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Abstract
Novel C-seco-taxoids were synthesized from 10-deacetylbaccatin III and their potencies evaluated
against drug-sensitive and drug-resistant cancer cell lines. The drug-resistant cell lines include
ovarian cancer cell lines resistant to cisplatin, topotecan, adriamycin and paclitaxel overexpressing
class III β-tubulin, A2780TC1 and A2780TC3. The last two cell lines were selected through chronic
exposure of A2780wt to paclitaxel and Pgp blocker cyclosporine. All novel C-seco-taxoids exhibited
remarkable potency against A2780TC1 and A2780TC3 cell lines, and no cross resistance to cisplatin-
and topotecan-resistant cell lines, A2780CIS and A2780TOP. Four of those C-seco-taxoids exhibit
much higher activities than IDN5390 against paclitaxel-resistant cell lines, A2780ADR, A2780TC1
and A2780TC3. SB-CST-10202 possesses the best all-round high potencies across different drug-
resistant cell lines. Molecular modeling studies, including molecular dynamics simulations, on the
drug-protein complexes of class I and III β-tubulins were performed to identify possible cause of the
remarkable potency of these C-seco-taxoids against paclitaxel-resistant cell lines overexpressing
class III β-tubulin.

Paclitaxel and docetaxel represent two of the most important chemotherapeutic drugs currently
used for the treatment of ovarian cancer, breast cancer, melanoma, non-small cell lung cancer
and Kaposi’s sarcoma. Upon prolonged exposure to antitumor agents, cancer cells develop
mechanisms of drug-resistance, thus becoming progressively less sensitive to the effect of
drugs. Higher doses are then required to achieve the same efficacy with consequent increase
in systemic toxicity to normal tissues.

A great effort has been devoted to overcome these limitations, by studying in detail the
mechanisms of drug-resistance and by identifying novel and highly specific anticancer drugs.
Nevertheless, an increasingly prominent mechanism of drug resistance, which has not been
successfully addressed yet, is related to the overexpression of specific tubulin isotypes.1–4
Tubulin dimers, derived from different β isotypes have different behaviors in vitro in regard
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to assembly, dynamics, conformation and ligand binding.1,2,5–7 In analogy, microtubules
with altered β-tubulin isotype composition have different dynamics in response to paclitaxel.
8

The equilibrium between growing and shortening of microtubule ends is defined as dynamic
instability.9 The effect of paclitaxel on the dynamic instability of microtubules depends on its
concentration levels. At sub-stoichiometric levels, paclitaxel is able to suppress shortening
rates, but it does not affect growing rate of polymer mass. At stoichiometric levels with respect
to tubulin, paclitaxel can almost completely suppress microtubule dynamics.10 Derry and
coworkers reported that αβ III microtubules are more dynamic than αβII or αβIV and higher
concentrations of paclitaxel were required to suppress their dynamic polymerization.8

In vertebrates there are 6 and 7 isotypes of α and β tubulins, respectively.11,12 Most of the
amino acid mutations are concentrated at the carboxyl-terminal and a lower level of diversity
is present in the amino terminal region.13 The analysis of β-tubulin genes in different species
has shown that class I β-tubulin is the major isotype, expressed in all tissues of mice, rats and
human.

Class III isotype is characterized by a higher level of heterogeneity and the expression of this
class has been observed in chordate or chicken brain and identified as a minor neuronal isotype.
However, Kavallaris has recently reported that paclitaxel-resistant epithelial ovarian tumor cell
lines overexpress two brain-specific β-tubulin isotypes, Hβ4 (class III) and H5β (class IVa),
which normally are not expressed in epithelial tissues.3

The clinical relevance of the overexpression of class III β-tubulin on paclitaxel-resistance has
been demonstrated in a recent review on the mechanism of action of ixabepilone, an epothilone
aza-analogue.14

Ferlini et al. have reported that C-seco-taxoid IDN 5390, is up to 8-fold more potent than
paclitaxel against the inherently drug-resistant cell line OVCAR3 and paclitaxel-resistant
human ovarian adenocarcinoma cell lines, A2780TC1 and A2780TC3.15 The last two cell
lines are selected through chronic exposure of A2780wt to paclitaxel and Pgp blocker
cyclosporine. Structural analysis of the three cell lines revealed the overexpression of the class
III β-tubulin mRNA level, without significant changes in the levels of class I, IVa and IVb.
15,16,17

To further explore the unique activity of C-seco-taxoids, against drug-resistant cell lines
overexpressing class III β-tubulin, we designed and synthesized several new analogues of IDN
5390 with modifications at the C2 and C3′ positions.

