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Abstract
The synthesis of the bridged A-nor-paclitaxel 4 has been achieved from paclitaxel in a key test of
the T-Taxol conformational hypothesis. Although the unbridged A-nor-paclitaxel 3 is essentially
non-cytotoxic, the bridged analog 4 is strongly cytotoxic. This result provides strong evidence for
the T-Taxol conformation as the bioactive tubulin-binding conformation of paclitaxel.

The natural product paclitaxel (PTX) (Taxol™, 1) is a clinically approved drug for several
tumor malignancies,1 and its chemistry and biology have been investigated extensively.2 It
acts by promoting the polymerization of tubulin to stabilized microtubules, leading to apoptotic
cell death,3–456 and its clinical activity is believed to be directly related to this microtubule-
binding activity.6

Since the bioactivity of PTX is intimately connected with its tubulin-assembly properties, and
since tubulin assembly is initiated by the non-covalent binding of paclitaxel to tubulin, the
nature of this binding is a matter of great interest. In one scenario, a knowledge of the tubulin-
binding conformation of paclitaxel would enable the design of simple non-taxoid compounds
with comparable binding affinity and bioactivity.
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Although the taxane ring system of paclitaxel is relatively rigid, the compound has flexible
side chains at C2, C4, C10, and notably at C13. As a result, there are many possible
conformations available for binding to tubulin. Two different paclitaxel models of the tubulin-
binding conformation were proposed based on NMR observables and molecular modeling. A
“nonpolar” conformation was put forth on the basis of solution NMR investigations in nonpolar
solvents,7–9 while similar studies in polar solvents were interpreted to favor a bound “polar”
conformation.10- Although most of the reports assumed a single conformation, deconvolution
of PTX in CDCl314 and D2O/DMSO-d6

15 makes it clear that the molecule adopts 9–10
conformations, no one of which achieves a population above 30%.

A second approach focused on tubulin-bound paclitaxel in the solid state. Application of
REDOR NMR provided F-13C distances of 9.8 and 10.3 Å between the fluorine of a 2-(p-
fluorobenzoyl)PTX and the C3′ amide carbonyl and C3′ methine carbons, respectively.16 A
related examination reported a distance of 6.5 Å between the fluorines of 2-(p-
fluorobenzoyl)-3′-(p-fluorophenyl)-10-acetyldocetaxel; and, like the first solid state study,
proposed the polar form to be tubulin-bound.17,18,19

The “polar” and “nonpolar” conformations have inspired several elegant synthetic studies
designed to generate constrained analogs which maintain these conformations, but none of
these constrained analogs have shown tubulin-polymerization or cytotoxic activities equal to
or greater than those of PTX itself. Various compounds designed to mimic the “polar”
conformation were either inactive20 or less active than PTX.21 Analogs based on the
“nonpolar” conformation were also less active than PTX.22–25

A more fruitful approach stems from the electron crystallographic (EC) structure of αβ-tubulin
stabilized by Zn2+ and PTX. It provides a detailed view of subunit structure, but at 3.7 Å
resolution leaves the PTX conformation unresolved.26 A model derived from intersection of
PTX NMR and X-ray conformations with the EC density led to the proposal of T-Taxol as the
bound conformation.27 A concurrent EC refinement28 at 3.5 Å resolution provided additional
confidence in the model. Following these developments, a T-like conformer with a reorganized
C-13 side chain (PTX-NY) was proposed as an alternative binding model.29,30 However, this
conformer is inconsistent with the EC density.31,32

We report here an indirect method to establish the nature of the tubulin-taxane binding
conformation more firmly. As described in more detail elsewhere33 we previously designed
and prepared several bridged analogs such as 2 based on the T-Taxol or butterfly conformation.
The latter juxtaposes the C3′-phenyl and C4-OAc groups and encouraged the construction of
taxanes with bridges linking these positions. Three of the analogs have tubulin-assembly and
cytotoxic activities superior to those of paclitaxel, providing strong support for the T-Taxol
conformation.33,34 Nonetheless, the actual improvement in bioactivity is relatively modest,
varying from a 22-fold increase in cytotoxicity in the A2780 bioassay to a factor of 1.4 in the
case of the PC3 prostate cancer cell line.33
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Tubulin-assembly activity appears to be less sensitive to structural variations than cytotoxicity,
but 2 had an ED50 for tubulin polymerization of 0.21 µM as compared with paclitaxel’s 0.50
µM.33 We thus elected to carry out a rigorous test of the T-Taxol hypothesis by determining
the effect of bridging on the bioactivity of the much less active starting compound A-nor-
paclitaxel (3).

A-nor-paclitaxel, or (1α)-15(16)-anhydro-11(15→1)-abeotaxol (3), is an A-ring contracted
paclitaxel analog that was first reported by us in 1991.35 Biological studies revealed that 3 was
much less cytotoxic than paclitaxel towards the KB cell line, but that it retained ability to inhibit
tubulin disassembly at a level about one third that of paclitaxel.36 A preliminary molecular
modeling study showed that the rearranged A-nor-baccatin core of A-nor-paclitaxel has a
similar conformation to that the baccatin core of paclitaxel. As a result, a number of A-nor-
paclitaxel analogs with modifications on the C-1 isopropenyl moiety and the C-2 benzoyl group
were prepared. A few of these analogs showed enhanced tubulin binding activities, in some
cases to the same level as that of paclitaxel, but none possessed comparable cytotoxicity.37,
38 Interestingly, unlike PTX, where some modifications on the C-2 benzoyl group increase
tubulin-assembly activity, the same modifications on the C-2 benzoyl group of A-nor-
paclitaxel uniformly decrease tubulin-assembly activity.38 Based on this information, the
bridged compound 4 provides an excellent critical test of the T-Taxol hypothesis, since any
cytotoxicity observed would represent a significant increase in bioactivity due to the imposed
conformational lock.

