0.42 0.54  WAT1  0.17 

Leu230 0.16   WAT2 -0.32 0.46 

Ala233 0.64 -0.21  DesolvR  0.12 

Phe272 0.89   DesolvL  -0.27 

 

 