Since it has been shown in the SAR study on paclitaxel and taxoids that the introduction of a
substituent to the meta-position of the C2 benzoyl moiety increases potency,18–20 we
introduced methoxy, chloro and fluoro groups to this position of the IDN 5390 structure (figure
1). Also, an isobutenyl (Me2C=CH) group was introduced to the C3′ position in addition to an
isobutyl (Me2CHCH2) group, which is the C3′ substituent of IDN 5390. Six analogues of IDN
5390 (Scheme 1) were synthesized using the β-Lactam Synthon Method,21 through Ojima-
Holton coupling21–24 of modified C-seco-10-deacetylbaccatins 6a–c with β-lactams 1 and
2. Attempts to replace the C2 benzoyl moiety of a C-seco-baccatin with a substituted benzoyl
group failed.25 Accordingly, it was necessary to modify the C2 position of 10-deacetylbaccatin
(10-DAB) before the cleavage of the C-ring. Thus, C2-modified 10-deacetylbaccatins 3a–c
were prepared first.19,20 Then, 3a–c were oxidized at C10 using Appendino’s protocol.26 The
resulting 4a–c (a mixture of epimers at C7) was treated with L-selectride at −78 °C in THF to
afford C-seco-baccatins 5a–c (Scheme 1).
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Two hydroxyl groups at C7 and C9 were protected as TES ethers to give 7,9-diTES-C-seco-
baccatins 6a–c. The Ojima-Holton coupling of 6a–c with β-lactam 127 afforded 7,9,2′-
protected C-seco-taxoids 7a–c in good yields. Subsequent deprotection with HF-pyridine
afforded C-seco-taxoids SB-CST-10201, SB-CST-10202 and SB-CST-10204.

In a similar manner, C3′-isobutyl analogues, SB-CST-10101, SB-CST-10102 and SB-
CST-10104, were synthesized from 4-isobutyl-β-lactam 228 and 6a–c via 8a–c.

It should be noted that, due to the flexibility of the C-seco-taxoid, a rather slow dynamic
conformational equilibrium is present at room temperature, which results in broad NMR
signals. Accordingly, it was necessary to increase the temperature to 130 °C to accelerate the
equilibrium and obtain sharp 1H NMR spectra for characterization, as reported by Appendino
et al.29

Novel C-seco-taxoids were evaluated for their cytotoxicity against several human ovarian
adenocarcinoma cell lines: A2780wt (drug-sensitive wild-type), A2780CIS, A2780TOP,
A2780ADR (resistant to cisplatin, topotecan, and adriamycin/doxorubicin, respectively), and
A2780TC1 and A2780TC3 (resistant to both paclitaxel and cyclosporine A). The drug
resistance in the A2780ADR cell line is based on MDR, while that in the A2780TC1 and
A2780TC3 cell lines is caused by the overexpression of class III β-tubulin subunit and other
possible mutations.

Thus, the activity of these new C-seco-taxoids is of particular interest. Results are summarized
in Table 1.

As Table 1 shows, all new C-seco-taxoids possess remarkable potency against the paclitaxel-
resistant cell line, A2780TC3, i.e., the most drug-resistant cell line for paclitaxel in this series
(24–84 times more potent than paclitaxel and 3–11 times more potent than IDN 5390). The
resistance factor for this cell line, i.e., IC50 (A2780TC3)/IC50 (A2780wt), is 10,470 for
paclitaxel, but it is only 31 for SB-CST-10101. For comparison, IDN 5390 exhibits 8.0 times
higher potency than paclitaxel with a resistance factor of 129 against the same cell line. These
results are quite impressive by taking into account the fact that the only structural difference
between IDN 5390 and these C-seco-taxoids is one substitution at the meta position of the C2-
benzoate moiety of the C-seco-taxoid molecule. These C-seco-taxoids also exhibit 2.3–13
times higher potency than paclitaxel against the A2780TC1 cell line, and more potent than
IDN5390 except SB-CST-10204. The resistance factor of paclitaxel for this cell line is 5,898,
but that of SB-CST-10202 is 163.