We investigated two separate approaches to the synthesis of 4. The first approach involved the
synthesis of the A-nor-baccatin III 5 and subsequent attachment of a modified side chain and
olefin metathesis to form the bridge. This approach was selected because of its flexibility, since
it could in principle be adapted to prepare several compounds with different chain lengths.

The approach failed, however, at the point of the conversion of the 10-deacetyl derivative 6 to
5. We thus elected to pursue the simpler direct route of conversion of a preformed bridged
derivative to its A-nor analog.

The known compound dihydrobritaxel-5 was prepared as previously described33 and
converted to the silyl protected compound 7. This was then treated with SOCl2 at −20°C to
give the A-nor derivative 8 (Scheme 1). The resulting compound was then deprotected to yield
the desired product 4. The unbridged A-nor-paclitaxel 3 was also prepared as previously
described35 for comparison purposes.

PTX and compounds 3 and 4 were evaluated for tubulin-assembly capacity, tubulin binding
ability and cytotoxicity against the A2780 and PC3 cell lines (Table 1). Impressively, the
bridged A-nor-paclitaxel 4 binds to GMPcPP microtubules with slightly greater affinity than
PTX itself and is more efficacious by a factor of 2 in lowering the critical concentration of
tubulin-GDP. The enhanced tubulin polymerization activity (ED50) of compound 4 is probably
due to an increase in both the ligand’s efficacy and its affinity for tubulin (Table 1).
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The unbridged A-nor-analog 3 was only weakly active in all of the assays performed. For
example, no inhibition of fluorescent PTX binding to GMPcPP microtubules was observed at
concentrations of 3 up to 40 µM (curves shown in Supplementary Material). The association
constant for the binding of 3 to microtubules was therefore estimated to be at least two orders
of magnitude less that that of PTX. The more active tubulin-GTP rather than tubulin-GDP was
required to measure critical concentration. The critical concentration of tubulin-GTP in the
presence of 1:1 molar ratio of 3 was > 3µM, which is at least eight times the value determined
for PTX under these conditions (0.37µM).3

In cytotoxicity assays, the analog 4 shows significant cytotoxic activity to the A2780 and the
PC3 cell lines, although it is still less active than PTX; in the PC3 cell line it is threefold less
cytotoxic than PTX (1). In contrast, the unbridged A-nor-paclitaxel 3 is essentially non-
cytotoxic, with IC50 values too weak to be determined.

These results indicate that a bridged A-nor-paclitaxel which can maintain a “T-taxol”
conformation also retains all of paclitaxel’s tubulin-assembly activity and much of its
cytotoxicity. This work thus offers further evidence for the significance of the T-taxol
conformation for tubulin binding and tubulin assembly.

In an attempt to understand the origin of the differences between A-nor PTX 3 and bridged A-
nor PTX 4, we performed extensive conformational searches for these structures and located
464 and 613 fully-optimized conformations, respectively. The latter were examined for the
presence of the polar, nonpolar, PTX-NY and T-Taxol conformers. Bridged 4 delivered 61 T-
form minima, while acyclic 3 yielded 75 such conformers. In each of the latter cases, one of
the top two fits provides a very close match to the structure of T-Taxol (Figure 1). By
comparison, neither the polar nor the PTX-NY types are present in the conformers of 4,
although the acyclic set (3) contains them. In addition, the nonpolar form of 4 docks poorly
into the binding site (See SI). Accordingly, we give the latter three rotamers no further
consideration.

To compare the compounds in the taxoid binding site, both 3 and 4 were docked into β-tubulin
with the Glide protocol using flexible ligand docking and the OPLS force field. Both were
found to readily adopt the T-form (see SI). The MMFF/GBSA(H2O) energy differences
between the docked structures and the respective conformational search global minima for the
A-nor analogs were computed to show that the energy gap (ΔΔE) is 1.7 kcal/mol smaller for
bridged 4 than acyclic 3. With the AMSOL/ SM5.4PDA/CM1 aqueous solvation model,39 we
estimated that the free energies of solvation for the two docked structures favor the bridged A-
nor-taxol by 0.6 kcal/mol, reducing ΔΔE to 1.1 kcal/mol.

To place the latter combination energy difference in the context of the biological data of Table
1, we note that bridged 4 is at least 23 and 600 fold more active than 3 in the A2780 and PC3
cytotoxicity assays, respectively (2000/89 and 8300/13.8). If we assume the IC50’s can be
roughly equated with the Ki’s,40 then ΔΔG = −RTln[Ki(4)/Ki(3)]at 298 K is 1.8 and 3.8 kcal/
mol, respectively. These numbers are in reasonable agreement with the calculated value of 1.1
kcal/mol. They suggest that the source of the activity of 4 vs. 3 resides in the relative strain
energy associated with binding to tubulin in the T-Taxol conformation offset by a small
desolvation penalty.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Superposition of the centroids of the phenyl rings of fully-optimized T-forms of the A-nor PTX
analogs and those of the corresponding rings of T-Taxol (yellow); a) acyclic 3 (cyan) (rms 0.35
Å); b) bridged 4 (blue) (rms 0.31 Å).
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Scheme 1.
Synthesis of 4
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