The potencies of these C-seco-taxoids against A2780ADR (Pgp-based MDR cell line) are
mixed. While SB-CST-10101, SB-CST-10102, SB-CST-10201, and SB-CST-10202 (X =
OMe or Cl) possess 2.1–3.5 times and 4.3–7.4 times higher potency than paclitaxel and
IDN5390, respectively, SB-CST-10104 and SB-CST-10204 (X = F) are less potent than
paclitaxel. Thus, it appears that fluorine substitution at this position makes these C-seco-taxoids
better substrate for Pgp efflux. The potencies of these C-seco-taxoids against A2780CIS and
A2780TOP do not show any appreciable cross resistance, as anticipated.

The C3′-substitutent of C-seco-taxoids, i.e., a 3′-isobutyl or 3′-isobutenyl group, shows some
effect on potency, but without a consistent trend. For example, SB-CST-10204 (C3′ =
isobutenyl; X = F) exhibits higher potency than SB-CST-10104 (C3′ = isobutyl; X = F) against
A2780wt, A2780CIS, A2780TOP and A2780ADR. However, the reversal of this SAR is
observed against A2780TC1 and A2780TC3 in which the class III β-tubulin is overexpressed.
In contrast, SB-CST-10202 (C3′ = isobutenyl; X = Cl) exhibits consistently higher potency
than SB-CST-10102 (C3′ = isobutyl; X = Cl) against all cell lines examined.
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Overall, SB-CST-10202 (C3′ = isobutenyl; X = Cl) appears to be the best drug candidate with
all-round high potencies across different drug-resistant cell lines.

To investigate differences in the interactions of taxane molecules with class I and III β-tubulins,
we also performed computational analyses. Following up recent molecular modeling studies
of paclitaxel and IDN5390 in human class I and III β-tubulin,15,30 we employed molecular
dynamics (MD) simulation to predict the binding conformation of C-seco-taxoids in class I
and III β-tubulins. A cryo-EM crystal structure of bovine brain tubulin (1JFF)31 was used as
the template to create 3-D class I and III β-tubulin models, TubB1 and TubB3, respectively.
32 The protein sequences were obtained from SwissProt (TubB1 code: TBB5-HUMAN,
P07437; TubB3 code: TBB3-HUMAN, Q13509)33 and aligned using the CLUSTALX
program.12,34 A standard comparative modeling procedure was used by replacing the side
chains of the template with the antechamber program in the AMBER9 package, followed by
energy minimization.35

Since C-seco-taxoids are very flexible, attempted direct docking with the DOCK® program
failed to provide reasonable binding conformations.36 Thus, C-seco-taxoid molecules were
manually docked into the proteins with the InsightII® 2000 program, based on the conformation
of paclitaxel in 1JFF.31

The complexes were solvated in a 8-Å truncated octahedron of TIP3P explicit water.37 The
solvated complexes were then equilibrated by carrying out a short minimization, which was
followed by a simulation with a restrain on protein backbones from 0 to 1.4 ns and without
restrain in the following 3.9 ns (totally 5.3 ns). The coordinates were recorded every 10 ps
wherein temperature, density, total energy and root mean square deviation (rmsd) were
monitored.35

The rmsd values of the backbone of the protein (TubB1 or TubB3) – paclitaxel/C-seco-taxoid
complexes are shown in Figure 2A, which indicate the conformational changes in the backbone
of the two proteins. As Figure 2A shows, the rmsd values of the tubulin backbones increased
gradually, until it reached equilibrium after ~3000 ps. The largest rmsd value of the backbones
of class I and III β-tubulins was less than 2.2 Å. Because of the flexibility of C-seco-taxoid
molecules, the rmsd values of IDN-5390 and SB-CST-10202 (~1.5 Å) were higher than those
of paclitaxel (~1.0 Å) (Figure 2B).

Snapshots of the binding conformation of paclitaxel and C-seco-taxoids in TubB1 and TubB3
at the end of the simulations (5.3 ns) are shown in Figure 3. The overall protein structures of
TubB1 and TubB3 are similar, but the M-loop of TubB3 (cyan) has higher flexibility than that
of TubB1 (yellow), which is very likely to be caused by the loss of a H-bonding between Ser277
and Ser280 in TubB1 by the mutation of Ser277 to Ala277 in TubB3.31 As Figures 3 shows,
there is an appreciable change in the relative position of paclitaxel in TubB3 as compared to
that of paclitaxel in TubB1 towards M-loop (Figure 3a), i.e., the paclitaxel in TubB3 is closer
to the M-loop, most likely due to the higher flexibility of the M-loop in TubB3. The same
positional shift is observed for the C-seco-taxoids (Figures 3b and 3c). Our molecular modeling
analysis indicates that the two mutations (Cys241Ser and Ser277Ala) in the binding site do not
have direct interaction with paclitaxel and C-seco-taxoids. However, a couple of H-bonding
interactions appear to be critical for the difference in the binding mode of paclitaxel and C-
seco-taxoids in the class I β-tubulin (TubB1) and the class III β-tubulin (TubB3). The C7-OH
of paclitaxel can form a H-bond with Arg284, but this H-bond would be substantially weakened
by increased flexibility of M-loop in TubB3. Thus, the binding of paclitaxel to the class III β-
tublin should be less favorable than that to the class I β-tubulin. On the other hand, the flexible
C7-OH of C-seco-taxoids can form a H-bond with Gln282 or Arg284. This H-bonding would
not be affected by the increased flexibility of M-loop in the class III β-tubulin, allowing C-
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seco-taxoids to keep high affinity to the class III β-tubulin. Our analysis also indicates a
favorable interaction of His229 with the meta-substituent of the C2-benzoate moiety in both
TubB1 and TubB3.

As shown in Table 1, the meta-substituent of the C2-benzoate moiety plays a crucial role in
the enhancement of the potency of C-seco-taxoid against cancer cell lines overexpressing class
III β-tubulin. The result strongly indicates that the the C2-benzoate moiety bearing a meta-
substituent has enhanced its interaction with His229 in both class I and III β-tubulins.
Especially, the introduction of OMe or Cl to this position is crucial for the markedly higher
potency of SB-CST-10202 and other C-seco-taxoids. The result makes a sharp contrast to the
discussions on the negligible role of His229 in the previously reported molecular modeling
studies on IDN5109 and paclitaxel.15

In summary, this study has demonstrated that the meta-substitution of the C2-benzoate moiety
of C-seco-taxoids with appropriate groups can remarkably increase the interaction of C-seco-
taxoids with the class III β-tubulin to overcome paclitaxel-resistance, due to the over-
expression of this particular subclass of β-tubulin. SB-CST-10202 was identified as the most
promising drug candidate, exhibiting all-round high potencies across different drug-resistant
cell lines. Molecular modeling study on the tubulin-bound conformations of paclitaxel, IDN5
390 and SB-CST-10202 in TBB1 and TBB3 showed considerable difference in their
conformations between the two β-tubulin subclasses. This study strongly supported the
importance of hydrophobic interaction between the C2-benzoyl moiety and His227.

Further studies on the SAR of C-seco-taxoids to overcome various types of drug resistances
are actively in progress in these laboratories.
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Figure 1.
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Figure 2.
Figurer 2A. rmsd of β-tubulin class I and III
Figure 2B. rmsd of taxoids
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Figure 3.
Snapshots of paclitaxel (a), IDN-5390 (b) and SB-CST-10202 (c) in TBB1 (yellow) and TBB3
(cyan)
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Scheme 1.
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